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INTRODUCTION
The importance of knowing the relative positions of elements of the genome is obvious, not only for the
analysis of gene function and regulatory mechanisms but also for an understanding of the cell cycle and the
organization and evolution of the chromosome. Fortunately, Escherichia coli and Salmonella spp. are well
endowed with gene transfer and recombination mechanisms which greatly simplify the localization of new
genes and other genetic elements on their single circular chromosomal linkage groups— i.e., their genetic
maps. In many cases this localization by genetic means is the easiest and quickest route toward a
subsequent physical identification and mutational and sequence analysis.
The purpose of this chapter is to recall these gene transfer and selection mechanisms as they relate to
linkage analysis and to help the reader in choosing suitable approaches to rapid genetic localization of
particular types of genes and mutations in E. coli and Salmonella. Some corollaries of these techniques,
which are also cited, relate to the mutational inactivation of genes and the exchange of various allelic forms
of these genes from one site on the chromosome (or bacteriophage or plasmid) to another, as aids to
mapping, functional analysis, and further manipulation.
GENETIC MAPPING APPROACHES
Introduction
Genetic Markers. LaRossa (chapter 139, this volume) lists many useful selectable or scorable phenotypes
for mutations which can be used, in addition to straightforward auxotrophic and conditional lethal
phenotypes, for linkage analysis in crosses involving uncharacterized loci. In addition, the use of
transposon pools (16, 85) or sets of random but defined transposon insertions (39, 87; chapters 109 and
141) gives the experimenter a wide choice of markers for use in conjugational and transductional mapping
(see below), to relate new loci to ones already on the existing genetic maps (chapters 109 and 110).
Long- versus Short-Range Mapping. The total length of the E. coli chromosome is defined as 100 min
(≈4,655 kb), referring to the approximate length of time it takes for an Hfr donor cell to transfer the entire
linkage group to a recipient cell by conjugation at 37°C (3; chapter 109). The total length of the Salmonella
chromosome, which behaves similarly in conjugation but is less well defined in terms of transfer time, is
analogously defined as 100 centisomes (cs) (chapter 110). For a mutation of totally unknown location, a
global mapping approach is useful to roughly map the mutant site. In particular, genetic linkage in Hfr
crosses (or F-prime complementation, where possible) is usually the easiest approach, as long as the
mutation has a selectable or scorable phenotype. Once a mutation is localized to within 5 or 10 min (or cs)
of known markers on the chromosome, finer resolution can be obtained by generalized transduction or
complementation using ordered clones, as mentioned below.

Conjugational Mapping
Gradient of Transfer. The frequency of transfer of any given marker from any particular Hfr strain to
recipient cells is strongly dependent on the distance of the marker from the Hfr origin of transfer. The
“gradient of transmission” refers to the approximately exponential decrease in recombinant frequency as a
function of the distance from the origin. Jacob and Wollman (reference 34, p. 144–150) showed that this
was due to a spontaneous random interruption of conjugational transfer (the cause of which is still not
known), producing an exponential “gradient of transfer,” followed by a more or less constant high
probability of integration (34 [p. 126]) for a marker after it is transferred:
recombinant frequency α e-kd
Here d is the distance (in minutes) from the Hfr point of origin to the marker and kt is approximately 0.064
min–1 for E. coli (34 [p. 150], 102) (this varies somewhat from Hfr to Hfr). Due to the gradient of transfer,
the frequency of recombinant formation for an “early” marker from the Hfr (see exception below for
markers less than ∼1 min from the point of origin) is nearly 1,000-fold greater than for a “late” Hfr marker.
The roughly exponential dependence allows one to directly determine an approximate map region for a
mutation in cases in which an allele from the Hfr can be directly selected in recombinants and in which its
recombination frequency can be compared with other known markers on a curve such as that shown in
Fig. 1. The availability of various Hfr strains with different points of origin (see chapters 127 and 128)
usually enables one to find the general map region for a mutation within 3 to 10 min by this method.
Experimental details for this type of analysis are given in references 17, 52, 62, and 63.
Rapid Mapping. Since the map locations of the points of origin of transfer for most of the commonly used
Hfrs are well known (see chapters 127 and 128), the vast difference in recombination frequency for early
versus late Hfr markers allows a rapid localization of new markers between Hfr points of origin based on
simple comparative crosses using various Hfrs. In cases in which an Hfr marker can be directly selected
after transfer and recombination into a recipient strain, the early-marker versus late-marker approach can be
greatly simplified by replica plating (“print mating”) (49). This rapid mapping is especially useful in
mapping large numbers of mutations (23), including temperature-sensitive Mud(lac) fusions (98).
Genetic Linkage in Hfr Crosses. When a mutant phenotype does not allow a clean direct selection of the
corresponding Hfr allele in crosses, but scoring it indirectly is possible, linkage to other (selectable) Hfr
markers can be carried out by replica plating random selected Hfr F – recombinant colonies to test for
coinheritance (linkage) of the unmapped mutant phenotype (42, 49; less conventional methods have also
been reported [95, 103]). The nature of genetic linkage in Hfr crosses has been studied and discussed
several times in the literature over the years, resulting in several models and varying biases in interpretation
(18, 34, 45, 89, 96). However, none of these analyses is generally satisfactory, as shown by the
considerable differences in the results obtained in various studies using different strains and conditions. For
Hfr donor markers proximal to (i.e., transferred earlier than) the selected marker (but not within a few
minutes of either the Hfr point of origin or the selected marker itself), it is clear that their inheritance can be
observed in anywhere from 30% to 80% of the selected recombinant colonies (34, 45, 96). No doubt
contributing to this variation is the fact that merozygotes formed after mating often give rise to impure
colonies (especially after relatively short matings and when certain Hfrs are used). The progeny often
segregate with time into two or more recombinant types, which indicates some replication of unstably
maintained genetic material in some cells (7, 34 [p. 242], 46, 101) and which furthermore masks some
recombination events because of the mixture of genotypes in the clones. Most of the published linkage
results refer to experiments in which insufficient time was allowed for segregation and appearance of all
possible recombinant types (56, 101). This will lead to misinterpretation for any analysis based simply on

the fraction of recombinants scored as receiving any one marker. In one of the few published studies in
which an extensive analysis was carried out for a relatively long chromosomal interval, Jacob and Wollman
(34 [p. 227]) showed that virtually all possible recombinant genotypes can be recovered, in a more or less
random way. The results indicate a broad spectrum of recombination events in terms of lengths of Hfr genetic
information incorporated, various endpoints, various multiple crossovers, etc. Fifteen percent of the
recombinants, at most, may have inherited all of the Hfr genetic information (perhaps even less if we allow
for possible undetected crossovers in regions of the chromosome not tested). This value contrasts with the
“80% long chunk” hypothesis recently proposed (89). In fact, however, the linkages observed experimentally,
even when adequate time for segregation is allowed, can vary widely from strain to strain. For example,
Wilkins and Howard-Flanders (99), who studied a shorter chromosomal interval but did allow for segregation,
reported 64 to 69% coinheritance of proximal Hfr markers, using an Hfr which has a different point of origin
and direction of transfer compared to the one used by Jacob and Wollman (and others), who obtained the very
contrasting linkage results (15%) cited above. Rather complete incorporation of Hfr markers seems to occur
in the case of certain rec recipient strains in which the proportions of various types of recombination events
are different from those observed with the rec+ configuration (see chapter 119).

FIGURE 1 Typical transmission gradient (solid dots) for an Hfr (type Ra-1) x F- cross. Also plotted is a
typical genetic linkage relationship (dashed line) for a distal Hfr marker when scored among colonies
selected for an earlier Hfr marker in an Hfr x F- cross (see text) (modified from reference 48, with
permission).

Genetic linkage for two markers less than a few minutes apart increases up to near 100%, depending on
the separation. Jacob and Wollman estimated an approximate recombination frequency of 20%
recombination (i.e., 20 recombination units) per minute (34 [p. 234]) in Hfr × F– crosses. However, this
was based on the early estimates of distance available at the time, namely 0.5 min for the thr-leu distance,
which is now known to be 1.75 min. (chapter 109). Thus, a more useful revised linkage function based on
the thr-leu and leu-fhu (=T1) (=1.9 min separation) recombination frequencies reported by Jacob and
Wollman and others (18, 34 [p. 227], 45) is ∼5% recombination per minute, for intervals less than a few
minutes long.
This type of mapping function was obviously never intended to suggest absolute accuracy, nor does it
apply to all situations. In particular, crosses between very close (intragenic) markers can show very large
marker-specific effects in frequency (13, 34 [p. 230–231], 55, 67), which completely override any
expectations from the 5% recombination per minute relation above. Nevertheless, in most cases this
relation gives a very useful indication of distance in the 0.1 to 2 min range, and even when exact distances
are uncertain, the relative ordering of mutations can be determined using reciprocal three-factor crosses (34
[p. 230–231]). If more than one close pair of markers are studied in the same cross, calculated intervals
may be nonadditive due to negative interference effects, which can be considerable (51, 55). In summary, a
marker situated proximal to a selected marker is tightly linked to it (>90%) only if the distance between
markers is less than ∼1 to 2 min. For very tightly linked markers, linkage can be decreased, and relative
separation can be estimated by irradiating the merozygotes after transfer (97).
If the unselected marker is located distal to the selected one (i.e., if it is transferred later by the Hfr), the type
of linkage referred to above is compounded by the gradient of transfer, and a linkage relation such as shown in
Fig. 1 (dashed line) is observed.
For Hfr markers very close to the point of origin (less than ∼1 min away) it is found that incorporation
into recombinants after Hfr × F– crosses can be very infrequent (22, 47, 73). This effect is not understood
but likely has to do with the adjoining F factor DNA being nonhomologous to the F– chromosome (thus
decreasing the likelihood of pairing up to the point where homology begins) and/or the presence of the
single-strand DNA end at the origin of transfer, which can facilitate the binding and activity of nucleases
and other enzymes involved in recombination (see chapter 119).
In short, we have at present a very unclear picture of the contributions of various processes to genetic
linkage in conjugation. Results such as those cited above, in practice, are subject to experimental conditions
(102), marker-specific recombination effects (13, 55, 67), inhomogeneity of recombinant clones (7, 34
[p. 242], 46, 101), and strain differences (34, 45, 96). It is perhaps surprising that despite all these caveats,
these approaches to mapping are very simple and informative and in many cases are the easiest first
approach to mapping totally uncharacterized mutations.
Time of Entry. Once some idea of map position for a mutation is known, its location can usually be found
to within ∼1 to 2 min by time-of-entry (“blender”) experiments (34). This is most easily carried out either
with a mechanical shaker (52, 54, 62) or by using nalidixic acid to interrupt transfer (107). An example of
the resolution obtainable with these methods is shown in Fig. 2. Various other time-of-entry curves
obtained for different purposes are shown in references 8, 48, 50, 52, 54, 62, 63, and 104. Owing to
variability sometimes observed in marker entry times due to strain differences, temperature, or distance
from the point of origin (8, 48, 102), it is important to compare the time-of-entry curve of a new locus with
that for at least one other (known) marker in the same experiment in order to get a meaningful comparison
of chromosomal locations.

Time of Entry with Genetic Analysis. If two nearby markers are too close to be resolved by entry time,
subsequent genetic analysis of the colonies obtained can clearly distinguish the order (97).
Complementation and Gene Dosage.
A global search by complementation or gene dosage can sometimes be used to find approximate map
position in cases in which a mutant phenotype is recessive to wild type or can be scored by DNA-DNA or
DNA-RNA hybridization or increased functional activity, as follows.
F-Prime and R-Prime Factors. A large set of F-prime factors is available to test for complementation
(chapters 129 and 135). F-primes have also been used to locate rRNA genes (19) and tRNA genes (33).
Selectable transposon markers can be easily introduced onto primes (63; chapter 129).
Genomic Libraries; Mapping a Cloned Gene. Libraries of cloned genes on plasmids (66; chapters 115 and
135) can be screened by complementation, gene dosage, or recombination. If a particular plasmid is found
to carry the desired gene, but its map location is not known, it can be mapped (in the case of ColE1-derived
plasmids) by selection for integration by homologous recombination in a conditional PolA– strain (19, 24,
25, 86) and subsequently can be mapped by the other methods in this chapter. Finer resolution of map
position can often be obtained by complementation or recombination using specialized transducing phages
(38; chapter 131) or deletion analysis (4, 16, 26, 32, 63, 82, 85; chapters 120, 135, 140, and 141).
Inserts which inactivate cloned genes and which have a selectable phenotype, such as an antibiotic
resistance determinant, can be used to replace chromosomal genes by transformation of the cloned gene as
a linear fragment into a recD– or recBC–sbcBC– recipient (35, 77, 78, 100). Several hundred bases
(preferably at least 500) of homology in the cloned fragment is necessary on either side of the insert in
order to obtain homologous recombination into the recipient chromosome at a reasonable frequency. These
and other approaches for mapping and exchange of alleles are outlined in Table 1.
Generalized Transduction
Mapping Functions for P1 and P22. For close-range mapping and gene ordering (intervals of less than
∼2 min in E. coli and ∼1 min (=1 centisome [cs]) in Salmonella), generalized transduction in E. coli with
phage P1 and in Salmonella with phage P22 is usually the fastest genetic approach. This gene transfer
process involves rare nonrandom pieces of chromosomal DNA carried and injected by phage heads into a
recipient cell, followed by recombination into the recipient genome (60; chapter 130). Despite the
nonrandom distribution of cut sites (10, 20, 40, 69, 72, 75, 81, 93) and the strong dependence of absolute
transduction frequencies on marker, strain, position, and recombination (3, 15, 59, 61, 65), there is
nevertheless usually an inverse correlation between distance between donor markers and cotransduction
frequency. Wu (105) derived a relation between cotransduction frequency (F), marker separation (d), and
effective length of transducing DNA (L), as follows:
F = (1 – d/l )3
This function is plotted as a function of d in chapter 130. Shown on that same graph are curves using L =
2.1 (for E. coli transduction using bacteriophage P1) and 0.9 (for Salmonella transduction using
bacteriophage P22). Aside from the inherent uncertainties involved in using this mapping function,
mentioned above, the optimal values of L to use are not obvious; i.e., various end effects and the presence
of Tn insertions may dictate a value of L which is significantly different from the normal length of the P1
or P22 genome (50, 80; chapter 130). Other curves which may be more applicable to crosses that involve
large insertions such as Tn elements are discussed by Sanderson and Roth (80), and other mapping

functions are discussed in reference 50. Even with the uncertainties inherent in the use of transducing
mapping functions, the sequence of markers can almost always be determined by using three-point crosses
(15), and absolute distances of separation between markers can usually be determined to within 0.1 to 0.2
min. Noteworthy examples of transductional mapping can be found in the papers by Chelala and Margolin
(10), Crawford and Preiss (15), Kelley (37), Signer et al. (84), and Stadler and Kariya (90).

FIGURE 2 Time-of-entry ("blender") curves for a cross between an Hfr (Hayes type) and F- (PA309).
Experimental details are given in reference 52 (from reference 52, with permission).

In addition to P1 and P22, certain other bacteriophages are potentially useful for cotransductional
mapping, including T4, which is capable of cotransduction over roughly twice the range of P1
(106; chapter 130).
Transformation
Transformation of chromosomal markers is not generally very practical for mapping purposes because strains
which are wild type for recB recC recD yield virtually no haploid transformants (see chapter 119). However, in
special cases cotransformation of linked markers has been observed in E. coli K-12, and in one study using a
recB– recC– sbcB– strain (30) the cotransformation frequency, f, varied approximately as e–Kx, where x = the
distance between selected and unselected markers. In these experiments, the constant, K, was approximately 3.6
± 0.3 min–1. Not enough is known about this system at present to know how generally useful it could be for
mapping.

TABLE 1 Useful procedures for mapping and/or allele replacement
Procedure
Approximate
range or
resolutiona
Conjugation
HFR × F– crosses:
Uninterrupted
1–100 min
Uninterrupted, transfer gradient
Uninterrupted, transfer gradient, replica plating

∼3–10 min
5–20 min

Uninterrupted, linkage analysis
Uninterrupted, linkage analysis, with irradiation

~2–30 min
0.1–1 min

Interrupted
Interrupted, with genetic analysis

Tn-directed points of origin

Transfer of chromosomal mutations to plasmids
F-prime × F– crosses

1–3 min
0.1–1 min

5–20 min

∼1–15 min

Plus gene rearrangements (and
homogenotization)
Transformation; allele replacement

0–1 min

Transduction
Generalized:

0–2 min (E.c.)

Tn10 pools
With known Tn insertions
Of integrated plasmids
With irradiation

0–1 min (S.t.)
0–100 min

Comments

Referencesb

General strain
construction
Long-range mapping
Rapid mapping of
many mutants, with
selectable marker
Long-range mapping
Short-range mapping
(in special cases)
Mapping to within
transducing range
Determination of
gene order (in
special cases)
Rapid mid-range
mapping of Tn
insertion;
“generalized
conjugation”

52, 74; A

Mapping by extent
of F′ or by gene (or
gene product) dosage
Transfer of alleles to
chromosome or F′;
“levitation”
Requires recBC –
sbcBC – or recD–
recipient

34, 45, 96; †
97
52, 54, 62; †
97

11, 92; A

70
6, 52; B

11, 52; B

1, 30, 35, 78, 100

Mid-range mapping
and allele
replacement

63, 68, 74, 80; C

Mapping by linkage
to one of many sites

16, 52, 85

0–100 min
0–100 min

52, 62, 63; †
23, 49, 98

Increases fraction of
rare recombinants

39, 80, 87; D, E
57
C

Double transduction
“Transductional walking”
P22 with new hosts
Specialized

Libraries
Libraries, recombination with chromosome
Lysates from family of prophages

Using P22
Prophage induction

Eduction

Complementation and/or recombination using
plasmids or duplications
Allele replacement involving cloned genes

Transfer of large
plasmids
0–1 min
0.1–1 min

2–20 kb
2–20kb
0–7 min

0.1–1 min

0.1–1 min

Mid-range mapping
and cloning (depends
on prophage
locations)
Mapping and cloning
Rapid mid-range
mapping with set of
Mud-P22 lysogens
Deletion mapping
and construction
(depends on
prophage and
locations)
Deletion mapping
and construction
(special cases)

0.1–15 min

32, 83
44
64
A

38; A, F
28
5

31
16, 85; A

27

12; B, G, H
9, 26, 36, 43, 71, 76, 79,
88, 91
14, 21, 29, 41, 58, 94

Useful markers for selection in allele replacement,
deletion or essential genes
a
1 min ≈ 46 kb. E.c., E. coli; S.t., Salmonella typhimurium (Salmonella enterica serovar Typhimurium).
b
A, chapter 135, this book; B, chapter 129; C, chapter 130; D, chapter 140; E, chapter 141; F, chapter 109; G, chapter 115;
H, chapter 120. †, See the text.

REVIEW OF APPROACHES
Table 1 is an outline of the procedures mentioned in this chapter and others. These procedures comprise most of
the current tools available for genetic approaches to mapping and allele replacement in E. coli and Salmonella.
Other citations are given in references 2 and 53.
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