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We have identified recD mutants of Salmonella typhimurium by their ability to support growth of phage P22
abc (anti-RecBCD) mutants, whose growth is prevented by normal host RecBCD function. As in Escherichia
coli, the recD gene of S. typhimurium lies between the recB and argA genes at min 61 of the genetic map. Plasmids
carrying the Salmonella recBCD™ genes restore ATP-dependent exonuclease V activity to an E. coli recBCD
deletion mutant. The new Salmonella recD mutations (placed on this plasmid) eliminate the exonuclease
activity and enable the plasmid-bearing E. coli deletion mutant to support growth of phage T4 gene 2 mutants.
The Salmonella recD mutations caused a 3- to 61-fold increase in the ability of a recipient strain to inherit (by
transduction) a large inserted element (MudA prophage; 38 kb). In this cross, recombination events must
occur in the short (3-kb) sequences that flank the element in the 44-kb transduced fragment. The effect of the
recD mutation depends on the nature of the flanking sequences and is likely to be greatest when those
sequences lack a Chi site. The recD mutation appears to minimize fragment degradation and/or cause
RecBC-dependent recombination events to occur closer to the ends of the transduced fragment. The effect of
a recipient recD mutation was eliminated if the donor P22 phage expressed its Abc (anti-RecBC) function. We
hypothesize that in standard (high multiplicity of infection) P22-mediated transduction crosses, recombination
is stimulated both by Chi sequences (when present in the transduced fragment) and by the phage-encoded Abc
protein which inhibits the host RecBCD exonuclease.

The recB, recC, and recD genes of Escherichia coli and
Salmonella typhimurium encode subunits of exonuclease V and
provide a major bacterial recombination function (1, 4, 23, 25,
26, 33, 39, 61). This enzyme also contributes to maintenance of
cell viability and DNA repair. The RecBCD enzyme has
several in vitro activities: a highly processive ATP-dependent
double-stranded exonuclease and helicase, an ATP-dependent
single-stranded exonuclease, and an ATP-stimulated endonu-
clease. The enzyme recognizes a specific DNA base sequence
(Chi) and responds by mediating exchanges nearby (32, 58;
reviewed in references 29, 49, and 53).

E. coli strains that carry a recB or recC null mutation are
deficient for all of the identified RecBCD enzymatic activities
and display multiple phenotypic defects (30, 31, 33, 57).
Because of their deficiency in DNA damage repair, recBC
mutants are sensitive to mitomycin and UV light; they also
show reduced cell viability and reduced transductional and
conjugational recombination (12, 23). E. coli strains that carry
recD mutations lack all exonuclease activity but retain the
ATP-dependent helicase (1, 9, 29, 41, 43). These mutants show
only a slight elevation of recombination ability (9, 34). Al-
though recD mutants are recombination proficient, the recom-
bination that they perform is independent of Chi sites, and the
exchanges are localized near double-stranded ends (9, 55, 56).

A model which integrates the biochemical and genetic
properties of the RecBCD enzyme suggests that this enzyme
promotes DNA strand exchange (15, 50). (Figure 1 shows this
model applied to transductional recombination.) The enzyme
enters duplex DNA at a double-strand break (52, 54). Driven
by ATP hydrolysis, RecBCD moves through DNA unwinding
and cutting to yield oligonucleotides (26). When the enzyme
encounters a properly oriented Chi site (5'-GCTGGTGG-3’),
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it responds by losing its exonuclease activity (13, 15, 51). After
encountering Chi, the enzyme continues to unwind DNA,
producing a single-stranded end that can serve as a substrate
for RecA-mediated strand exchange (15, 45, 50; for reviews,
see references 29 and 45.) According to this model, the
RecBCD enzyme must interact with Chi and turn off its
antirecombinagenic exonuclease activity before recombination
can occur (15, 45, 51).

It has been proposed that recD mutations increase the
recombination frequency by inactivating the RecBCD exonu-
clease, thereby preserving the recombination substrate (45,
51). However, a recD mutation confers only a twofold stimu-
lation of recombination when its effect is scored by conjugal or
standard transduction crosses (34). We propose that this effect
is small because in standard conjugal and transduction assays,
the recombination substrate (the DNA sequence flanking the
selected marker) is long. For P22-mediated transduction,
about 22 kb flank each side of the selected base pair; only a
small piece of DNA needs to be incorporated into the recipient
chromosome. (Studies of Ebel-Tsipis et al. [19] have shown
that only 20 to 25% of a transduced DNA fragment becomes
integrated as double-stranded DNA into the recipient chro-
mosome [Fig. 1].) The length of the flanking sequences ensures
that RecBCD-mediated degradation does not limit recombi-
nant formation because much of the DNA is dispensable and
multiple Chi sites may be included. Chi sites are present in E.
coli DNA at an average frequency of one site per 4 kb (5).

We describe recD mutants in S. typhimurium and a new
transductional recombination assay that is more sensitive to
the RecBCD exonuclease. The assay tests for a recipient
strain’s ability to inherit a large inserted element (MudA; Ap")
by P22-mediated transduction. MudA inheritance requires that
the transduced fragment (44 kb) include the entire element (38
kb). To incorporate the element into the recipient chromo-
some, recombination must occur within the short sequences
(average of 3 kb) that flank each side of the element. We find
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A. RecBCD? in transductional recombination
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FIG. 1. Model for RecBCD in transductional recombination. (This model is derived from references 15, 16, 19, 45, and 51). (A) RecBCD™
recombination. The RecBCD enzyme (designated by an oval) enters the transduced DNA fragment (heavy black line) and moves through it
unwinding and degrading the DNA. (RecBCD degrades the 3’ strand more extensively than the 5’ strand [15, 16].) Encounter with a Chi
stimulatory sequence (designated x) turns off the enzyme’s exonuclease activity. (The exonuclease-deficient enzyme is designated by a triangle.)
The enzyme continues unwinding the DNA, making a single-stranded end that can efficiently synapse with homologous sequences in the recipient
chromosome (gray lines). Subsequent resolution events incorporate the double-stranded transduced DNA into the recipient chromosome by an
unknown mechanism. Because of RecBCD degradation, only a small piece of the transduced fragment is incorporated into the recipient
chromosome. (B) RecBC* RecD ™~ recombination. In recD mutants, the RecBC enzyme has no nuclease activity; it unwinds the transduced DNA
without degradation and immediately stimulates exchanges near the ends of the transduced fragment. Most of the transduced fragment is

incorporated into the recipient chromosome.

that recipient strains with a recD mutation have a greatly
enhanced ability to inherit the MudA element. Our results are
consistent with the idea that the RecBCD exonuclease de-
grades the ends of transduced fragments and this activity
significantly limits inheritance of a large sequence element
which must remain intact to be inherited. We suggest that P22
transductional recombination events are stimulated by Chi
sequences in the donor fragment which stop fragment degra-
dation and by the phage P22 Abc (anti-RecBCD) function
which inhibits the host exonuclease. The importance of Chi

sequences to P1 transduction has been demonstrated previ-
ously (17). Our results are consistent with the idea that the
RecBCD exonuclease activity is antirecombinagenic.

MATERIALS AND METHODS

Bacterial and phage strains. Strains of bacteria and phage
are listed in Table 1. Plasmids and their sources are listed in
Table 2. TnI0dCm and Tnl0dTc are transposition-defective
derivatives of Tnl0. Tnl10dTc refers to the Tnl0 A16 A17 Tc"
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TABLE 1. Bacterial and phage strains used

J. BACTERIOL.

Source (reference)

Strain Relevant characteristic or genotype
Bacterial strains®

LT2

TT146 argA1832::Tnl0

TT7692 hisD9953::MudA

TT7701 hisH9962::MudA

TT8371 thr-469::MudA

TT9521 pyrE2678::MudA

TT9533 pyrF2690::MudA

TT10423 LT7 proAB47/F'128 pro* lac* zzf-1831::Tn10dTc

TT10427 LT2/pNK972 (Tn10 transposase)

TT10508 cysA1585::MudA

TT10604 LT7 proAB47/F'128 pro* lac* zzf-1836::Tn10dCm

TT11587 argA1936::Tn10dCm

TT13229 recB497::MudJ

TT13857 hsdL6 hsdA29 galE496 metA22 metESS1 ilv-452 rpsL120 xyl-404 H1-b nml
H2-enx (Fels2)~/pCDK30

TT16812 recD541::Tn10dCm

TT16813 recD542::Tn10dCm

TT16814 recD543::Tn10dTc

TT17223 recB546::Tn10dCm

TT17224 recB497::MudJ argA1832::Tn10

TT17227 argA1915::MudJ/pNHM10

TT17238 E. coli A232(thyA-argA) IN1 (rrmD-rmE)/pNHM10

TT17239 E. coli A232(thyA-argA) IN1(rrmD-rmE)/pLM12

TT17240 E. coli A232(thyA-argA) IN1(rrnD-rmE)/pLM10

TT17241 E. coli A232(thyA-argA) IN1(rmD-rmE)/pLM13

TT17242 E. coli A232(thyA-argA) IN1(rrmD-rmE)/pLM11

TT17384 recD547::Tn10dTc

TT17385 recD548::Tnl0dTc

TT17386 recB549::Tn10dTc

TT17387 recB550::Tn10dTc

TT17388 recB551::Tn10dTc

TT17389 recD552::Tn10dCm

TT17390 recD553::Tn10dCm

TT17496 hisG618 recD541::Tn10dCm

TT17497 hisG618 (P22-19)

TT17498 hisG618 recD541::Tn10dCm (P22-19)

TT17499 hisG618 cysA1585::MudA

TT17500 hisG618 cysA1585::MudA recD541::Tnl0dCm

TT17501 hisG618 A763[eut-171*MudA* cysA-1585]

TT17502 hisG618 A763[eut-171*MudA* cysA-1585) recD541::Tn10dCm

TT17503 hisG618 cysA1585::MudA (P22-19)

TT17504 hisG618 cysA1585::MudA recD541::Tn10dCm (P22-19)

TT17505 hisG618 A763[eut-171*MudA* cysA-1585] (P22-19)

TT17506 hisG618 A763[eut-171*MudA* cysA-1585) recD541::Tn10dCm (P22-19)

TR7043 hsdL6 hsdA29 galE496 metA22 metESS] ilv-452 rpsL120 xyl-404 H1-b nml
H2-enx (Fels2)~

TR7097 E. coli A232(thyA-argA) IN1(rrnD-rmE)

TR7098 hsdL6 hsdA29 galE496 metA22 metES55] ilv-452 rpsL120 xyl-404 H1-b nml
H2-enx (Fels2)”/pNHM9

TR7099 hsdL6 hsdA29 galE496 metA22 metES551 ilv-452 rpsL120 xyl-404 H1-b nml
H2-enx (Fels2) /pAFT13

TR7100 hsdL6 hsdA29 galE496 metA22 metE551 ilv-452 rpsL120 xyl-404 H1-b nml
H2-enx (Fels2) " /pDWS2

TR7101 hsdL6 hsdA29 galE496 metA22 metES551 ilv-452 rpsL120 xyl-404 H1-b nml
H2-enx (Fels2)™/pACS

TR7109 hisG618

Phages

P22 105-1 HTI105-1 int-201

P22 HS c2”

P22 A327 A327(abcl abc2) h21 cl1-7

P22 13~ Gene 13am c1-7

P22-19 sieA44 Ap68tpfr49

P22-31 Wild-type P22

P22-184 A327(abcl abc2) (isogenic to P22-31)

T4 gene 2~ Gene 2~am N51

T4+ Wild type

Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection (22)
Laboratory collection (3, 22)
Laboratory collection
Laboratory collection (22)
Laboratory collection
Laboratory collection (35)
Laboratory collection (18)

This study
This study
This study
This study
This study
This study
G. R. Smith (8, 37)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
B. A. D. Stocker

G. R. Smith (8)
This study

This study

This study

This study

Laboratory collection (10)
Laboratory collection (47)
Laboratory collection

A. Poteete (24)

S. Casjens

M. Susskind

N. Benson (24)

G. R. Smith (40)
G. R. Smith (40)

@ All bacterial strains are derived from S. typhimurium LT2 unless otherwise noted.
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TABLE 2. Plasmids used and their sources

Plasmid Genes and alleles carried” Species origin Source (reference)
pDWS2 thyA recBCD argA E. coli G. R. Smith (1)
pCDK30 recBD argA E. coli S. R. Kushner (18)
pNHM9 thyA recBC S. typhimurium G. R. Smith (37)
pAFT13 recD E. coli G. R. Smith (1)
pACS thyA recBC recD1001 argA E. coli G. R. Smith (1)
pNHM10 thyA recBCD argA S. typhimurium G. R. Smith (37)
pLM10 thyA recBC recD541::Tn10dCm argA S. typhimurium This study
pLM11 thyA recBC recD542::Tn10dCm argA S. typhimurium This study
pLM12 thyA recBC recD543::Tn10dTc argA S. typhimurium This study
pLM13 thyA recC recB546::Tn10dCm recD argA S. typhimurium This study

2 All plasmids are pBR322 derivatives except pAFT13, which was derived from pUC18.

element constructed by Way et al. (60), and Tn10dCm refers to
the Tn10dCam element constructed by Elliott and Roth (22).
Phage MudA is a transposition-defective derivative of the
Mud1 (Ap lac) phage which is about 38 kb in length (6, 27).

Media and chemicals. Methods for preparing media have
been described elsewhere (14). Minimal medium was E me-
dium (14, 59) and was supplemented with 0.2% glucose. The
rich medium was Luria broth (LB) (36). Super broth was LB
with a twofold increase yeast extract and tryptone and supple-
mented with 0.2% glucose, thymine (0.3 mM), and E salts (at
the standard concentration for minimal medium). Solid media
contained BBL agar (1.5% [wt/vol]). Nutritional supplements
to minimal media were added at the final concentrations
described previously (14). Antibiotic concentrations were as
follows: tetracycline hydrochloride, 16 pg/ml in rich medium
and 10 pg/ml in minimal medium; kanamycin sulfate, 50 pg/ml
in rich medium and 100 pg/ml in minimal medium; ampicillin,
100 p.g/ml in rich liquid medium for plasmid selection and 35
pg/ml in rich medium for chromosomal markers; and chlor-
amphenicol, 20 pg/ml in rich medium and 5 pg/ml in minimal
medium. The chromogenic B-galactosidase substrate 5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal; Bachem)
was used at a final concentration of 25 pg/ml. All antibiotics
and chemicals were purchased from Sigma Chemical Co.
unless otherwise noted. The buffer HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid) was purchased from
Calbiochem.

Transductional methods. Most transduction crosses were
mediated by an int-201 mutant derivative of the high-frequency
generalized transducing phage P22 105-1 (47). Recipient cells
were grown overnight in rich medium to 2 X 10° to 4 X 10°
CFU/ml, and a 0.1-ml aliguot was mixed with 0.1 ml of
transducing phage (10® to 10° PFU/ml); the mixture was spread
directly onto solid selective medium. When resistance to
kanamycin or chloramphenicol was selected, transduction mix-
tures were plated on nonselective medium and grown over-
night before replica printing to selective medium. Transduc-
tant clones were purified and freed of phage by single-colony
isolation on green indicator plates (7). Phage sensitivity was
tested by cross-streaking cells with the clear-plaque P22 mu-
tant H5.

When transduction frequency was quantitated, repair of the
28-bp hisG618 deletion (10) (present in all recipients) was used
as a control to normalize the quality of donor lysates. Some
recipient strains were lysogenic for a P22 phage (P22-19) which
is defective in superinfection exclusion (sie4) and antigen
conversion. Cells with the P22-19 prophage can be superin-
fected with P22 and transduced, but host killing during trans-
duction is prevented by repression of superinfecting phage
genomes. Recipient strains were grown to 4 X 108 cells per ml

in LB, and 0.5 ml of this growing culture was combined with 0.5
ml of phage suspension. After phage adsorption at 37°C for 30
min, 0.2-ml aliquots of the transduction mixture were spread
onto a selective medium for most crosses. For selecting Ap* in
crosses with MudA donor strains, each cross was repeated five
times and transductants were counted after 20 h incubation at
37°C. For selection of His* and Cys™ prototrophs, each cross
was repeated three times and transductants were counted
following 60 h of incubation at 37°C. Transduction frequencies
are expressed as the average number of transductants per PFU
of transducing lysate.

Isolation of Tnl0dTc and Tn/0dCm insertions near the argd
gene. The transposition-defective Tnl0 derivatives Tnl0dTc
and Tnl0dCm were used for localized insertional mutagenesis
of the argA region. Pools of random TnZ/0dCm or Tn10dTc
insertion mutants were generated by Tom Doak as described
previously (14, 22). The insertions were transposed from an F’
DNA fragment that was P22 transduced into the recipient
strain; the donor strain was either TT10604 (for F'128 zzf-
1836::Tn10dCm) or TT10423 (for F'128 zzf-1831::Tnl10dTc).
The transduction recipient (strain TT10427) provided trans-
posase from its plasmid, pNK972. Each transductant colony
(Cm" or Tc") was formed by an independent transposition
event in the recipient chromosome. Approximately 10° of
these transductants were combined to form a pool that was
used as a host to prepare a phage P22-transducing lysate. The
Tnl0dCm insertion pool was used as a donor to transduce
chloramphenicol resistance into strain TT146 (argA::Tnli0).
Conversely, the lysate from the Tnl0dTc pool was used to
transduce strain TT11587 (arg4::Tn10dCm) to tetracycline
resistance. Transductants with an insertion mutation cotrans-
ducible with the original arg4 mutation were identified as those
that lost the recipient arginine auxotrophy and drug resistance
phenotypes when they acquired the donated drug resistance.

UV survival assay. Serial dilutions of overnight cultures
were spread on LB plates and irradiated with UV light. After
irradiation, plates were covered with aluminum foil and incu-
bated at 37°C for 48 h before counting of surviving colonies.

Transfer of plasmids from E. coli to S. typhimurium. Plas-
mids prepared from E. coli strains were transferred to a
restriction-deficient, modification-proficient S. typhimurium
strain (TR7043) by electrotransformation using a Bio-Rad
Gene Pulser as instructed by the manufacturer for E. coli
transformation. Plasmids were transferred between Salmonella
strains by P22-mediated transduction crosses.

Construction of plasmids with recD insertions. The recD
and recB insertion mutations were transduced onto a pBR322
plasmid that includes the Salmonella arg4™-to-thyA™ region
(plasmid pNHM10 (Ap* argA™ recBCD™ thyA™; obtained from
G. R. Smith). The transductional recipient (TT17227) carried
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an argA::MudJ (Kn" Lac™) insertion and plasmid pNHM10.
The new rec::Tnl0dTc and rec::Tnl0dCm insertion mutants
were the transduction donors, and tetracycline (or chloram-
phenicol) resistance was selected. Since the recD gene is
immediately adjacent to the arg4 gene, most transductants that
inherited the rec mutation in the chromosome lost the recipi-
ent argA4:MudJ insertion (and become phenotypically Kn®
Lac™). Transductants that inherited the recD::Tnl0dTc (or
recD::Tn10dCm) insertion on the plasmid retained the chro-
mosomal argA::MudJ (Kn" Lac™) insertion and are phenotyp-
ically Arg™ as a result of the plasmid’s argd gene. These
plasmids were transduced into a wild-type strain, selecting for
inheritance of the bla (Ap") gene of plasmid pBR322. Plasmids
with a rec insertion mutation conferred an unselected Tc" or
Cm" phenotype. (The Kn" phenotype of the arg4::MudJ ele-
ment in the donor chromosome was never cotransmitted in
these crosses.) Plasmids were maintained in recA mutant
strains and were introduced by electrotransformation into an
E. coli deletion mutant lacking the entire arg4-recBCD-thyA
region (TR7097). The resulting E. coli strains had phenotypes
expected of recD or recB mutants (see Table 5 and Results).

Preparation of *H-labeled phage P22 DNA. A 100-ml culture
of strain LT2 was grown to 100 Klett units (4 X 10® to 5 X 10®
cells per ml) at 37°C in E glucose medium and was then
infected with phage P22 (I3am cl-7) at a multiplicity of
infection (MOI) of 5. Infected cells were incubated for 20 min
with shaking prior to the addition of 1 mCi of [*H]thymidine
(ICN), after which the infection was allowed to proceed for 2
h. Cells were concentrated by centrifugation and lysed with
chloroform, and cell debris was removed by centrifugation.
Phage particles were concentrated by centrifugation for 1 h at
18,000 rpm in a Sorvall RC-5 centrifuge; phage DNA was
purified from the particles with Qiagen X500 columns, using
the supplier’s protocol for bacteriophage lambda PNA purifi-
cation (we eliminated the polyethylene glycol precipitation
step). The *H-labeled DNA was diluted to 0.1 nmol of bp per
pl and had a specific activity of approximately 60,000 cpm/
nmol of bp.

Cell extracts for exonuclease assays. Cells were grown in 500
ml of super broth with ampicillin added to the medium of
strains harboring a plasmid. Each culture was grown to sta-
tionary phase (5 to 6 h of incubation at 37°C following
inoculation with 2 ml of an overnight broth culture). Approx-
imately 3 to 4 g of cells was harvested and suspended at 4 ml/g
in buffer A (10 mM HEPES [pH 7.5], 20% sucrose, 0.1 mM
dithiothreitol, 0.1 mM EDTA). The cells were frozen and
stored at —70°C. Frozen cells were thawed at room tempera-
ture and lysed at 4°C or in an ice bath by the following
procedure. A 1/10 volume of lysozyme (10 mg/ml) in buffer A
was added to thawed cells and gently mixed. After 5 min,
EDTA (5 mM), dithiothreitol (1 mM), and NH,Cl (200 mM)
were added sequentially to generate the final concentrations
indicated in parentheses. After 25 min of gentle mixing, an
equal volume of 1% Brij 58 in buffer A was added. After gentle
mixing for 30 min, the extract was sonicated with three 2-min
bursts. Cell debris was removed by centrifugation (123,400 X g
for 90 min at 4°C). The extracts were stored at 4°C, and the
exonuclease activity was assayed within 5 days after prepara-
tion. (The protocol for cell extract preparation was provided by
Richard S. Myers.)

Assay of ATP-dependent double-stranded exonuclease. The
ATP-dependent exonuclease assay is derived from that of
Eichler and Lehman (20). The reaction mixture (0.3 ml)
contained HEPES (pH 7.5; 50 mM), dithiothreitol (1 mM),
albumin (1 mg/ml), MgCl, (10 mM), KCI (100 mM), glycerol
(10% [volivol]), ATP (500 uM), and 10 pl of cell extract. The

J. BACTERIOL.
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FIG. 2. The Salmonella genetic map of the recB, recC, and recD
genes which are located at min 61 (references 35 and 48 and this
study). Triangles and allele numbers indicate the new insertion muta-
tions described in this study.

reaction was started with the addition of DNA substrate and 1
nmol of bp of *H bacteriophage P22 DNA (specific activity,
60,000 cpm/nmol of bp) and was allowed to proceed for 20 min
at 37°C. The reaction was stopped by the addition of 0.2 ml of
calf thymus DNA (0.1-mg/ml stock solution) and chilling on ice
for 10 min. To precipitate large DNA pieces, 0.3 ml of 15%
trichloroacetic acid was added, and the mixture was chilled on
ice for at least 15 min. Material insoluble in trichloroacetic acid
was removed by centrifugation (14,000 rpm, 15 min at room
temperature in an Eppendorf model 5415 centrifuge). The
radioactivity of 0.3 ml of supernatant was determined by
mixing with 5 ml of Beckman Ready Safe scintillation fluid and
counting with a Beckman model LS1800 scintillation counter.
(The protocol for the exonuclease assay was provided by
Richard S. Myers.)

Total protein concentration of cell extracts was determined
with the Coomassie protein assay reagent from Pierce Chem-
ical Co.

RESULTS

Isolation of Tn10dTc and Tnl0dCm insertions near the
argA gene. From genetic mapping in E. coli (1, 4, 41) and
sequence data for Salmonella sp. (48), the Salmonella recD
gene of is known to be adjacent to the argA4 gene (Fig. 2). To
isolate a recD mutation, we first isolated mutants with inser-
tions near the arg4 gene and then screened these mutants for
a recD defect.

Transducing phage stocks were prepared on a large pool of
random Tnl0dTc insertions and a second pool of Tn/0dCm
insertions. These phage preparations were used to transduce
an argA recipient to Tc* or Cm" (see Materials and Methods),
and transductants which had coinherited the donor Arg*
phenotype were saved. These transductants must each carry an
insertion (from the pool) that lies near the arg4 gene. These
argA-linked insertion mutations were tested for phenotypes
expected of a recD mutation.

Identification of recBCD mutations. Potential recB, recC,
and recD mutants were identified by their ability to support
growth of phage P22 abc mutants. The bacteriophage P22 Abc
protein inhibits the RecBCD exonuclease activity, thereby
protecting the P22 genome from degradation (42). The phage
P22 abc mutant forms pinpoint plaques on a recBCD™ host but
forms large plaques on a recBC mutant host (which lacks
exonuclease) (24). Since recD mutants are also deficient in
exonuclease activity, we expected that they would support
improved growth of phage P22 abc mutants. A recB or recC
mutant is expected to be UV sensitive (23), while the recD
mutants described in E. coli (previously called recB* mutants)
are UV resistant (1, 4, 9). Initially recD mutants were identified
as those which supported growth of P22 abc mutants and were
resistant to UV irradiation.

Of 291 argA-linked TnI0dTc insertions, 3 had a RecBC
phenotype (large plaques of P22 Abc™, UV sensitivity;
recB549, -550, and -55I) and 4 had a RecD phenotype (large
plaques of P22 Abc, UV resistance; recD543, -544, -547, and
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TABLE 3. Three-factor cross: relative order of Salmonella recB-recD-argA genes

Donor” recB* (Kn®) recD::Tnl10dCm argA* (T¢°)
Selected ~ Recombination 1 1 IV No. with Inferred
marker sie indicated recombinz}’tion
(no. tested) Recipient” recB::MudJ (Kn") recD* (Cm®) argA:Tnl0 (Tc") phenotype events
Transductant phenotype®
Arg™* (500) Kn® Cm" Tc? 367 LIV
Kn* Cm" Tc* 112 I, IV
Kn" Cm® Tc* 17 111, IV
Kn* Cm® Tc* 4 L IT and III, IV
Cm" (100) Kn® Cm" Tc* 68 LIV
Kn" Cm" Tcr 7 IL, 111
Kn" Cm" Tc® 24 IL, IV
Kn* Cm" Tc" 1 I, III

“ The donor was TT16813 (recD542::Tn10dCm), and the recipient was TT17224 (recB497::MudJ argA1832::Tnl0).
® Recombination events are inferred to have occurred within the indicated regions (I, II, III, and IV) to give the recombinants of each phenotypic class.

-548). Of 294 Tn10dCm insertions in the argA4 region, 1 had the
RecBC phenotype (recB546) and S had the phenotype ex-
pected for recD mutants (recD541, -542, -545, -552, and 553).
One of the putative recB mutants (recB546) and three of the
recD mutants (recD541, -542, and -543) were characterized
further.

Genetic mapping of recD insertions with respect to arg4 and
recB. The relative gene order for the recBCD region of both E.
coli and S. typhimurium is shown in Fig. 2 (1, 4, 35, 48, 61).
Two- and three-factor transduction crosses showed that the
insertions with the RecD phenotype are located between arg4
and recB mutations and are very closely linked to the arg4
locus as would be expected for recD mutations (Table 3). (Data
for two-factor crosses are not shown.)

Complementation of recD insertion mutations with plas-
mids. Well-characterized plasmids carrying the recBCD genes
from E. coli or S. typhimurium were introduced into the new
Salmonella mutants to test for complementation (see Materials
and Methods). (Plasmids were obtained from G. R. Smith
and S. R. Kushner.) The plasmid-bearing strains were tested
for the ability to support growth of P22 abc mutants (Table 4).
The three putative recD mutants (TT16812, TT16813, and
TT16814) are complemented by plasmids that contain a func-
tional recD gene of E. coli but are not complemented by a
plasmid with a mutant recD allele. A Salmonella strain carrying
the recB497::MudJ insertion (TT13229) is complemented by a
plasmid containing the recB and recD genes but not by a
plasmid which contains the recB and recC genes. These data
suggest that the recB497::MudJ mutation causes both a RecB
and a RecD defect due to a polar effect on expression of the
downstream recD gene. The recB546::Tn10dCm insertion mu-

tant is complemented by a plasmid carrying the recBC genes,
suggesting that this insertion does not eliminate recD gene
expression.

Salmonella recD mutations show standard recD phenotypes
when tested in E. coli. The phenotypes of the new Salmonella
mutations were tested in E. coli to permit comparison with the
original E. coli mutants isolated in that organism. The Salmo-
nella recD mutations described above were moved onto plas-
mid pNHM10, which carries the entire Salmonella argA-
recBCD-thyA region, and were then transferred to an E. coli
recBCD deletion mutant (TR7097) (37). E. coli strains carrying
the Salmonella recBCD genes and mutations (TT17238 to
TT17242) were tested for UV sensitivity and the ability to
support growth of phage T4 gene 2 mutants. This mutant T4
phage lacks a function that protects its genome from the
RecBCD nuclease, so it cannot form a plaque on a recBCD™
host but can grow on recBC and recD mutants (8, 9, 40). The
plasmid-bearing strains were also tested for RecBCD exonu-
clease activity in cell extracts (Materials and Methods). Strains
of E. coli with recB, recC, or recD mutations are defective for
the ATP-dependent double-stranded exonuclease activity
present in wild-type cells (1, 2).

As shown in Table 5, an E. coli recBCD deletion strain with
the plasmid-borne Salmonella wild-type recBCD region is UV”
and does not support growth of a T4 gene 2 mutant. The new
Salmonella recB and recD mutations allow growth of a T4 gene
2 mutant. The new recB mutation causes UV sensitivity,
whereas the new recD mutations do not.

Table 5 shows the ATP-dependent nuclease activities of
extracts prepared from the E. coli deletion mutant with
plasmids carrying the Salmonella recBCD genes. Extracts pre-

TABLE 4. Complementation of rec mutants with recombinant plasmids

Plaques formed by P22 Abc™ on Salmonella strains carrying E. coli plasmids®

Salmonella recipient Inferred
phenotype No pCDK30 pNHM9 PAFT13 pDWS2 PACS
plasmid (recBD™) (recBC™) (recD*) (recBCD") (recBC* recD)

LT2 (Rec*) B* C* D* Tiny None Tiny None Not tested Not tested
© TT13229 (recB497::MudJ) B~ C*D~ Large Tiny Large Large Not tested Not tested

TT17223 (recB546::Tn10dCm) B~ C*D* Large Tiny Tiny Large Tiny Tiny

TT16812 (recD541::Tnl10dCm) B* C* D~ Large Tiny Large Tiny Tiny Large

TT16813 (recD542::Tnl10dCm) B* C*" D~ Large Tiny Large Tiny Tiny Large

TT16814 (recD543::Tn10dTc) B* C*" D~ Large Tiny Large Tiny Tiny Large

@ This phage (P22 A327) is described in Table 1. The isogenic phage strain, P22 cI-7 (Abc*), formed large plaques on all hosts listed (data not shown). Plasmids used

are described in Table 2.
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TABLE 5. Phenotypes of an E. coli recBCD deletion mutant with S. typhimurium recBCD genes and insertion mutations

Phage T4 plaque Nuclease activity”

train Relevant genotype® UV .

s genoype Gene 2* Gene 2~ sensitivity —ATP +ATP
TR7097 A232(thyA-recBCD-argA) + + Sensitive 37 11
TT17238 A232(thyA-recBCD-argA)/[pNHM10 (recBCD™) + - Resistant 26 510
TT17241 A232(thyA-recBCD-argA)/pLM13 (recB546::Tn10dCm) + + Sensitive 44 11
TT17239 A232(thyA-recBCD-argA)/pLM12 (recD543::Tnl10dTc) + + Resistant 39 16
TT17240 A232(thyA-recBCD-argA)/pLM10 (recD541::Tn10dCm) + + Resistant 36 13
TT17242 A232(thyA-recBCD-argA)/pLM11 (recD542::Tn10dCm) + + Resistant 35 12

@ All strains are derivatives of E. coli TR7097, and the plasmids are derived from pNHM10, which carries Salmonella argA™, recB*, recC*, recD* and thyA* genes.
Individual Salmonella rec mutations were crossed onto pNHM10 as described in Materials and Methods. Complete genotypes of the plasmids are given in Table 2.
b Assayed in cell extracts and expressed as picomoles of trichloroacetic acid-soluble [’H]DNA fragments released per milligram of protein. Assay conditions are

described in Materials and Methods.

pared from both the recD and the recB mutants lack the
ATP-dependent exonuclease activity which is present in ex-
tracts of a recBCD™ strain (Table 5).

Effects of recD mutations on transductional recombination
in S. typhimurium. Four types of P22 transduction events were
assayed: (i) inheritance of sequences that repair a 28-bp
recipient his deletion, (ii) inheritance of a 38-kb donor inser-
tion (MudA), (iii) inheritance of sequences that repair a
recipient insertion mutation, and (iv) inheritance of sequences
that repair a large recipient deletion.

(i) Transductional repair of a 28-bp deletion and inheri-
tance of a 38-kb donor insertion. These experiments test for
the inheritance of his* sequences that repair a 28-bp deletion
mutation (hisG618) and the inheritance of the MudA (Ap")
element (38 kb) inserted at several points in the donor
chromosome (Fig. 3). To repair the his deletion, only 28 bp of
DNA need to be incorporated into the recipient chromosome.
The fragments transduced by phage P22 are 44 kb in length.
Thus, the required exchanges can occur anywhere within
approximately 22 kb of DNA that flank the selected 28 bp (Fig.
3A).

The MudA element is about 38 kb in length and shares no
sequence homology with the recipient chromosome (6). Suc-
cessful transductional inheritance of this element requires
transmission of a donor fragment that includes the entire
element. In the recipient, genetic exchanges must occur within
the approximately 3 kb of flanking DNA at the ends of the
transduced fragment (Fig. 3B). Since very short DNA se-
quences flank the MudA element in the transduced fragment,
we expected that DNA degradation by RecBCD exonuclease
might reduce MudA inheritance more than it limits repair of
the small his deletion.

We have used MudA elements at several chromosome
positions to test the effects of different flanking sequences.
Each transduction donor carries a MudA insertion in an
otherwise wild-type chromosome. For each donor strain, we
individually tested the ability of a single lysate to transmit the
38-kb MudA element (Ap*) and a His* phenotype to isogenic
recD and recD™ recipients (TR7109 and TT17496; Table 6).
The Ap® (MudA) crosses (approximate MOI of 1) were
performed with greater phage multiplicities than the His™
crosses (approximate MOI of 0.01) because the large element
is infrequently transmitted by a single transduced fragment
(28).

In the initial crosses, a recipient recD mutation caused only
a modest increase in inheritance of both His* and MudA
(Ap") markers (Table 6). The recD mutant recipient typically
inherited the His* phenotype about twofold more frequently
than did the isogenic recD™ recipient (Table 6). Inheritance of

a MudA element was also stimulated rather little in a recD
mutant (for each of the insertion positions tested) (Table 6).

(ii) Evidence that phage functions prevent the effect of a
recD mutation. The modest stimulation of transduction caused
by a recD mutation could be to due to the phage P22 Abc

A. Standard transduction
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FIG. 3. His* and MudA (Ap") transductional recombination as-
says. Heavy black lines denote sequences of identity between the
transduced fragment and the recipient chromosome. Degradation of
the transduced fragment is indicated by white slashes. (A) Standard
P22 transduction assay. Inheritance of a his* gene is selected. The
entire transduced fragment (44 kb) is homologous to the recipient
chromosome, and recombination events can occur at any site flanking
the his* gene (about 22 kb). Degradation by the RecBCD enzyme does
not limit incorporation of a his* gene, because much of the fragment
is dispensable and Chi sites (x) protect the fragment from RecBCD
degradation. (B) Short homology transduction assay. Inheritance of
the large inserted element MudA (Ap"; denoted by the gray loop) is
selected. The MudA element occupies 38 kb of the transduced
fragment, so the flanking sequences (homologous to the recipient
chromosome) are at the ends of the transduced fragment and are
approximately 3 kb. Inactivation of the RecBCD exonuclease allows
more efficient incorporation of these elements (left). The RecBCD
exonuclease can rapidly degrade the homologous sequences and
prevent incorporation of these elements (right).
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TABLE 6. Effects of a recipient recD mutation on MudA (Ap") and His™* transduction frequencies in nonlysogenic recipient strains”

Inheritance of his*™ gene

Inheritance of MudA

Donor (Mud

location [mm]) No. His* (10*)?

recD™ recipient recD recipient

Fold stimulation by
recD mutation

No. Ap" (107)° Fold stimulation by

recD mutation

recD™ recipient recD recipient

thr (0) 0.45 0.83 19
pyrF (33) 0.59 0.85 14
hisD (42) 0.39 0.73 19
hisH (42) 0.28 041 15
cysA (50) 12 23 2.0
pyrE (19) 0.39 0.62 16

2.7 (70) 7.6 2.8
9.4 16.0 1.7
1.5 (60) 5.3 (40) 34
3.6 (30) 6.8 19
1.1 17 16
2.4 3.1 13

% The recipients in these crosses are TR7109 (RecD*) and TT17496 (RecD ™). These strains are His~ Ap®; all genotypes are listed in Table 1. The crosses are
described in Results and were performed as described in Materials and Methods. For His* selections, the MOI was between 0.01 and 0.04. For Ap* selections, the MOI

was between 1 and 4.

b Number of transductants per PFU. Methods for data analysis are described in Materials and Methods. The standard deviations were 20% or less of the frequency

of transductants unless noted by percentages in parentheses.

function which inhibits the RecBCD exonuclease. These
crosses were performed with the phage concentrations equal to
the cell concentration (approximate MOI of 1), and many
transduced cells were infected by an intact phage genome.
Each phage genome expresses the Abc protein (an inhibitor of
the RecBCD exonuclease) as an early gene product. If the
RecBCD exonuclease were inhibited in all crosses, the recD
mutant and recD* strains would not be expected to show
distinguishable phenotypes. The recD* phenotype should be-
come distinguishable if one eliminated Abc expression and
allowed the RecBCD exonuclease to act. This possibility was
supported by use of a lysogenic recipient whose phage repres-
sor would prevent expression of superinfecting phage genes.

In a recipients with a P22 prophage (TT17497 and
TT17498), a recD mutation caused a substantial stimulation of
inheritance of the MudA element (Table 7). The stimulatory
effect of a recD mutation varied with the particular donor used,
but for some MudA (Ap®) elements, the effect was very large
(Table 7). As before, a recD mutant typically inherited a His*
phenotype only about twofold more frequently than the iso-
genic recD™ recipient (Table 7).

(iii) Effect of flanking sequence on inheritance of MudA may
be due to Chi sequence. The effect of a recD mutation on
MudA inheritance varies widely (3.7- to 61-fold), depending on
the chromosomal position of the MudA element. Thus, the
nature of the sequences flanking the MudA element appears to
influence the extent to which a recipient recD mutation in-
creases MudA inheritance.

Even MudA elements located near each other can show
distinct effects of a recipient recD mutation. Two of the donor

strains used have MudA elements in the his operon; one is
within the hisD gene, and the other is 4 kb away in the hisH
gene. In lysogenic recipients, inheritance of the hisH::MudA
element is increased 12-fold by a recD mutation; inheritance of
the hisD::MudA element is increased approximately 4-fold.
This result suggests that the DNA sequences which immedi-
ately flank the elements influence the effect of a recD mutation.
Chi sites are a likely factor.

A Chi site is located (within the hisB gene) about 2 kb from
the hisD insertion and is oriented so that it would activate a
RecBCD complex entering one end of the fragment which
carried the hisD::MudA insertion. There is no Chi sequence on
the other side of the hisD::MudA insertion within the 2 kb of
known sequence on that side. The Chi site in the hisB gene is
improperly oriented to stimulate inheritance of the hisH
insertion. There is no properly oriented Chi sequence on either
side of the hisH:MudA element (within 2 kb of known
sequence on the right and 5 kb on the left).

(iv) Effect of P22 Abc function on transduction frequency.
We hypothesized that the phage P22 Abc function, expressed
by infecting phage, might inhibit the RecBCD exonuclease and
this might have minimized the difference between the recD
mutant and recD™ recipients in our initial crosses. This possi-
bility was tested by using transducing phage which carried an
abc mutation. The abc mutant phage, P22-184, carries a
deletion of the abcl and abc2 genes, A327 (38), and is isogenic
to the abc™ strain, P22-31. (The original P22 A327 phage
mutant was obtained from Anthony Poteete; the abc deletion
was crossed into the ¢* phage strain [P22-31] by Nick Benson.
Phages P22-184 and P22-31 lack the high-frequency transduc-

TABLE 7. Effects of a recipient recD mutation on MudA (Ap") and His* transduction frequencies in lysogenic recipient strains®

Inheritance of his* gene

Inheritance of MudA

Donor (Mud

location [min]) No. His™ (10%

recD* recipient recD recipient

Fold stimulation by
recD mutation

r \7\b
No. Ap™ (107) Fold stimulation by

recD mutation

recD™ recipient recD recipient

thr (0) 18 39 22
pyrF (33) 1.7 3.1 18
hisD (42) 19 40 2.1
hisH (42) 0.89 1.8 2.0
cysA (50) 2.6 46 18
pyrE (79) 1.8 33 1.8

0.64 (40) 19.0 29.0
0.6 (50) 37.0 61.0
2.8 (30) 10.0 37
1.5 (40) 18.0 12.0
2.7 (40) 480 18.0
0.98 9.0 93

% The recipients in these crosses are TT17497 (RecD*) and T17498 (RecD ™). Both strains are His~ Ap® and carry the P22-19 prophage, which represses infecting
phage functions. All genotypes are listed in Table 1. For His* selections, the MOI was between 0.01 and 0.04. For Ap" selections, the MOI was between 1 and 4.
& Number of transductants per PFU. Methods for data analysis are described in Materials and Methods. The standard deviations were 20% or less of the frequency

of transductants unless noted by percentages in parentheses.
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TABLE 8. RecD transduction stimulation using P22 Abc* and Abc™ transducing phage®
. Inheritance of his* gene Inheritance of MudA (Ap")
Donor phage Recipient Relevant recipient Inferred Abc
phag strain genotype phenotype No. His* Fold stimulation by No. Ap” Fold stimulation by
105 recD mutation (IOS)E recD mutation
P22-31 (Abc™) TR7109 recD* Abc™ 12 2.0
TT17496 recD Abc” 19 1.6 2.2 1.0
TT17497 recD* (P22-19) Abc™ (repressed) 1.8 0.37
TT17498 recD (P22-19) Abc™ (repressed) 34 1.9 4.7 13.0
P22-184 (Abc™) TR7109 recD* Abc™ (mutant) 1.0 14
TT17496 recD Abc~ (mutant) 1.6 1.6 8.7 6.4
TT17497 recD* (P22-19) Abc~ (mutant and 2.8 0.55
repressed) ] ]
TT17498 recD (P22-19) Abc™ (mutant and 4.7 1.7 8.8 16.0

repressed)

“ The donor strain is TT9521 (pyrE2678::MudA); phage genotypes are given in Table 1. All recipients in these crosses are isogenic and carry the 28-bp hisG618
deletion; their genotypes are listed in Table 1. Crosses were performed at MOIs of 11 (Abc™) and 13 (Abc™) for Ap” selections and 0.11 (Abc™) and 0.13 (Abc™) for
His* selections. Methods for quantitative transduction crosses and data analysis are described in Materials and Methods.

b Average number of transductants per PFU. The standard deviations were between 2 and 30% of the transduction frequencies.

ing mutation HT105-1 and the integration mutation, int-201,
that are present in the standard transducing phage.) Transduc-
tion experiments were performed with the pyrE::MudA donor
strain. Results are shown in Table 8.

When the transducing phage were Abc™, the recipient recD
mutation had a significant effect on MudA inheritance only in
a lysogenic recipient. This is the same result described above
for the HT105-1 int-201 phage. However, with abc mutant
transducing phage, a recipient recD mutation had a significant
stimulatory effect in both lysogenic and nonlysogenic recipient
strains. These results suggest that the P22 Abc protein (pro-
duced in a nonlysogenic recipient) can mask recombination
stimulation by a recD mutation, presumably by inhibiting the
RecBCD exonuclease in recD™ strains and mimicking the
effect of the recD mutation. It should be noted that even with
the abc deletion mutant as donor phage, a recD mutation still
has a greater effect in the lysogenic recipients than in the
nonlysogenic recipients; this finding suggests that additional
phage functions may modulate RecBCD activity.

For His™ selections, the stimulatory effect of the recD
mutation is similar for Abc* and Abc™ donor phage (lysogen
and nonlysogens alike). This is expected because His™ crosses
are performed with a low MOI so the transduced recipient
cells are unlikely to be coinfected by a functional phage
genome. More importantly, long sequences flank the selected
his™ information, so many Chi sites may be present and DNA
degradation by the RecBCD exonuclease should not limit
inheritance of this marker.

(v) Transductional repair of an insertion mutation and a
large deletion in the same region. The effects of a recD
mutation noted above reflect difficulties presented by a long
sequence element whose inheritance requires that exchanges
occur in the short regions at the two ends of the transduced
fragment. We were concerned that this effect was generated by
Mu functions that are expressed when MudA enters the
recipient cell (which lacks Mu repressor). To eliminate this
possibility, we tested repair of a large chromosomal deletion.
This cross (Fig. 4) is similar to MudA inheritance because it
requires inheritance of a large intact sequence element (the
deleted material) which has no homology to the recipient
chromosome. We tested the transductional repair of a deletion
that extends from cysA4 across the nearby eut operon, A763 (eut

cys) (Fig. 4B). (The recipient deletion mutation has a MudA
element at the deletion site.) For a comparison, we tested
repair of a MudA element inserted in the cys4 gene (Fig. 4A).
To repair the recipient cys41585::MudA mutation, the donor
fragment needs only to provide a short sequence to bridge the
insertion site; the exchanges can occur anywhere within ap-
proximately 22 kb of DNA sequence that flank the insertion
site in the cysA4 gene.

The deletion A763 was constructed by recombination be-
tween the MudA sequences of the cys41585::MudA insertion
and the MudA sequences of a nearby eut-171::MudA insertion
(28, 44). As judged by the low genetic linkage of the
cysA1585::MudA and eut-171::MudA markers (less than 1%
cotransduction) and the reduced frequency of A763 transduc-
tional repair, this deletion removes a large block of DNA
sequence (estimated from the linkage results to be greater than
33 kb), but the exact size is unknown (44). The deletion strain
is isogenic with the cys41585::MudA insertion mutant, and
both strains have a copy of the MudA element at the mutant
site.

Prototrophy (Cys™) was selected in both crosses, and the
results are shown in Table 9. In a nonlysogenic recipient, a
recD mutation increases the frequency of Cys™ transductants
two- to threefold both for the cys41585::MudA insertion and
for the large deletion (A763). In lysogens, repair of A763 is
increased approximately 10-fold by a recipient recD mutation.
Repair of the cys41585::MudA insertion is stimulated only
threefold. Each recipient also carries the 28-bp hisG deletion
(hisG618), and repair of this mutation is increased only twofold
in a recD mutant recipient, with or without a prophage. These
data are consistent with that from the MudA experiments: a
recD mutation has a greater effect on inheritance of a large
block of DNA sequence. This effect is not dependent on
inheritance of a MudA prophage and is apparent only when
the Abc functions of the P22 phage are eliminated so that the
host RecBCD activity is maximal.

DISCUSSION

We describe here the isolation and characterization of
insertion mutations in the recD gene of S. typhimurium. The
new Salmonella mutations are assigned to the recD gene by the
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A. Standard transduction assay: repair cysA insertion
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B. Short homology transduction assay:
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FIG. 4. Standard and short transduction assays that select for
inheritance of a cys™ gene. Heavy black lines denote sequences of
identity between the transduced fragment and recipient chromosome.
(A) Standard assay: repair of a cys4 insertion mutation (cys41585::
MudA). The transduced fragment provides cys* sequences that bridge
the MudA insertion site (gray loop); exchanges can occur within about
22 kb of flanking sequence that is homologous to the recipient
chromosome. (B) Short homology assay: repair of a large eut-cys
deletion (A763). The recipient chromosome has a large deletion that
removes DNA from the cysA locus to the eut operon (43) (about 33
kb); a MudA element is located at the deletion site (gray loop). The
transduced fragment contains all the deleted DNA; recombination
must occur within about 5.5 kb of flanking sequence.

following criteria. (i) They allow growth of phage P22 abc
mutants which grow poorly in recBCD* Salmonella strains. (ii)
They do not cause UV sensitivity. (iii) They are complemented
by plasmids carrying the recD gene of E. coli; plasmids carrying
a mutant recD gene fail to complement. (iv) They are closely
linked to the arg4 gene and are located between the arg4 and
recB genes. (v) When tested in a recBCD E. coli mutant, the

TABLE 9. RecD transduction stimulation: repair of a small his
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Salmonella mutations allow growth of a phage T4 gene 2
mutant. (vi) The mutations eliminate the ATP-dependent
exonuclease activity (assayed in E. coli). The absence of
RecBCD exonuclease in our new recD mutants should greatly
facilitate genetic manipulations involving transformation with
linear plasmid DNA (46).

In a transduction recipient, the new recD mutations stimu-
late transductional inheritance of his* sequences (28 bp) only
slightly (about twofold; the standard assay in Fig. 3A), in
agreement with the behavior of E. coli recD mutants (34). The
Salmonella recD mutations cause a greater increase in ability of
recipient cells to inherit a long block of DNA sequence. We
observed this effect by testing recombinational inheritance of
transposition-defective MudA elements (38 kb; Fig. 3B) and
the repair of a large recipient deletion (about 33 kb; Fig. 4A).
Inheritance of long sequence blocks differs from the standard
assay in two respects. First, the recombination substrate is
short: exchanges must occur within approximately 3 kb of
sequence that flank the long sequence block. Second, these
crosses require more transducing phage (a higher MOI) be-
cause the long sequence blocks are infrequently included
within a single transduced fragment. This means that recipient
cells are frequently infected with phage genomes which express
RecBCD-modifying activities (the Abc system).

Current models for RecBCD activity propose that the
enzyme enters the DNA duplex at a double-stranded end (54),
degrading until it encounters a Chi site. At Chi, degradation
ceases (perhaps as a result of expulsion of the RecD subunit)
and the RecBC enzyme proceeds as a helicase to stimulate
recombination (15, 16, 45, 51). In the absence of the RecD
subunit, the RecBC enzyme does not degrade DNA but enters
the double-stranded end and immediately acts like a Chi-
stimulated recombinase (51, 56).

Transductional recombination is mediated by the RecBCD
enzyme (11, 21), which presumably enters the ends of the
transduced DNA and degrades much of the fragment prior to
stimulating exchange at Chi (Fig. 1). (This view is supported by
the earlier observations of Ebel-Tsipis et al. [19].) The amount
of a transduced DNA fragment incorporated into the recipient
chromosome would depend on the position of properly ori-
ented Chi sequences within the transduced fragment. In a recD
mutant, degradation would be minimized so that exchanges
would occur near the ends of the transduced fragment: most of
the transduced fragment would be incorporated into the
recipient chromosome (even if the fragment lacked a Chi

deletion, a large eut-cysA deletion (A763), and a cysA insertion®

Inheritance of his* gene Inheritance of cys* gene

Recipient ..

strgin Relevant recipient genotype No. His* Fold stimulation No. Cys* Fold stimulation by

10%? by recD mutation (109 recD mutation

TT17499 cysA::MudA recD* 0.37 39
TT17500 cysA::MudA recD 0.88 24 8.4 22
TT17501 A763[eut*MudA*cysA] recD™* 0.46 0.22
TT17502 A763[eut*MudA*cysA] recD 0.74 1.6 0.65 3.0
TT17503 cysA::MudA recD* (P22-19) 1.7 2.1
TT17504 cysA::MudA recD (P22-19) 4.0 24 6.2 3.0
TT17505 A763[eut*MudA*cysA] recD* (P22-19) 1.8 0.70
TT17506 A763[eut*MudA*cysA] recD (P22-19) 42 23 6.4 9.6

2 The transduction assays are described in Results and Fig. 4. The recipient strains are isogenic and carry the 28-bp hisG618 deletion; the strain genotypes are listed
in Table 1. The donor lysate used in these crosses was TT9521. The MOIs used were as follows: A763 repair (Cys*), 1; cys41585 repair (Cys*), 0.1; His™, 0.01.
& Number of transductants per PFU, determined as described in Materials and Methods. The standard deviations were less than 30%.
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sequence; Fig. 1B). Thus, recD mutations should stimulate
inheritance of large sequence blocks (e.g., the 38-kb MudA
elements) which require exchange near the ends of the trans-
duced fragment; this effect should be greatest when the short
flanking sequences lack a Chi sequence (Fig. 3). We would
predict that the particular donor MudA insertions that show
the largest effects of a recipient recD mutation are located at
sites without properly oriented Chi sites nearby; at these sites,
RecBCD degradation would be extensive. The donor MudA
insertions that show a small stimulation by a recipient recD
mutation may have flanking sequences with properly oriented
Chi sites which prevent RecBCD degradation and stimulate
the needed exchanges. This prediction is consistent with the
behavior MudA elements located in the his operon.

The greatest effect of a recD mutation on inheritance of
large sequence blocks was seen when expression of the Abc
protein of transducing phage P22 was prevented. This was
achieved by repressing abc expression in a lysogenic recipient
or by using phage abc mutants as transducing phage. The effect
of a recD mutation was modest when the nonlysogenic recipi-
ent cells are infected with Abc* phage. By inhibiting the
RecBCD nuclease, Abc protein might allow efficient incorpo-
ration of MudA elements, regardless of RecD function.

Our results support the idea that P22 transduction crosses
involve exchanges that occur in the absence of the RecBCD
exonuclease (in agreement with the models proposed by Stahl
et al. [51] and by Rosenberg and Hastings [45]). The exonu-
clease could be inactivated by Chi sites or inhibited by the
phage P22 Abc protein (for crosses performed at high phage
multiplicity). These factors may both contribute to the effi-
ciency of P22-mediated transduction.
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