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ABSTRACT A linear genetic map may be constructed
from segregation of markers in DNA fragments broken by
radiation or shearing and/or incorporated into a vector: this
is locus content mapping. Theory for monosomic locus content
mapping is extended to disomy, making the phase of hetero-
zygous markers informative for linkage and each clone poten-
tially informative for every chromosome. Because there is no
interference among breaks and phase may be reliably inferred
for all heterozygous loci, multiple pairwise mapping is espe-
cially appropriate.

In a Poisson process the probability of an unbroken segment
is exponentially related to the mean number of breaks w. By
analogy with meiotic recombination we want to express this
probability in terms of a parameter 6 that takes the value 0.5
when w = 00, corresponding to random segregation. Random
breakage implies additivity of w, which may be scaled to
physical units such as kilobases and constitutes a genetic
map. Ifbreakage is nonrandom, as with restriction fragments,
the method gives order, but estimates of location are unre-
liable.

Genetic maps and sequences are characterized by resolu-
tion, connectivity, and reliability. Linkage maps have the
highest connectivity but the lowest resolution, and the con-
verse is true for sequences; physical maps are intermediate in
both respects. The Human Genome Initiative is currently
preoccupied with connectivity of physical maps. In situ
hybridization gives order but only a crude estimate of loca-
tion (1). For sufficiently large samples radiation hybrid map-
ping gives high connectivity and reliable estimates oflocation
on the assumptions of random breakage and monotonic
recovery. (Radiation hybrid mapping panels are much less
informative because of clonal instability, multiple breaks,
and the low resolution of mapping panels.) Current radiation
hybrid maps have been based on rodent cells monosomic for
a single human chromosome (2). An older method, intro-
duced before DNA markers, used human cells disomic for all
autosomes (3); this method has the advantages that each
derived clone is potentially informative for every chromo-
some and the phase of heterozygous loci is informative about
location. We develop here the requisite theory, which is also
applicable to other types of locus content mapping (4).

The Monosomic Model

Let the probability of no break between loci i and j be ewj
= 1 - 26ij, where wij is the mean number of breaks and O6j
is the frequency of recombination (5, 6). In a given region
there is a singular point (which may be a centromere,
telomere, or locus) that is retained with highest frequency
because of positive selection or a locally low density of
expressed human loci. This point is usually the centromere,

and we shall refer to it as such. Let L be the conditional
probability that a locus separated from a proximal locus by a
break be retained. Then the probability that both loci are
retained is

Pij = Pi[e-wij + (1 - e-wij)L]
[11

= Pi( - 20ij + 20ijL),
where i is proximal toj and Pi is the marginal probability that
i is retained. The probability that only i is retained is

Pi. = Pi(1 - e-wij)(1 - L)
[2]

= Pi(20ij)(1 - L).
The probability that only j is retained is

Pj = (1 - Pi)(1 - e-wij)L
[3]

= (1 - Pi)20ijL.
The probability that neither is retained is

Pa = (1 - Pi)[e-wij + (1 - e-wij)(1 - L)]

= (1 - P,)(1 - 20ijL).
[4]

To eliminate the Pi as nuisance parameters, let the probability
of no break between i and the centromere be e-woi and Po be
the probability that the centromere is retained. Then

Pi = Poe-woi + (1 - e-woi)L
[5]

= 1 -20i + 200iL,
where 1 - 20oi = e-woi+h and h = ln[(Po - L)/(1 - L)] for Po
> L, or zero otherwise.
Of several methods for monosomic radiation hybrid map-

ping (7), all but one assume that Pi = Pj = Po = L with a
resultant loss of efficiency that increases with the gradient of
Pi but depends on the method used. For multiple pairwise
mapping of chromosome 21 it has been shown that neglect of
the monotonic decline of Pi from Po to L inflates x2 from 990
to 1508 and, therefore, has a relative efficiency of 66% (6).
There is no reason to prefer the simpler but falsified assump-
tion. "Pushmi-pullyu" hybrids selected for presence of one
flanker and absence of the other are the special case Po = 1,
L = 0, which gives efficient mapping of the interval. Other
types of locus content mapping are presumably consistent
with Pi = L (4).

Disomic Probabilities

For each pair of loci there are four possibilities to consider:
double heterozygotes, double homozygotes, proximal het-
erozygote, and distal heterozygote.
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Case 1. Double Heterozygotes. Denote the two alleles at
locus i by A, a and the two alleles at locusj by B, b. Without
loss of generality we assume that the phase is AB/ab and
further that allelic recovery is random, so that P(AB) =
P(ab), etc. There are 10 probabilities to consider, each the
product of two monosomic probabilities:

p, = P(AB/ab) = (Pij)2

P2 = P(AB/a.) = P(ab/A) = P1jP1.

P3 = P(AB/*b) = P(ab/B) = PjjP
P4 = P(AB/-*) = P(ab/-f) = PjjP..

P5 = P(A-/a-) =P3.
P6 = P(A/-b) = P(a /-B) = P.P

P7 = P(Aj/-.) = P(a-/-) = Pi.P..

P8 = P(-B/*b) = p

pg = P(-B/*-) = P(-b/*-) = PjP.

P10 = P(..Ifr) =P.
Case 2. Double Homozygotes. This case represents both

genuine homozygotes and failure to score fragment length
(e.g., on an agarose gel). Because A = a and B = b, there are
only four probabilities that are different from monosomy,
although the phenotypes are the same:

P(AB) =Pi + 2(P2 + P3 + P4 + P6)

P(A*) = p5 + 2Jp7

P(B) = P8 + 2p9

P(..) = Pio.

Case 3. Proximal Heterozygote. Because B
eight probabilities neglecting dosage:

= b, there are

P(AaB) = P1 + 2P2

P(AB) = P3 + P4 + P6

P(Aa.) = P5

P(aB) = P3 + P4 + P6

P(A-) = P7

P(a ) = P7

P(*B) = P8 + 2p9

P(.-) = Plo.

Case 4. Distal Heterozygote. Because A = a, this is similar
to the preceding case:

P(ABb) = Pi + 2p3

P(AB) = P2 + P4 + P6

P(A*) = p5 + 2p7

P(Ab) = P2 + P4 + P6

P(*Bb) = P8

P(*B) = ps

P(*b) = ps

P(..) = Pio.

Discussion

To convert these probabilities into an algorithm for disomic
mapping it is necessary to have a convention for allelic
representation. Because it is convenient in monosomic map-
ping to indicate for each clone presence of a locus by 1,
absence by 0, and no observation by 8, it is only necessary
to modify this convention by designating presence ofonly the
first allele by 1, presence of only the second allele by 2, and
presence ofboth alleles by 3. For double heterozygotes, ifthe
number of clones classified as AB or ab exceeds the number
classified as Ab or aB the phase AB/ab is supported, and this
evidence is strong when A and B are close. For a specified
order the alleles at the proximal locus may be denoted
arbitrarily by A = 1, a = 2, while alleles at the distal locus are
denoted by B = 1, b = 2 if AB are in coupling and by b = 1,
B = 2, otherwise. The calculations lend themselves to
multiple pairwise mapping by logarithms of odds (lods) (8),
which is especially appropriate in this case because there is
no interference among breaks (6) and phase may be reliably
inferred for all heterozygous loci.
Locus content mapping is only one source of evidence,

which may be weakened by sampling errors, nonuniform
breakage, and chimerism. Full use of the evidence requires
integration into a composite location that summarizes all the
data, genetic and physical (9). When this information is
delegated to a subjective consensus at a brief workshop,
without reference to a location data base or use of integration
algorithms, the resultant map is poorly documented, sparse,
needlessly imprecise, and of little value for construction of
high-resolution maps, positional cloning, or sequencing.
Each advance in gene mapping makes integration more
imperative for the many thousands ofloci assigned by diverse
methods to chromosomes of humans and other well-studied
organisms.
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