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Genetic and segregation analysis ofEscherichia coli strains containing a partial
duplication of the tip operon reveal that the 2.5-min-long region trpD-purB is
duplicated in tandem in the chromosome. The adjacent loci cysB and fabD are
not duplicated. Although one copy of the duplicated region is longer than the
maximum size of bacteriophage Plkc transducing fragments, the frequency at
which the duplicated segment trpDCBA is transferred by transduction to tonB-
tip deletion strains is equal to that observed for transfer of the normal trp
operon. This suggests that three-point recombination events believed to account
for transduction of long duplications occur as frequently as two-point recombi-
nation events believed to account for normal transduction. Cotransduction fre-
quencies of trpDCBA with the duplicated loci tonB, galU, tyrT, and hemA are
very similar to those for the trp operon with the same loci. This indicates that
normal genetic linkage is maintained during the three-point recombination event.
However, purB, which is normally unlinked to trp by transduction, is closely
linked to trpDCBA and thus must be near the repeat point of the duplication.
Transduction tests with point mutations in the trp operon indicated that the
repeat point occurs near the normal boundary between trpE and trpD. Segrega-
tion analysis of heterogenotes constructed from tonB-trp deletion strains shows
that the frequency at which a marker is lost is approximately proportional to its
distance from the repeat point. This finding is consistent with a random, single-
site crossover event during segregation. Several observations indicate that non-
reciprocal genetic exchange also occurs between copies ofthe duplication. Analysis
of heterogenotes containing dadRI and dadR+ demonstrate that the mutant
allele is transdominant.

Genetic duplications have been reported for
several regions of the bacterial chromosome in
Escherichia coli (4, 6-8, 10-14, 22, 24-26) and
Salmonella typhimurium (1, 2, 19, 21, 27, 28).
In most cases, the duplicated segments are be-
lieved to be arranged in tandem, although sev-
eral examples of translocation (insertion) dupli-
cations have been reported (4, 10, 14), and in
one case the duplicated segment is carried by a
plasmid (1, 19). The size of duplications varies
from as little as one known gene (8, 22) to
approximately one-third the bacterial chromo-
some (26). In many cases, however, sufficient
genetic information is not available to determine
the exact size and position (tandem or translo-
cated) of the duplications. One feature common
to all duplications is instability. When grown
under nonrestrictive conditions, bacteria lose
duplications at relatively high frequencies (0.1
to 50% of colonies tested) by a recombination

(recA)-dependent process (4, 7, 11, 24, 28). For
tandem duplications, the loss of material can
best be explained by a single-site recombination
event between the duplicated segments followed
by segregation of the chromosome lacking the
duplication (11, 12). However, the fate of the
material that is lost from the chromosome has
not been determined. The mechanism(s) by
which duplications are formed is poorly under-
stood. In one case (28) it is reported to be de-
pendent on the recA system, whereas in another
case (4) it is not. UV light (10) and chemical
mutagens (10, 26) stimulate the frequency of
occurrence. Thus, both pyrimidine dimer for-
mation and specific base changes in DNA may
be involved.

Previously we reported a duplication contain-
ing the operator-distal genes D-C-B-A of the trp
operon linked to a transcription promoter which
is not subject to tryptophan repression (24). The
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duplication was obtained in a mutant strain
RM213 selected for resistance to anthranilic
acid. Growth of the parental strain RM106 con-
taining two strongly polar, operator-proximal
thpE mutations [trpE9829(Am) t7pE9851(0c)]
is very sensitive to high concentrations (30
jig/ml) of anthranilic acid. Sensitivity of strain
RM106 results from anthranilic acid inhibition
of the trpD and trpC polypeptides which are
markedly diminished by polar trpE mutations
(32). Thus, mutations that relieve or obviate the
polar effect on t7pD and trpC result in resistance
to anthranilic acid. Among 18 independently
isolated anthranilic acid-resistant mutants of
strain RM016, only strain RM213 was found to
contain a duplication (M. H. Simonian and R.
D. Mosteller, unpublished observations). Previ-
ously we showed that streptomycin resistance
(strA) mutations increase the loss of the dupli-
cation 5- to 10-fold (24). The reason why these
mutations, which alter ribosomal protein S12
(3), affect loss of the duplication is not known.
In this paper, we describe a more thorough

genetic analysis ofthe duplicated region in strain
RM213 and present segregation analysis of het-
erogenotes containing the duplication. In the
latter studies, the frequency at which a particu-
lar genetic locus is lost is related to its position
in the duplication. In addition, these studies
were used to demonstrate that the mutant allele
dadRI, which enables some amino acid auxo-
trophs to utilize D-amino acids in place of the
respective L-amino acids (17), is transdominant
to the wild-type allele dadR+. Using an analo-
gous selection procedure, Jackson and Yanofsky
(14) obtained several duplications of the trp
operon which are translocated rather than tan-
dem. Their studies did not include determina-
tion of the size or exact location of these dupli-
cations.

MATERIALS AND METHODS
Bacterial strains, bacteriophage, and tech-

niques. All bacterial strains are derivatives of E. coli
K-12 except strains KB30 and MS445, which are hy-
brids of E. coli K-12 and E. coli B (Table 1). The
tipE and trpD mutants used for mapping (see Table
7) and bacteriophages Ti, T4amE4306, ,80vir, and
4,80h-i were obtained from C. Yanofsky. Tranaduc-
tions were performed with bacteriophage Plkc (18).
For spot transductions, a drop of Plkc lysate was
placed on a lawn of recipient cells (2 x 108 cells/plate)
on tris(hydroxymethyl)aminomethane (Tris)-minimal
agar medium (9) supplemented with 0.2% glucose,
0.05% acid casein hydrolysate, and 2.5 mM CaCl2.
Growth was usually scored after incubation for 24 h.
F' x F- conjugations were performed by mixing equal
volumes of exponentially growing cultures (2 x 108
cells/ml) in L-broth medium, incubating for 1 h, and
then spreading on selective medium. Hfr x F- conju-

gations were performed similarly, except that 10-fold
fewer donor cells were used and incubation was for 2
h. Colicin V,B was harvested from a mitomycin C-
induced culture of strain YS57 obtained from C. Yan-
ofsky.
Growth medium and conditions. All incubations

were at 37°C, except that strains containing the tem-
perature-sensitive episome F42-114 or the fabDI allele
were incubated at 300C. Cultures were incubated with
shaking in minimal medium E (29) supplemented with
0.2% glucose or in L-broth medium (1% tryptone
[Difco], 0.5% yeast extract [Difco], 0.5% NaCl, 0.1%
glucose). Solid medium contained 1.5% (minimal or
Tris-minimal) or 1.3% agar (L broth). Supplements
were added when needed as follows: 20 jug of L- or D-
trytophan, indole, L-threonine, or A-aminolevulinic
acid per ml, 30,ig of anthranilic acid per ml, 100 jAg
of L-cysteine hydrochloride per ml, 50 jig of L-glutamic
acid or thymine per ml, and 10 jig of adenine per ml.

Selection and phenotypic characterization of
strains. All trpB+ strains, including trpE mutants,
tonB-trpA deletion mutants, and trpDCBA-containing
strains, can utilize indole in place of tryptophan. In
addition, trpDCBA-containing strains but not
trpE9829 trpE9851 mutants can utilize 30 jig of an-
thranilic acid per ml in place of tryptophan. The trpB
mutants and tonB-trpAE deletion mutants can utilize
tryptophan only.
TonB- strains were selected for resistance to colicin

V,B and bacteriophage 480vir on L-broth agar medium
(5). In some cases TonB- strains were tested for re-
sistance to bacteriophage Ti. TonB+ strains were se-
lected for chromium resistance (30) on unextracted
Waring-Werkman (31) minimal agar medium [4 g of
K2HPO4, 1 g of KH2PO4, 1 g of (NH4)2SO4, and 0.1 g
of MgSO4 7H20 per liter) containing 2% agar, 0.2%
glucose, and 5 x 10-5 M CrC13. The presence of att8O0
was determined by testing for stable bacteriophage
8h-OhiA lysogens. Turbid centers of 080h-iA plaques

were cultured in 5 ml of L-broth medium and spread
on L-broth agar medium, and the resulting colonies
were replica plated onto a lawn of strain RM213. After
incubating for 16 h, a large fraction (80 to 95%) of
colonies from att8WM strains result in lysis spots in the
background of bacterial growth. The Gal phenotype
of strains was tested on minimal agar medium supple-
mented with 0.2% galactose in place of glucose. The
TyrT3 (suppressor) phenotype was examined by spot-
ting bacteriophage T4 amber mutant E4306 on a
streak of bacteria on L-broth agar medium. Suppres-
sion was indicated by lysis after incubation for 16 h.
The Hem phenotype was usually tested on L-broth
agar medium with and without A-aminolevulinic acid.
The DadR- phenotype was demonstrated by growth
on minimal agar medium supplemented with D-tryp-
tophan in place of L-tryptophan. FabD mutants grow
at 30°C but not at 42°C on L-broth agar medium.

RESULTS
Chromosomal location of trpDCBA Pre-

liminary experiments indicate that the dupli-
cated segment of the tip operon, t7pDCBA, can
be transferred by bacteriophage Plkc-mediated
transduction to strains containing either a mu-
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TABLE 1. Bacterial strains
Genotypea

thr-I leu-6 thi-1 thyA6 deoCl pyrF32
uvrB501 lacYI malAI9 codAl
tonA21 A' A- supE44

purB51 thi-1 tyrA2 his-68 trp-45
lacYI gal-6 mtl-2 xyl- 7 maLAU str-
125 tonA2 tsx-70 supE44 Ar A-

A(att80-tonB-trpAE)2
fabDI thi-I gltA5 ara-14 lacYI
galK2 xyl-5 mtl-l tfr-5 tsx-57 str-
20 A+

trpR2 tna-2
trpR2 tna-2 A(tonB-tipAE)I:typ-
DCBA

thyAIlO tipE9829 trpE9851:trp-
DCBA

strA202 trpE9829 trpE9851:trp-
DCBA

tna-2 A(tonB-tipAE)2
tna-2 A(tonB-trpAE)2 thr thyA
A(att80-tonB-trpAE)2:trpDCBA

strA202 tna-2 A(trpEB)9
DE48 strA202 trpE9829
trpE9851:trpDCBA

DE48 strA202 trpE9829
trpE9851:trpDCBA

DE48 strA202 trpE9829
trpE9851:trpDCBA

cysB A(tonB-t7pAE)12
trpE9829(Am) trpE9851(0c)
tna-2 trpB9578 strA
trpE9829 trpE9851:trpDCBA

tna-2
trpR2 tna-2 A(tonB-tipAE)i
tna-2 cysB thr
trpR2 tna-2 cysB

tna-2 cysB

trpR2 tna-2
tna-2 cysB thr thyA
DE48 strA202 tipE9829 trpE9851

DE48 strA202 tipE9829 trpE9851
trpR2 tna-2 A(tonB-tipAE)2
DE48 strA202 trpE9829 trpE9851

tna-2 A(trpEB)9
A(tonB-trpAE)l tyrT3 (suIlI)
A(tonB-tipAE)i tyrT3:trpDCBA

tyrT3

Source/commentsb

S. Brenner strain (CGSC 4973)
J. Beckwith; DE5 is the deletion

A(proB-lac)xi,1 of Jacob; F42-114
lac+ is replication defective at 42°C

R. Devoret strain (CGSC 3078) via
R. C. Deonier

P. G. de Haan strain (CGSC 5038)

C. Yanofsky
D. F. Silbert (23)
Formerly designated LA2-89

P1(RM234) x RM256 Trp+
P1(RM213) x RM256 - TrpB+ (an-

thranilic acid resistant)
Spontaneous Thy- of RM213

Spontaneous Strr of RM213 (24)

P1(RM390) x RM310-* Cys+ (Trp)
P1(RM390) x RM337 - Cys+ (Trp-)
P1(MS304) x KB30 TrpB+ (an-

thranilic acid resistant)
P1(RM417) x RM486 - Str
P1(MS304) x RM342 - anthranilic

acid resistant
P1(MS304) x RM355 - anthranilic

acid resistant
GY854 x MS582 -- Lac+ (Leu+)

C. Yanofsky
C. Yanofsky
C. Yanofsky
Spontaneous anthranilic acid-resist-

ant mutant of RM106 (24; this pa-
per)

C. Yanofsky
C. Yanofsky
C. Yanofsky
P1(MS298) x RM296 -* Thr+ (5-
methyltryptophan resistant)

P1(MS298) x RM296 -* Thr+ (5-
methyltryptophan sensitive)

Pl(RM159) x RM309-. Cys+ (Trp+)
Spontaneous Thy- of RM296
UV-induced proB-lac deletion

(DE48) mutant of MS330; trp-
DCBA lost during selection

EC-0 x RM342 -* Lac+ (StW') at 300C
C. Yanofsky
Spontaneous Hfr of RM355, selected

for Lac+ at 43°C; transfers chro-
mosome clockwise starting near
thyA

C. Yanofsky
C. Yanofsky
P1(MS304) x RM594 -- TrpB+

(TyrT3); does not segregate TyrT+
clones

Sex

HfrH galU95 relAI A-
F42-114 lac+ thi-1 relAI? A- DE5 supE44?

Strain

CA10
EC-0

GY854

H680

KB30
LA8

MS298
MS304

MS328

MS330

MS397
MS436
MS445

MS573
MS582

MS583

MS630

RM43
RM106
RM159
RM213

RM234
RM256
RM296
RM309

RM310

RM312
RM337
RM342

RM355
RM390
RM417

RM486
RM594
RM621-3

F42 lac+

F42-114 lac+

F42 lac+

F-
F-
F-
F-

F42-114 lac+
F-
HfrRlO(lac+)

J. BACTERIOL.



DUPLICATION OF trpD-purB 653

TABLE 1-Continued
GenotypeaSex Source/commentsh

RM621-5 F-

RM621-7 F

RM627 F-
RM680 F-

RM755 F-

RM757 F-

RM805 F-

RM880 F-
RM881 F-

RM882 F-

RM958 F-

RM960 F-

RM961 F-

RM965 F-

RM1052 F-

RM1053-3 F

RM1053-4 F-

RM1088 F-

RM1099 F-
RM1100 F-

SHSP19 F-
T3D F-

A(tonB-tipAE)l tyrT3:trpDCBA
tyrT+

A&(tonB-tipAE)l tyrT+:trpDCBA
tyrT3

cysB A(tonB-tipA)50
trpR2 tna-2 cysB A(tonB-tipA)50

trpR2 tna-2 cysB hemA8

trpR2 tna-2 A(tonB-tipAE)2 hemA8

trpR2 tna-2 A(tipLD)102

trpR2 tna-2 A(tonB-trpAE)2purB51
trpR2 tna-2 A(tonB-tipAE)2 dadRI

trpR2 tna-2 A(trpLD)102 tonB3

A(tonB-tipAE)2 fabDI gltA5 ara-14
lacYl galK2 xyl-5 mtl-l tfr-5 tsx-
57 str-20 thi-l A+

trpR2 tna-2 A(tonB-tipAE)2
hemA8:trpDCBA hemA8

trpR2 tna-2 A(tonB-tipAE)2
purB+:trpDCBA purB51

trpR2 tna-2 A(tonB-tipAE)2
dadRl:trpDCBA dadR+

trpR2 tna-2 A(tonB-trpAE)2 galU95

tipR2 tna-2 A(tonB-trpAE)2
galtU+:trpDCBA galU95

trpR2 tna-2 A(tonB-tipAE)2
galU95:trpDCBA galU+

trpR2 tna-2 A(tonB-tipAE)2
hemA+:trpDCBA hemA8

trpR2 tna-2 A(tonB-trpAE)2 hemA8
trpR2 tna-2 A(tonB-tipAE)2
hemA8:MtpDCBA hemA+

hemA8 metBI lacY) str-134 malAl
typE(T3) dadRI

P1(MS304) x RM594 -* TrpB+
(TyrT3); segregates TyrT+ clones
(Table 6)

P1(MS304) x RM594 -+ TrpB+
(TyrT3); segregates TyrT+ clones
(Table 6)

C. Yanofsky
P1(RM627) x RM390 -- TrpB+

(Cysl)
Pl(SHSP19) x RM680 -- Trp+

(Hem-)
P1(RM390) x RM755 Cys+ (Trp-)
P1 lysogen

Derived in this laboratory; deletion
A(trpLD)102 obtained from C.
Yanofsky (15)

P1(H680) x RM757 -+ Hem+ (Purl)
P1(T3D) x RM757 Hem+

(DadR-)
Spontaneous TonBW mutant of
RM805 selected for resistance to
colicin V,B and q8Ovir

P1(RM390) x L48 -* TonBW (Trpl);
selected for resistance to colicin
V,B and O80kir

P1(MS304) x RM757 -+ TrpB+
(Hem-)

P1(MS304) x RM880 TrpB+
(Pur+); segregates Pur- clones (Ta-
ble 6)

P1(MS304) x RM881 -- TrpB+
(DadR-); segregates DadR+ clones
(Table 6)

CA10 x RM757 -- TonBW Hem+
(Gal-); selected for resistance to
colicin V,B and O8vir

P1(MS304) x RM1052 -- TrpB+
(Gal+); segregates Gal- clones (Ta-
ble 6)

P1(MS304) x RM1052 -- TrpB+
(Gal+); segregates Gal- clones (Ta-
ble 6)

Pl(RM960) x RM390 TrpB+
(Hem+); segregates Hem- clones

Hem- segregant of RM1088
P1(MS304) x RM1099 -- TrpB+

(Hem+); segregates Hem- clones
A. Sasarman strain (CGSC 4679)
J. Kuhn (17)

aAIl allele designations are those assigned by the CGSC (E. coli Genetic Stock Center, Department of
Human Genetics, Yale University School of Medicine, New Haven, Conn.) except for the tna and trp alleles
of C. Yanofsky. The strA2O2 allele was formerly designated strAl (24).

b Stains obtained through CGSC where indicated.

tant trp operon (e.g., trpE9829 trpE9851) or a
deletion of the tonB-trp region of the chromo-
some. Thus, trpDCBA was transferred by trans-
duction to an Hfr strain (RM417) containing
trpE9829 tpE9S5l. Several independent trans-
ductants were tested for the ability to transfer
tbpDCBA or trpE9829 tpE9851 by conjugation
to an F- recipient strain MS436 containing a

tonB-tOpAE deletion. Among 707 trpB+ recom-
binants emined, 269 contained trpE9829
t7pE9851 (anthranilate-sensitive recombinants)
and 439 contained trpDCBA (anthranilate-re-
sistant recombinants). Eighteen of the tip-
DCBA-contng recombinants were tested for
loss of t7pDCBA. Four of the recombinants re-
verted to the phenotype ofthe tonB-trpAE dele-

Strain-- . - --- - -1 - -
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tion strain used as recipient, and 14 reverted to
the phenotype of trpE9829 trpE9851 strains.
These results indicate that trpDCBA is an inte-
gral part of the chromosome and that it is close
to trpE9829 trpE9851.

Similar experiments using the F- strain
MS328 (tbpE9829 tipE9851:trpDCBA) as poten-
tial donor and the tonB-trpAE deletion strain
RM256 as recipient failed to detect transfer of
trpDCBA or trpE9829 trpE9851 (less than one
recombinant per 109 recipient cells). The same
results were obtained using the F42-114 strain
MS583 or the F42 strain MS630 as potential
donorandstrainMS573[A(trpEB)9]asrecipient.
We conclude that trpDCBA is not part of a
trasmnissible plasmid.

Cotransduction of trpDCBA with tonB
and att8O but not tip or cyaB. To test for
genetic linkage of trpDCBA with other chro-
mosomal markers, attempts were made to co-
transduce trpDCBA with the tip operon located
in its normal site or with other markers (cysB,
tonB, and attWM) that are located close to the
normal site of tip. When strain RM213
(trpE9829 trpE9851:trpDCBA) was used as do-
nor and the tonB-trpAE deletion strains RM256
and MS397 were used as recipients (experiments
1 and 2, Table 2), both anthranilic acid-resistant
(trpDCBA) and anthranilic acid-sensitive
(tipE9829 trpE9851) transductants were ob-
tained. Thirteen ofthe anthranilic acid-resistant
transductants were tested for segregants that
had lost trpDCBA. All segregants from each
strain exhibited the phenotype of the tonB-
trpAE deletion strains used as recipients, thus
indicating that trpDCBA is not readily cotrans-
ducible with the trp operon (trpE9829 trp9851).
The presence of the tonB-trpAE deletion was
confirmed by genetic tests (spot transductions),
using at least one segregant from each of the 13
tunsductants. It is interesting to note that ap-
proximately equal numbers of anthranilic acid-
sensitive and -resistant transductants were ob-
tained in experiments 1 and 2 (Table 2). This
indicates that thpDCBA can be transferred by

transduction as readily as the normal tonB-
trpAE region of the chromosome. When the
anthranilic acid-sensitive parental strain RM106
is used as donor (experiment 3, Table 2), only
anthranilic acid-sensitive transductants are ob-
tained. Thus, trpDCBA or similar duplications
are not generated during transduction. One of
the anthranilic acid-resistant strains, designated
strain MS304, from experiment 1 (Table 2) was
used as a source of tipDCBA in further studies.
As shown in experiment 4 (Table 2), only an-
thranilic acid-resistant transductants are ob-
tained when strain MS304 is used as donor.
The presence of tonB' was examined in strain

MS304 by testing for sensitivity to bacterio-
phage Ti. The results indicate (Table 3) that
tonB+ was transfenred with trpDCBA during
transduction. Similarly, when trpDCBA was
transferred by transduction to strain KB30 con-
taining a deletion of the att8O-tonB-trpAE re-
gion, both tonB+ and att8O+ were -also trans-
ferred (Table 3, strain MS445). Since tonB and
att8O are normally closely linked to tip (but
trpDCBA is not), these data suggest that tonB
and att8O are duplicated in the parental strain
RM213.
Attempts to cotransduce trpDCBA and cysB

using either strain RM213 or strain MS304 as
donor were not successful (experiments 1 and

TABLE 3. Tests for tonB and attO in tipDCBA-
containing transductants

Phenotype
Strain Relevant genotype

TonB Att8O
RM106 trpE9829 trpE9851 + NT
RM256 A(tonB-trpAE)I - +
MS304 A(tonB-trpAE)I: + +

trpDCBA
KB30 A(att8O-tonB-thpAE)2
MS445 A(att8O-tonB-trpAE)2: + +

tipDCBA
a Stais MS304 and MS445 were constructed by

trnsduction of strains RM256 and KB30, respectively
(Table 1). NT, Not tested.

TABLE 2. Transfer of the t*p operon or trpDCBA by transduction
Strain and relevant genotype No. of TrpB+ transductantsg

Expt no. Anthrnilic Anthranilic
Donor Recipient acid fnsitveaddre7DCBant

trpE9851)
1 RM213 trpE9829 trpE9851:trpDCBA RM256 A(tonB-trpAE)l 243 255
2 RM213 trpE9829 trpE9851:tipDCBA MS397 A(tonB-tipAE)2 97 103
3 RM106 trpE9829 typE9851 RM256 A(tonB-tipAE)I 220 0
4 MS304 A(tonB-tipAE)1:tipDCBA RM256 A(tonB-tUpAE)l 0 200

a TrpB+ tnaductants selected on indole-supplemented medium and tested for anthranilic acid resistance
by replica plating.

J. BACT1 RIOL.
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2, Table 4), although normal genetic linkage of
trp and cysB was observed (experiment 3, Table
4). These findings indicate that cysB is not
linked to trpDCBA and is probably not dupli-
cated.
Cotraneduction of trpDCBA with

markers in the tonE-purB region. The data
in Table 3 suggest that trpDCBA is linked ge-

netically to markers located counterclockwise
from tip on the E. coli K-12 genetic map (3).
Therefore, we tested for cotransduction of
trpDCBA with several loci in this region, includ-
ing tonB, galU, tyrT (formerly designated supF
or sum), hemA, dadR, purB, and fabD (experi-
ments 1 through 7, Table 5). The cotransduction
frequency oftrpDCBA with each marker, except
purB, is similar to that observed with the tip

operon in its normal position (experiments 8
through 14, Table 5). ThepurB marker is readily

DUPLICATION OF trpD-purB 655

cotranaducible with trpDCBA (experiment 6,
Table 5) but not with the trp operon (experiment
14, Table 5; reference 17). The fabD locus is not
cotransducible with trpDCBA (experiment 7,
Table 5) or the trp operon (23). Several control
experiments were performed to test the genetic
linkage of hemA, dadR, andpurB (experiments
15 through 17, Table 5). The results differed
only slightly from that expected from the E.
coli K-12 genetic map (3). Our findings are con-

sistent with (i) a duplication of trpDCBA
through hemA (or dadR) that is translocated
to a site betweenpurB and fabD, or (ii) a dupli-
cation oftrpDCBA throughpurB that is tandem
to the normal trp-purB region. The segregation
analysis of heterogenotes presented below sup-
ports the latter possibility.
Segregation of genetic markers in heter-

ogenotes. We have found that all segregants

TABLE 4. Non-cotransducibility of cysB and tipDCBA
Expt Strain and relevant genotype Selected No. oftransductantsa
no. Donor Recipient marked Total cysB+

1 RM213 tipE9829tYpE9851:tipDCBA RM43 cysB A(tonB-tipAE)12 trpDCBA 738 0
2 MS304 A(tonB-trpAE)1:tipDCBA RM43 cysB A(tonB-tipAE)12 tipDCBA 696 0
3 RM106 bpE9829 trpE9851 RM43 cysB A(tonB-tbpAE)12 trpB+ 1,110 450

a Total transductants were selected on L-cysteine-supplemented media containing anthranilic acid (experi-
ments 1 and 2) or indole (experiment 3). Equal portions of the transduction mixtures were spread on the same
type ofmedia lacking L-cysteine to select for cysB+ transductants. Approximately one-third of the transductants
obtained in experiments 1 and 2 were also tested by replica plating to medium lacking L-cysteine. All of those
tested were Cysm.

TABLE 5. Cotranaduction of trpDCBA or the tip operon with other genetic markers

Expt no. Donor strain Recipient strain Selected markera Unselected marker Percent cotransduc-

1 MS304 RM882 trpDCBA tonB+ 58 (42/72)
2 MS304 RM1052 trpDCBA galU+ 57 (124/216)
3 RM621-3 MS397 trpDCBA tyrT3 62 (80/130)
4 MS304 RM757 trpDCBA hernA+ 26 (25/98)
5 MS304 RM881 trpDCBA dadR+ 9 (4/47)C
6 MS304 RM880 trpDCBA purB+ 36 (52/144)
7 MS304 RM958 trpDCBA fabD+ 0 (0/78)
8 RM312 RM882 trp+ tonB+ 64 (46/72)
9 RM312 RM1052 trp+ galU+ 68 (146/216)
10 RM106 RM594 trpB+ tyrTr 43 (55/127)
11 RM312 RM594 trp+ tyrT+ 47 (15/32)
12 RM312 RM757 trp+ hemA+ 32 (57/176)
13 RM106 RM881 trpB+ dadR+ 2 (2/104)
14 RM312 RM880 trp+ purB+ 0 (0/124)
15 T3D RM757 hemA+ dadRI 19 (27/144)
16 H680 RM757 hemA+ purB51 3 (2/72)
17 T3D RM880 purB+ dadRI 39 (28/72)

a The trpDCBA-containing transductants of experiment 1 and all trp+ transductants were selected on
tryptophan-free medium. Other trpDCBA-containing transductants and trpB+ transductants were selected on
indole-supplemented medium. A-Aminolevulinic acid was added to the medium when hemA+ was the unselected
marker, and adenine was added when purB+ orpurB51 was the unselected marker.

b Transductants with unselected marker/total tranaductanta tested-is given in parentheses.
C Determined as described in the text.
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of strains containing tonB-trp deletions (e.g.,
strain MS304) lose trpDCBA and tonB' simul-
taneously and thus are phenotypically TonBW.
This demonstrates that such strains are hetero-
genotes for the tonB locus. In addition, this
suggests a convenient method for selecting large
numbers of segregants from tonB-trp deletion
strains containing trpDCBA, since the TonBW
phenotype can be selected directly (resistance
to colicin V,B and bacteriophage 48Ovir). Using
this procedure, transductants containing the
transdominant markers galU+, tyrT3, hemA+,
dadRI, and purB+ (experiments 2 through 6,
Table 5) were examined for TonBW segregants
lacking these markers. In each case, transduc-
tants were found that simultaneously lost trp-
DCBA-tonB+ and the transdominant marker.
From this we conclude that these transductants
are heterogenotes for the loci tested, and there-
fore that the complete segment trpD through
purB is duplicated. Since purB but not fabD is
cotransducible with trpDCBA (Table 5), we also
conclude that the duplication is arranged in
tandem, although a small region of unduplicated
DNA between purB and trpDCBA cannot be
ruled out (see Discussion).
The results of transduction and segregation

analysis of several such heterogenotes are pre-
sented in Table 6. The position of galU+ in
strains RM1053-3 and RM1053-4 and the posi-
tion of tyrT3 in strains RM621-5 and RM621-7
are clearly indicated by the transduction data.
However, the position of hemA' in strains
RM1088 and RM1100 is less certain, since the
cotransduction frequency of trpDCBA and
hemA+ for strain RM1100 is less than that ob-
served when the hemA+/hemA+ homogenote

MS304 is used as donor (experiment 4, Table
5). The position of dadRI in strain RM965 can-

not be determined by transduction, but the
probable position is indicated in Table 6. The
position ofpurBE indicated for strain RM961 is
based on the fact that purB is cotransducible
with trpDCBA but not with the tUp operon (ex-
periments 6 and 14, Table 5; reference 17).
The results of the segregation experiments

indicate that the frequency of loss of a genetic
marker in a heterogenote is determined by its
position in the duplication (Table 6). That is,
markers closely linked to trpDCBA are lost more
often than those that are not closely linked. For
example, in strain RM1053-3, galU95 is closely
linked to trpDCBA, but galU' is not; therefore,
91% of the segregants are Gal' and only 9% are

Gal-. Similar results were obtained for all other
strains tested except the hemA heterogenotes,
strains RM1088 and RM1lO0. In these cases,
the data appear biased in favor of hemA+ segre-
gants. The fact that the frequency at which a

marker is lost is approximately proportional to
its genetic distance from trpDCBA is consistent
with segregation resulting from a single-site
crossover that occurs at random in the interval
galU to purB; that is, there are no hot spots of
recombination.
Location of termini of the duplication.

The transduction and segregation data pre-
sented in Tables 5 and 6 indicate that one ter-
minus of the duplication is between the normal
positions ofpurB and fabD. We do not believe
trpDCBA is fused to purB, since a higher fre-
quency (>90%) of cotransduction would be ex-

pected. The fact that strains containing the du-
plication can utilize anthranilic acid to synthe-

TABLE 6. Transduction and segregation analysis of heterogenotes
Transductiona Segregation b

Strain Relevantgenotype Percent co-Marker transduction M ,o.t Percent of
tested with arkerlost total

t*pDCBA
RM1053-3 A(tonB-trpAE)2galU+:trpDCBA galU95 galU+ 5 (2/37) galU95 91 (327/360)
RM1053-4 A(tonB-trpAE)2 galU95:tipDCBA galU+ galU+ 79 (22/28) galU+ 84 (242/288)
RM621-5 A(tonB-tOpAE)l tyrT3:trpDCBA tyrTF tyrT3 2 (1/64) tyrTr 85 (200/235)
RM621-7 A(tonB-trpAE)l tyrT+:trpDCBA tyrT3 tyrT3 50 (8/16) tyrT3 76 (152/200)
RM1088 A(tonB-trpAE)2 hemA+:trpDCBA hemA8 hemA+ 5 (7/144) hemA8 62 (350/561)
RM1100 A(tonB-trpAE)2 hemA8:trpDCBA hemA+ hemA+ 15 (21/144) hemA+ 12 (36/288)
RM965 A(tonB-trpAE)2 dadRl:trpDCBA dadR+ NT NT dadR+ 24 (70/288)
RM961 A(tonB-trpAE)2purB+:trpDCBA purB51 NT NT purB51 12 (67/576)

a Cotransduction was tested using strains in table as donors and appropriate strains as recipients (RM1052
forgalU+, MS397 for tyrT3, RM757 and RM1099 for hemA+). All transductants selected on indole-supplemented
medium. A-Aminolevulinic acid was added to medium when strain RM757 or RM1099 was used as recipient.
Transductants with marker tested/total transductants is given in parentheses. NT, Not tested.

b TonBW segregants were selected for resistance to colicin V,B and 480vir on L-broth medium (supplemented
with A-aminolevulinic acid for strins RM1088 and RM1100 and with adenine for strain RM961). Segregants
that lost the indicated marker/total segregants tested is given in parentheses. All segregants were also TrpBW.
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size tryptophan indicates that trpDCBA speci-
fies the phosphoribosyltransferase activity ofthe
trpD polypeptide. This was confirmed by en-
zyme assays (24). However, since the operator-
proximal one-third of trpD is not essential for
this activity (16), all of trpD is not necessarily
duplicated. To test this possibility, spot trans-
duction tests were performed using strain MS304
containing trpDCBA and mutants altered in
trpE or thpD. The results indicate (Table 7) that
the terminus of the duplication occurs at a site
that is normally between the most operator-dis-
tal mutation (E5947) in trpE and the most op-
erator-proximal mutation (D159) in trpD.
Transdominance of dadRi over dadR4.

Kuhn and Somerville (17) first reported dadR
mutations that allow certain amino acid auxo-
trophs to utilize D-amino acids in place of the
respective L-amino acids. These workers sug-
gested that dadR may be a regulatory gene for
D-amino acid deaminases. In the present studies,
we found that the mutant locus dadRI is trans-
dominant over the wild-type locus dadR+. This
was determined as follows. The duplicated seg-
ment tipDCBA was transferred by transduction
from strain MS304 into strain RM881 [A(tonB-
trpAE)2 dadRI]. Seven ofthe 150 transductants
examined were DadR+ (unable to utilize D-tryp-
tophan), and 143 were DadR-. None ofthe seven
DadR+ transductants gave rise to DadR- segre-
gants (less than 1/108 cells). TonBW segregants
from 47 of the DadR- transductants were
screened for DadR+ clones. Only 4 of the 47
tranaductants gave rise to DadR+ segregants.
We conclude that these four DadR- transduc-
tants are heterogenotes (dadl/dadR+) and that

TABLE 7. Mapping oftrpDCBA with point
mutations in t*pE and trpDG

Trp+ transductants obtained
Distance of with:

Point muta- point muta-
tion tested tion from or- Strain Strain

igin of gene" MS304 RM159
(trpDCBA) (trpB9.578)

trpE9777 0.55 - +
trpEI(22O 6.3 - NT
trpE5972 6.9 - +
trpE22-1 7.1 - +
trpE5947 7.3 - +
trpDl59 0.3 + +
trpD233 0.44 + +
typD9885 1.55 + +
a Plkc-mediated spot transductions were performed

using strain MS304 as donor and as recipient with
each tipE and trpD strain (except D233, which was
not used as recipient). The control strain RM159 used
as recipient only. NT, Not tested.

b Distance from operator-proximal terminus of re-
spective gene given in map units (32).
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dadRI is transdominant to dadR+. We also con-
clude that the seven DadR+ transductants are
homogenotes (dadR+/dadR+) and that the 43
DadR- transductants that do not yield DadR+
segregants are also homogenotes (dadRll
dadRl). The cotransduction frequency (9%) of
trpDCBA and dadR+ (experiment 5, Table 5)
is based solely on the 47 DadR- transductants
that were tested for DadR+ segregants. If the
frequency (5%) of DadR+ transductants
(dadR+/dadR+ homogenotes) is included, the
cotransduction frequency is approximately 14%,
which is higher than the frequency (2%) ob-
served for dadR and the trp operon (experiment
13, Table 5). From this we conclude that dadR
is closer to trpDCBA than to the tip operon in
its normal position.
Gene conversion between copies of the

duplication. Since one copy of the duplicated
region trpD-purB is longer than the longest pos-
sible bacteriophage Plkc transducing fragment,
it is very unlikely that both copies of a dupli-
cated genetic marker will be transferred during
one transductional event. Therefore, we suggest
that the seven DadR+ transductants described
above were derived through an intermediate
DadRW heterogenote (dadR1/dadR+) that con-
verted to the DadR+ homogenote (dadR+/
dadR+). A similar phenomenon was observed
when trpDCBA was transferred by transduction
(donor strain MS304) to a tonB-trpAE deletion
strain RM594 containing tryT3. As expected,
most of the transductants were TyrT_ , since
tyrT3 is transdominant. However, a small frac-
tion (4 out of 94) were TyrT1 and therefore
must be homogenotes (tyr7Tityr7Y). This find-
ing suggests that these transductants were also
derived through a heterogenote (tyrr+/tyrT3).
One other example of conversion was observed
when a Hem' heterogenote (hemA8/hemA4)
gave rise spontaneously to Hem- homogenotes
(hemA8/hemA8) at a low frequency (0.3% of
colonies tested). These results indicate that un-
equal genetic exchange occurs between the cop-
ies of the duplicated material.

DISCUSSION
Genetic and segregation analysis of E. coli

strains containing a partial duplication of the
trp operon allows us to conclude that the dupli-
cation includes trpD through purB and that it
is arranged in tandem in the chromosome. A
diagram of the chromosome structure in this
region for strains RM213 and MS304 is given in
Fig. 1. Actually, our data do not exclude the
possibility that a region of unduplicated material
occurs between purB and trpDCBA, since the
cotransduction frequency of these markers is
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FIG. 1. Genetic map of chromosomal region con-

taining duplication in strains RM213 and MS304.
The genetic structure of the cysB-fabD region in
strains RM213 (left) and MS304 (right) is depicted
by vertical lines. Strain RM213 contains a tandem
duplication of the trpD-purB region (repeat point in-
dicated by *). The duplicated region in strain MS304
was derived by transduction from strain RM213 (ex-
periment 1, Table 2). As a result of the tonB-trpAE
deletion (indicated by A) in strain MS304, two copies
of the att80-purB region are separated by a single
copy ofthe trpD-tonB region. Thepositions ofgenetic
loci are based on the E. coli K-12 linkage map (3),
which is calibrated in minutes (numbers in figure),
and on data presented in this paper. The trpL region
has been described (15).

about 36%. There are no known genetic loci
betweenpurB and trpDCBA, and thus this ques-
tion could be answered unequivocally only by
physical or chemical means. To our knowledge,
this possibility has not been excluded for other
duplications reported to be tandem. In strain
MS304 containing the deletion A(tonB-trpAE)l
in one segment of the duplication, the chromo-
some structure is that of a translocation dupli-
cation, since the region trpD-tonB actually oc-

curs in single copy between duplicate copies of
the att8O-purB region.

In several cases we have noticed that the

segregation frequency of trpDCBA (determined
as described previously [24]) in tonB-trp dele-
tion strains (e.g., MS304) is consistently three-
to fivefold lower than in the parental strain
RM213 (Simonian and Mosteller, unpublished
observations). The cause of this effect has not
been determined. However, it may be due to
the altered structure of the duplicated region in
these strains (Fig. 1) or, alternatively, to differ-
ences in relative growth rates of the parental
and segregant strains.

Hill et al. (12) suggested that tandem dupli-
cations which are longer than the maximum size
of a transducing fragment can be generated in
a recipient during transduction if the repeat
point of the duplication is transferred and a
three-point recombination event occurs between
the transferred fragment and two copies of the
recipient chromosome. Our data are consistent
with this suggestion and, in addition, indicate
that this process occurs at a frequency equal to
that observed for normal transduction (see Ta-
ble 2). This implies that the rate-limiting step
in each case may be the same. For example,
both may require the replicating fork of the
chromosome where two copies of a given region
must be in close proximity for at least a brief
period of time. Since trpDCBA-containing trans-
ductants are not generated when the parental
strain RM106 is used as donor (experiment 3,
Table 2), we conclude that trpDCBA-containing
transductants obtained when strain RM213 or
strain MS304 is used as donor do not result
from preexisting duplications in the recipient as
described for the his operon in S. typhimurium
(1).
The fact that cotransduction frequencies be-

tween trpDCBA and other genetic loci (tonB,
galU, tyrT, and hemA) are very similar to those
observed for the trp operon and the same
markers (Table 5) indicates that the mechanism
of integrating a duplication during transduction
does not alter normal genetic linkage. These
findings also suggest that the duplicated region
trpD-hemA does not contain a deletion of signif-
icant size that would increase the linkage ob-
served. Our data do not exclude the possibility
of small deletions in the duplicated hemA-purB
region, although the dadR locus in this region
is known to be duplicated since heterogenotes
containing dadRI and dadR+ were found.
The initial step in segregation of duplications

is believed to be a single-site recombination
event between homologous duplicated segments
followed by loss or dilution of DNA containing
one copy of the region that was duplicated (11,
12). Although this model has not been proven
by direct physical means, it seems the most
plausible explanation. The segregation analysis
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of heterogenotes presented in Table 6 is consist-
ent with this model and, in addition, shows that
the site of recombination occurs at random in
the interval galU-purB. This is demonstrated
by the fact that the frequency at which a specific
marker is lost during segregation is approxi-
mately proportional to its distance from the
terminus of the duplicated region (Fig. 1). Be-
cause tonB-trp deletion strains were used, this
conclusion does not necessarily apply to the
frequency of recombination at sites in the
tonB-trp region in nondeletion strains.
The published map of the E. coli K-12 chro-

mosome shows dadR about 0.2 min from hemA
and 1.0 min from purB (3). Our transduction
data indicate that dadR is closer to purB than
to hemA (experiments 15 and 17, Table 5). The
cotransduction frequency of trpDCBA with
dadR (see Results and experiment 5, Table 5)
is also consistent with dadR being closer to
purB than indicated by the map (3).
The fact that dadRl/dadR+ heterogenotes

are phenotypically DadR- (able to utilize D-
amino acids [17]) demonstrates that dadRI is
transdominant to dadR+. This finding indicates
that the phenotype of dadRI mutants results
from acquisition of a dadRl-specified function
and not from loss of a dadR+-specified product.

In several cases mentioned in Results, we ob-
served events that can best be explained by
conversion of heterogenotes to homogenotes.
This process is probably analogous to a similar
phenomenon, called homogenotization, that oc-
curs between F' plasmids and the host chromo-
some (20). In both cases, a nonreciprocal recom-
bination event apparently occurs between two
copies of homologous DNA. When studying seg-
regation of heterogenotes, one should be careful
not to examine only one genetic marker since
apparent segregants could arise by either segre-
gation or homogenotization. It should be men-
tioned that this is not a problem when segregants
are selected as described in Table 6, since the
tonB-trpAE deletions in these strains extend
beyond one terminus of the duplicated region
(Fig. 1). In this situation, there is duplicated
DNA on only one side of the deletion, and
therefore homologous recombination cannot re-
sult in homogenotes containing two copies of
the deletion.
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