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Tandem duplication of chromosomal segments has been
recognized as a frequent mutational mechanism in sev-
eral genetic model systems. In bacteria, fruit flies, and
humans, duplications form by similar molecular mecha-
nisms and appear to be important in genome evolution.

General Features

A tandem duplication does not cause the host to lose
expression of any genetic information, as long as the
duplicated segment is not included entirely within a sin-
gle functional genetic element or gene. As there is no net
loss of genetic information, duplications are essentially
unrestricted in size and location on the chromosome.
The phenotype resulting from a duplication mutation
may be due to the increase in gene dosage, which usually
causes a gain-of-function, or to the functional conse-
quences of a new sequence element found at the junction
point. DNA duplication may also affect folding of the
chromosome and thus could have wide-ranging indirect
effects on phenotype. The large number of potential ex-
changes that may yield duplication mutations and the
high probability that these mutants will be viable suggest
that duplications will be a large fraction of detected
mutation whenever appropriate selection conditions are
used (Roth et al., in press).

Duplications within the Bacterial Chromosome

Possibly the first report of bacterial duplications was
that of Horiuchi et al. (1963); they reported duplica-
tions of the lac operon isolated following selection for
faster growth on lactose. The basic genetic properties of
duplications in bacteria were first outlined by Campbell
(1963, 1965), using duplications of the gal region.
These and other early work on genetics of duplications
have been reviewed by Anderson and Roth (1977) and
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more recently by Petes and Hill (1988) and by Roth et
al. (in press). Genetic studies of the haploid unicellular
bacterium Salmonella typhimurium demonstrate that
in an unselected culture the frequency of duplication
of particular loci varies from 3% to 10-5, and an
average locus is duplicated in 1 in every 1,000 cells.
It is estimated that nearly 10% of the cells in an unse-
lected culture carry a duplication of some region of the
chromosome. Considered together with the instability
of duplication as evidenced by segregation analysis,
these estimates suggest that the bacterial chromosome
is in a constant state of flux and that duplications are
continually acquired and lost (Anderson et al. 1976;
Anderson and Roth 1977, 1978, 1979, 1981; Roth et
al., in press). Tandem chromosomal duplications have
also been identified by genetic analysis in Escherichia
coli where mild UV irradiation causes a large increase
in duplication frequency (Hill and Combriato 1973;
Hill et al. 1977).
A physical analysis of chromosomal duplications in

the lac region of E. coli reveals a basal frequency of
0.7%; this confirms the observation that tandem dupli-
cations are present at a surprisingly high frequency in
bacterial populations (Heath and Weinstock 1991). Fol-
lowing UV irradiation, 12% of survivors have duplica-
tion of the lac region, a 16-fold increase over the basal
level (Heath 1992). If all regions of the bacterial chro-
mosome form duplications of similar size and frequency
as the lac region, it is likely that every cell surviving
mild UV irradiation carries a duplication of one or more
portions of its chromosome. Further studies of different
regions of the E. coli chromosome indicate that duplica-
tions occur at a frequency of 10'- to 10-3 and are stimu-
lated at least tenfold in most regions by relatively mild
UV irradiation (Heath 1992). The spontaneous tandem
duplication frequency of the metE locus in an E. coli
mismatch repair mutant, mutL, increased sixfold over
the frequency observed in a wild-type strain, indicating
that mismatch repair stabilizes the chromosome and
maintains gene dosage (Heath 1992).

Physical measurements of E. coli chromosomal dupli-
cations by pulsed-field gel electrophoresis (PFGE) reveal
that they are very large and range from 140 kb to at
least 2,100 kb (Heath 1992; Weinstock 1994), the larger
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duplication measuring about one-half of the -5.0-Mb
E. coli chromosome (Heath 1992).

Genetic and physical mapping of bacterial duplication
end points demonstrates a nonrandom distribution. The
chromosomal region duplicated is flanked by a large
sequence repeat in direct orientation. The known re-
peated sequences that appear to be major contributors to
chromosomal duplication formation include ribosomal
RNA (rrn) operons (Hill et al. 1977; Anderson and Roth
1981) and other repeated genes (Petes and Hill 1988),
the recombination hotspot (Rhs) element (Lin et al.
1984), insertion sequence (IS) elements, and transposons
(Chumley and Roth 1980; Heath 1992; Haack and
Roth, in press). It is interesting that the seven E. coli
rrn operons are not used equivalently for duplication
formation, suggesting that higher-order chromosome
structure, or slight variation in the DNA sequence of
recombined sequences, may influence the frequency of
duplication (Heath 1992).
The generally accepted model for the formation of

chromosomal duplication in bacteria is that, after chro-
mosomal replication, misaligned repeated sequences
(e.g., rrn operons, IS elements, transposons) act as re-
gions of homology or substrates for homologous recom-
bination, leading to duplication or deletion of the spe-
cific region between the repeated sequences. Since these
repeats are usually far apart on the chromosome, dupli-
cations are large and the corresponding deletions may
not be recovered, since they remove essential genes. A
variety of long sequence repeats probably serve as sub-
strates for homologous recombination at frequencies
that reflect the length of the repeat and the degree of
sequence similarity (Roth et al., in press). Support for
the idea that most duplications form by recombination
between repeated sequences is that duplication forma-
tion is found generally to be highly dependent on the
RecA function, a protein essential for homologous re-
combination. In addition, the observation that DNA-
damaging treatment increases formation of duplications
is not surprising in view of the well-known stimulation
of homologous recombination by DNA damage (Heath
1992).

In principle, a single reciprocal exchange between sep-
arated sequence repeats in sister chromosomes would
simultaneously generate a duplication in one sister chro-
mosome and deletion in the other sister. Using regions
in which both duplication and deletion recombinants
are fully viable, it is possible to examine for the coinci-
dence of such products. Selected duplications are seldom
found to be accompanied by the corresponding deletions
in cells of the same clone. This suggests that sister chro-
mosome exchanges in bacteria are seldom reciprocal (M.
Carter, T. Galiski, J. Roth, unpublished data).
The high frequency formation and rapid loss of dupli-

cations through segregation under nonselective condi-

tions suggest that chromosomal duplication may be a
mechanism by which bacteria can amplify particular
functions and thereby adapt to stressful conditions in
nature without undergoing irreversible changes in their
genomes (Sonti and Roth 1989). Chromosomal duplica-
tions may provide the increased gene dosage of a re-
quired allele, may provide a novel operon fusion at the
join point, or may supply redundant DNA for genetic
divergence (Anderson and Roth 1978).

Drosophila Duplications

A chromosomal duplication was first identified in the
fruit fly Drosophila melanogaster at the Bar locus. Tice
(1914) identified a male D. melanogaster that had nar-
row eyes and called the phenotype "bar." The bar char-
acter reverted at a high frequency, was semidominant,
and was found to depend on a sex-linked gene. The
Bar mutation occurred at a high frequency and was
demonstrated by genetic analysis with flanking markers
to result from unequal crossing-over. It was proposed
as a new kind of "section mutation," in contradistinc-
tion to point mutations, gene mutations, or those muta-
tions or inherited changes that included whole chromo-
somes, such as nondisjunction or tetraploidy (Sturtevant
1924).
Examination of salivary gland polytene chromosomes

from Bar flies identified a tandem duplication of seven
bands of the 16A1-16A7 section of the X-chromosome
(Bridges 1936). Double-Bar was associated with triplica-
tion of this region, while Bar reverted had lost the tan-
dem duplication under direct microscopic evaluation of
polytene chromosomes. It was proposed that (a) the
source of the Bar duplication was the material directly
adjacent to the repeat and that (b) the phenotype results
from the effect of increasing the action of certain genes
by doubling their number (Bridges 1936). Subsequent
molecular analyses demonstrated a transposable element
(B104) flanking the region duplicated. DNA sequence
analysis of the junction of the B104 element supported
a model whereby the Bar duplication was generated by
a homologous recombination event between one B104
element in region 16A1 and another in region 16A7
(Tsubota et al. 1989, 1991).
The phenotype conveyed by the Bar duplication ap-

pears to result from a gene dosage effect of BarHi and/
or BarH2, apparently redundant homeobox genes map-
ping within the duplication, whose overexpression was
found to be capable of inducing Bar-like eye malforma-
tion (Higashijima et al. 1992; Kojima et al. 1991, 1993).
The white eye locus on the X-chromosome and the

rosy locus on chromosome 3 are additional regions
where spontaneous, frequently occurring, unequal ex-
change have been identified at unexpectedly high fre-
quencies (Judd et al. 1961a, 1961b; Green 1959, 1961;
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Gelbart and Chovnick 1979). At the rosy locus an un-
equal crossing-over event has been estimated to occur
at a frequency of 1 in every 500 female meioses and has
been proposed to explain complications in the genetic
analysis (Gelbart and Chovnick 1979). Subsequent mo-
lecular analysis of the white locus has demonstrated that
repeat sequences, a copia-like element for some alleles
and a retrovirus-like transposon roo for other alleles,
are found at the rearrangement breakpoints (Davis et
al. 1987; Goldberg et al. 1983).

Human Disease Phenotypes Resulting from
Chromosomal Duplication

Asymmetrical exchanges that generate duplications
and deficiencies within tandem arrays of related genes
occur frequently in the human genome and are responsi-
ble for common clinical phenotypes. Globin-chain vari-
ants and hemoglobinopathies, (Baglioni et al. 1962;
Goosens et al. 1980), the visual pigment genes and varia-
tion in color vision (Nathans et al. 1986; Nathans 1994),
and a chimeric 11 0-hydroxylase synthase gene responsi-
ble for hypertension secondary to glucocorticoid-reme-
diable aldosteronism (Lifton et al. 1992) serve as well-
documented examples. The disease phenotype may be
elicited by simple changes in gene dosage of a gene that
lies between the flanking repeat sequences, where recom-
bination occurs without alteration of gene sequences,
as exemplified by the peripheral neuropathies Charcot-
Marie-Tooth (CMT) disease and Hereditary neuropathy
with liability to pressure palsies (HNPP) (Roa and Lup-
ski 1994).
CMT disease is a common inherited peripheral neu-

ropathy occurring in 1 in 2,500 individuals. Although
genetically heterogeneous, some 70% of inherited (Wise
et al. 1993) and 90% of de novo (Hoogendijck et al.
1992) type 1 CMT cases have a tandem duplication of
a 1.5-Mb region in human chromosome 17pll.2-pl2
that is transmitted in a stable manner (Lupski et al.
1991, 1993; Raeymaekers et al. 1991; Pentao et al.
1992; Wise et al. 1993; Patel and Lupski 1994). The
failure to recognize the molecular duplication can lead
to misinterpretation of marker genotypes for affected
individuals, identification of false recombinants, and in-
correct localization of the disease locus by genetic map-
ping (Lupski et al. 1991; Lupski 1992). It is interesting
that the de novo CMT1A duplication appears to origi-
nate exclusively during male gametogenesis (Palau et al.
1993; Wise et al. 1993; Hertz et al. 1994).
The normal chromosome 17 contains two copies of

an .30-kb repeat sequence (CMTlA-REP) flanking the
1.5-Mb CMT1A region in direct tandem orientation. In
contrast, CMT1A-REP is present in three copies on the
duplicated chromosome. Physical analysis with PFGE
to separate large chromosome fragments and Southern

blotting with probes to CMT1A-REP can identify
CMT1A duplication-specific junction fragments (Pen-
tao et al. 1992). In addition to the CMT1A duplication,
a reciprocal recombination event is responsible for the
corresponding 1.5-Mb deletion that is associated with
HNPP, a clinically distinct neuropathy (Chance et al.
1993, 1994). Multiple unrelated individuals with either
CMT1A or HNPP, of different ethnicities have similar
junction fragments, suggesting a precise recombination
event involving CMT1A-REP (Wise et al. 1993; Loren-
zetti et al. 1995).
The identification of rare individuals with both chro-

mosome 17p partial trisomy encompassing the CMT1A
locus and the CMT1 phenotype supports a gene dosage
model wherein trisomic overexpression of a gene located
within the CMT1A duplication is responsible for the
CMT1 phenotype (Chance et al. 1992; Lupski et al.
1992; Roa et al. 1993d, and in press). Mapping of the
peripheral myelin protein gene PMP22 within the
CMT1A duplication supports the notion that PMP22 is
the dosage-sensitive gene (Matsunami et al. 1992; Patel
et al. 1992; Timmerman et al. 1992; Valentijn et al.
1992b). Furthermore, identification of PMP22 point
mutations in rare nonduplication CMT1 patients con-
firmed that PMP22 is the gene primarily responsible for
CMT1A (Valentijn et al. 1992a; Roa et al. 1993a,
1993b, 1993c). The PMP22 gene is contained within
the reduced critical region of 460 kb defined by a rare
alternative CMT1A duplication of smaller size (Valen-
tijn et al. 1993). On the other hand, deletion of the
1.5-Mb region that results in decreased gene dosage of
PMP22 is associated with HNPP (Chance et al. 1993).
The identification of a PMP22 nonsense codon mutation
leading to loss-of-function in PMP22 in rare HNPP pa-
tients without the 1.5-Mb deletion supports the hypoth-
esis that PMP22 underexpression results in HNPP
(Nicholson et al. 1994).

Common Features of Chromosomal Duplications

Evaluations of duplications in bacteria, fruit flies and
humans identify some common features: (a) Chromo-
somal duplication is a high frequency mutational event;
(b) duplication may involve large chromosomal regions
on the order of megabases; and (c) the region to be
duplicated is flanked by repeat sequences in a direct
orientation. These flanking sequences can be related
genes, transposable elements, or other repeated se-
quences, that act as a substrate for unequal crossing-
over by homologous recombination or asymmetric non-
sister chromatid exchanges. Since the genome has nu-
merous repeated sequences, the cell must possess some
control mechanism to monitor unequal crossing-over in
order to prevent a chromosome from recombining itself
to pieces. (d) The reciprocal recombination product of
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an unequal exchange results in a corresponding deletion
of the region flanked by the repeat sequence. Detectable
duplication would therefore be expected to be more
common than deletion, since only small deletions not
encompassing an essential gene would presumably be
viable (Roth et al., in press). (e) Chromosomal duplica-
tions are reversible mutations; and (f ) chromosomal du-
plications may complicate genetic mapping and the anal-
ysis of recombinants (Lupski et al. 1991, 1992; Matise
et al. 1994; Gelbart and Chovnick 1979).

Implications for Human Disease

Given the high frequency of chromosomal duplica-
tions in several model systems studied, DNA duplica-
tions or "section mutations" (Sturtevant 1924) may be
more frequent mutational events at some loci than are
structural gene alterations. A disease phenotype re-
sulting from such events may be at a single locus but may
involve several genes. However, the phenotype would
segregate in a Mendelian fashion as do those caused by
mutations within a single gene.
The inherited peripheral neuropathies CMT1A and

HNPP may be considered as "genomic diseases" in the
sense that no coding sequence or protein has been al-
tered but the genome has changed. The mutational
mechanism is a function of intrinsic structural features
located at the 17p11.2-p12 region of the human genome
and may be the consequence of genome plasticity. Addi-
tional genetic disorders are likely to be shown to arise
from recombination events mediated by specific struc-
tural features of the human genome and to be thought
of as "genomic diseases" (Roa and Lupski 1994). The de
novo and inherited deletions of the human chromosome
5q13 region that occur on both chromosome homo-
logues and that are associated with autosomal recessive
spinal muscular atrophies (Melki et al. 1994; the inver-
sions that disrupt the factor VIII gene causing X-linked
severe hemophilia (Lakich et al. 1993; Rossiter et al.
1994); and the deletions associated with the contiguous
gene syndrome in Xp22.3 associated with Kallman syn-
drome and/or ichthyosis due to steroid sulfatase defi-
ciency (Ballabio et al. 1990) are each examples of such
genomic diseases.
The studies of DNA duplication in CMT1A and the

reciprocal deletion in HNPP have delineated the concept
of a "gene expression window" for a dosage-sensitive
gene. Increased PMP22 expression results in CMT1A,
while decreased PMP22 expression results in HNPP.
The work on dup(17p) and CMT1A patients has blurred
the artificial boundaries that separate chromosome syn-
dromes from "single gene" disorders that segregate in a
Mendelian fashion (Roa et al. 1993d; Roa and Lupski
1994). These latter studies also suggest that the clinical
phenotype in chromosome aneuploidy syndromes con-

sidered to be a consequence of gene dosage effects (Ep-
stein 1986) may actually result from effects of a small
subset of dosage-sensitive genes mapping within the re-
gion of aneuploidy.
Unique structural features of the human genome pre-

dispose to unequal-crossing-over mutational events. If
unequal-crossing-over events causing human disease oc-
cur only during meiotic recombination, then new muta-
tion individuals will be nonmosaic. However, homolo-
gous recombination and unequal crossing-over may not
be restricted to gametogenesis. If recombination occurs
in somatic cells, then loss of heterozygosity secondary
to deletion may result from unequal crossing-over. This
could be responsible for somatic alterations leading to
carcinogenesis. Hereditary nonpolyposis colon cancer
(HNPCC) results from mutation in genes involved in
mismatch repair. Chromosome duplications may be
more frequent in HNPCC patients as in E. coli mutL
strains (Heath 1992) and, further, may contribute to the
multistep carcinogesis process.

Conclusions

Tandem chromosomal duplication as a mutational
mechanism has been recognized for almost 60 years
(Bridges 1936). The molecular mechanisms and fre-
quency of such duplications and their involvement in
genome evolution have been elucidated only in recent
years. The biology of chromosomal duplication is re-
markably similar in organisms as diverse as bacteria and
humans and likely reflects specific structural features of
the genomes. Similar mechanisms involving flanking re-
peat sequences may underlie the DNA rearrangements
associated with contiguous-gene-deletion syndromes
(Schmickel 1986; Ledbetter and Ballabio 1995). Chro-
mosomal duplication and resultant gene duplication are
ubiquitous features of genome evolution and have been
viewed as the predominant mechanisms for the evolu-
tion of new gene functions and adaptive responses
(Ohno 1970; Li and Graur 1991). Future studies are
likely to identify chromosomal duplications as the mo-
lecular mechanism underlying other common traits.
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