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Twenty hybrid lambda phages especially designed for molecular cloning have
been constructed and named Charon phages. These phages differ in the ranges of
sizes of DNA fragments that may be inserted, by the selections and screens which
may be used to isolate and detect the incorporation of cloned fragments, by the
way transcription of the cloned fragment may be controlled, by the different
restriction enzymes that can be used for cloning, by the phage immunities that
may be employed for controlling replication and transcription, and by the biolog-
ical safety features that they contain. The crosses used to produce the vectors are
described, and their genealogy is discussed. The structure of each vector has been
verified by genetic tests, by DNA length determinations, by electron micrographic
analysis of DNA heteroduplexes, and by gel electrophoresis of restriction enzyme
digests. In the course of these constructions, a new EcoRI site was found in a
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derivative of A\ Aam32Baml which maps very near the left cohesive end of A.

The genome of bacteriophage A is organized
so that the central one third (the replaceable
region, Fig. 1) contains genes which are entirely
dispensable for lytic growth. As a consequence
of this, specialized transducing phages of A had
been used for many years before the develop-
ment of in vitro DNA joining techniques (39) to
propagate foreign DN A segments of Escherichia
coli. Hence, a variety of techniques for studying
the organization and expression of DNA inserted
into A is available. With the emergence of recom-
binant DNA technology, it was a natural exten-
sion to adapt A so that DNA from any source
could be introduced inte the replaceable region
of its genome.

Several groups undertook construction of A
vectors (12, 13, 19, 20, 45, 47, 57, 59). The series
that we have constructed, called the Charon
phages, now includes 20 vectors. The first 16 in
the series have been generally described in a
previous publication (12) along with the results
of experiments relating to biological contain-
ment (63). In this communication, we describe
the construction steps used to produce the 20
vectors now available, the rationale behind their
construction, and the determination of their
structures.

MATERIALS AND METHODS

Media and plates. The NZ broth used for propa-
gation of all strains in liquid culture contains 1.0 g of

1 Paper no. 2224 from the Laboratory of Genetics, Univer-
sity of Wisconsin, Madison, W1 53706.

1 Present address: CETUS Corp., Berkeley, CA 94701.

MgCl,, 5 g of NaCl, and 10 g of NZ-amine A (Humko-
Sheffield Division of Kraft Co. Corp., Lyndhurst, N.J.)
per liter. NZC broth contained in addition 1 g of
Casamino Acids per liter, whereas NZY contained 5 g
of yeast extract per liter. For plating media, NZ broth
was supplemented with 1.2% (bottom) or 0.7% (top)
agar (Difco), respectively. Indicator plates for the B-
galactosidase assay in addition contained 40 mg of the
dye 5-bromo-4-chloro-3-indolyl-8-p-galactoside (XG,
Bachem Inc., Marina Del Ray, Calif.) per liter. The
dye was first dissolved in 2 ml of dimethylformamide
and added to freshly autoclaved bottom agar imme-
diately before pouring plates (40).

Phage and bacterial strains. Table 1 lists the
phage strains used in this study with relevant geno-
types, sources, and references. All bacterial strains
used in this study are listed in Table 2 and were
derived from E. coli K-12.

Phage propagation. Phage stocks were propa-
gated in liquid lysates by the preadsorb-dilute-shake
method (12). After at least two cycles of purification
by single-plaque isolation, well-isolated plaques were
picked with a Pasteur pipette, and the agar plug was
resuspended in 1 ml of plaque storage buffer (0.1 M
NaCl-0.05 M Tris-hydrochloride [pH 7.9]-0.01 M
MgCl-0.01% gelatin, saturated with chloroform). The
plaques were either allowed to soak for 15 min or
gently agitated on a Vortex mixer until the top agar
dislodged from the agar plug before further handling.

Primary cultures were grown by mixing 0.1 ml of
stationary-phase bacterial cells, 0.1 ml of MgCa (0.01
M MgCl>-0.01 M CaCl,), and 0.1 ml of the resuspended
plaque in a 125-ml Erlenmeyer flask and shaking for
10 min at 37°C (the preadsorption step). A 50-ml
amount of NZ, NZC, or NZY broth was added, and
the culture was shaken at 37°C. The broth used de-
pended on nutritional requirements of the host bac-

555



556  WILLIAMS AND BLATTNER J. VIroL.

0 10 20 30 4 50 0 L 80 0 oo
A CAPSID COMPONENTS J bREGION att int xis red ¥ NP_cIPR O P QSR
l r? ]ﬂ | | m | l | WILD TYPE

————REPLACEABLE REGION ————|
KHI00 d 4
#‘Tﬁrﬁ ‘y T ] \ﬁ J\mns CHARON |
;] ¢ q q
—oct {80 J{}fjfj}{imme0{ ] }—( rins ) ask}H{ e0] crunon 2

ﬁl_Flerl '” T [HHH im0} }—( nins cmaons

e e oo H{H5] oo
KHI00 ) )
bies M Ber Y ries H{TERH0] cruvon 3
oo YT (s H{083] onwnn s
wes  YERT (i ins ) craon 7
F"ﬁod,’?‘ T i L‘Em——(nins)———-cﬂmono
HI00 .
J—,f,T¢"1 : I RN

1 \mn.':/ CHARON 9

..

'3
{ lees‘l-’—'(m)r{ bio256 : Knr84)—( nins )————— crHaroN 10

H;es—#«‘mgi—m?*wu)—{wmu
I e G e GO - I
L woor ) _L_(w)_(mcnmouw
o o Yoo {85 oo
L w007 Y8 —( s >——— cownon s
{3 wioor > BRI v > cumon e

— Tlacs ," "" ¥ ‘Iﬁ"‘——(mns)——cmnoun

{ Tiacs |-—(1 a3} bio2%e Hisa) CHARON 18
I

Igrggt X! N clesy { nins cmnonm




VoL. 29, 1979

teria. For example, NZC was used with K802 to supply
its methionine requirement. Phages making turbid
plaques were visually monitored and harvested after
the appearance of lysis debris, whereas clear-plaque
phage were generally grown overnight. Lysates were
harvested by adding chloroform, swirling, and centri-
fuging to remove bacterial debris (5 min at 8,000 rpm
in a Sorvall GSA). The supernatant phage stock was
stored at 4°C with additional chloroform.

Large-scale secondary stocks were prepared by
preadsorbing 0.3 ml of cells and 0.3 ml of MgCa with
6 X 10° phage (10~° multiplicity of infection [MOI]).
This was then added to 1 liter of broth and shaken
overnight at 37°C. We found that lysis tended to occur
sooner when a higher MOI was used, but the final titer
was largely insensitive to an MOI above 1072 for most
lambda phages tested. For phages of ¢80 host range,
an MOI of 1.0 gave the best results with the preadsorb-
dilute-shake method.

DNA preparation. Phage were grown in 12-liter
batches, concentrated by evaporation, and purified by
differential centrifugation, polyethylene glycol precip-
itation, and two steps of isopycnic centrifugation in
CsCl. DNA was prepared from the phage by three
phenol extractions as described previously (61).

Phage crosses. Phage crosses were done by cross-
streaking parental phage stocks at titers of about 10°
phage per ml on lawns of bacteria on plates as de-
scribed elsewhere (11). The use of UV light to stimu-
late recombination was avoided to minimize the pos-
sibility of introducing silent mutations in the recom-
binant, which might complicate later genetic or DNA
sequencing studies on these phages. The progeny
phages were plated on the appropriate bacterial hosts
for selection or screening as described below. A few
candidates for each recombinant were purified by two
cycles of single-plaque isolation on a host strain per-
missive for both parents. Single plaques were picked
from each purified candidate, and primary stocks were
grown in liquid. These were given isolation numbers
and tested for the desired properties.

Plating tests. The various plating phenotypes used
either as the basis for selections or tests in strain
construction or in characterizing the recombinants
included: Sus*, the ability to plate on a strain lacking
amber suppressors; Spi~, the ability to plate on P2
lysogens (67); Fec™, the inability to plate on recA
strains (30, 66); h*, the inability to plate on A-resistant
strains; h®, the inability to plate on ¢80-resistant
strains; immunity, the inability to plate on a lysogen
carrying a prophage of like immunity (34); N inde-
pendence, the ability to plate on groN strains (26, 27).
In addition to the above phenotypes, which provide
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the basis for selections, the following tests were also
used. Clear- versus turbid-plaque morphologies were
usually determined on Ymel or CSH18. K802 was not
used because turbidity did not develop well on that
strain. Bio-transducing phages were detected on lawns
of W602DC (bioA, carried by both biol and bi0256) or
B583 (which is deleted for the entire Bio operon and
is complemented by 5i0256 but not biol) on minimal
plates limiting for biotin (35). att site specificity was
identified by measuring recombination frequencies be-
tween phage markers flanking the attachment region
in test crosses with phages carrying att80 or attA. lacs
was detected by the formation on dark blue plaques
with blue halos on XG plates on lawns of LacZ* or
LacZ™ cells. Phages giving light blue plaques on LacZ*
cells but colorless plaques on LacZ™ cells had the Lac
operator and an interrupted lacZ gene (12). Comple-
mentation tests were done for A~ and B~ mutations
by using paper strips to cross-streak the phage to be
tested against tester phages carrying either Aam32 or
Baml. A lawn of Su® host cells, usually W3350, was
used. The test was scored for lysis in the zone of
intersection of the streaks. Positive controls were in-
cluded in all tests where the absence of lysis indicated
the phenotype.

Genetic selections  and recognition proce-
dures. The selections referred to in Table 3 were
made where possible by plating phages from crosses
on a host chosen so that only the desired recombinants
formed plaques. Where this was not possible, selection
was used against only one parent, and the recombinant
was identified on the basis of recognizable character-
istic such as blue- or turbid-plaque morphology. In
some cases screening was done in two steps. For ex-
ample, blue or white plaques on one selective indicator
could be transferred by toothpicks to other plates
containing permissive and nonpermissive indicators.
The desired recombinant could then be recognized by
its plating phenotype on the latter strains. The partic-
ular stratagem employed for each cross is listed in
Table 3.

Removing EcoRI restriction sites by cycling.
The method of Arber and Kiihnlein (5) was used.
Cycles of growth on an EcoRI modifying and restrict-
ing host (R. N. Yoshimori, Ph.D. thesis, University of
California-San Francisco Medical Center, San Fran-
cisco, Calif., 1971) were alternated with growth on a
host lacking modification and restriction. Phage
strains were constructed with only the one or two sites
to be removed. Liquid cultures of the phages were
grown first on pBRY-13/1100.5 carrying the EcoRI
restriction and modification system to select for mu-
tations resulting in the loss of the EcoRI site. Aliquots

Fi1Gc. 1. Genetic and physical map of A and the Charon phages. The phage map is drawn to scale with the
replaceable region indicated relative to essential genes for lytic growth. Beneath it are the Charon phage
vectors with portions from A (indicated by a single line) aligned with the A map. Parentheses indicate
deletions. Substitutions are indicated by boxes whose end points define the A DNA deleted and do not
correspond in length to the amount of DNA substituted. The total DNA length of each vector is given in Table
5. The downward and upward arrows indicate EcoRI and HindlIII sites, respectively. The symbol ¢ represents
Sst I sites. DUPL is a duplicated piece of phage A. lac5, biol, and bio256 are substitutions from lac and bio
regions of E. coli. The boxes labeled att80, imm80, and QSR80 are portions of phage $80. The region shown
by four small boxes around 70%\ in some phages is from $80; it is partially homologous to \. imm434 is a
substitution for imm from $434; KH100 is an insertion in Acl.
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TABLE 1. Phage strains used in this study®
Name Genotype Source or reference
Hy42 A att80 imm80 nin5 @SRA (53)
WBI1 A lach att80 imm21 clts ninb Sam7 Wayne Barnes, unpublished but see (7)
HY42 S7 \ att80 imm80 ninb Sam7 This study D BW*24
GA1l A lacb att80 imm80 ninb Sam7 This study
KH341 A b519 b515 bioA(att-N) immA nin5 QSRA Karen Hass, unpublished
BW3-3 \ b519 att80 imm80 nin5 Sam7 This study ®
¢80 immA ¢80 att80 immA QSR80 (50)
Fbn° A b519 att80 imm80 nin5 QSR80 This study @ no. 1414
Fbn'® A 5519 att80 imm80 AKH53 BW2 nin5 QSR80 This study @ no. 1415
biol A biol (38)
cI857 S7 A cI857 Sam7 This laboratory; see (28)
biol S7 A biol Sam7 This study @
BC4 A biol nin5 QSR80 This study @ BW9-2a
BC5 A lacb biol nin5 QSR80 This study @ BW13-3
placs KH100 A lacs KH100 Pam80 This laboratory; see (11)
Rb189 A b189 imm80 QSR80 Eric Rosenvald, unpublished
Bbn° A dupL b189 biol nin5 QSR80 This study @ BW15-2a no. 1416
Bbn'° X dupL b189 biol BW1 nin5 QSR80 This study ® Bbn'°15-1t no. 1417
KH100 Pam80 A\ insertion in cl: KH100 Pam80 (11)
Charon 1 A lach KH100 BW1 nin5 QSR80 This study 6 BW20,-2N no. 1127
Charon 5 A dupL 5189 biol KH100 BW1 nin5 QSR80 This study @ no. 1149
Charon 2 A lacb att80 imm80 KH53 BW2 nin5 QSR80 This study @ BW22-1 no. 1153
Charon 3 A lac5 attA BW3 imm80 KH53 BW2 nin5 QSR80  This study @ BW23-1 no. 1128
plac5 S7 A lach Sam7 This laboratory; see (32)
FS A lach bio256 KH54 Pam80 This study @
Js2 A bio256 KH54 Pam80 John Salstrom
Ai4 029 A imm434 Oam29 John Salstrom
D13 A bi0256 KH54 BW1 nin5 QSR80 This study @ no. 1064
Charon 4 A lach bio256 KH54 BW1 nin5 QSR80 This study @ no. 1100
AH3 A lac5 AH3 (sHindIII 2-3) cI857 Dietmar Kamp, unpublished
509 A 5538 sRI3° clam509 sRI4° sHindIII6° sRI5* Noreen Murray; (44)
509-5W A 5538 sRI3° clam509 sRI4° sHindIII6° DK1 This study @ no. 1152
Charon 11 A lac5 AH3 bi0o256 KH54 BW1 nin5 QSR80 This study @ BW33-2 no. 1316
Charon 18 A lac5 AH3 bio256 KH54 sRI4° sHindIlI6° DK1  This study @ DK19-6 no. 1373
T™w A immA34 sRI4° ninb sHindIIl6° DK1 This study @ DK7W no. 1208
Charon 10 X lac5 AH3 bi0o256 KH54 sRI4° ninb This study @ DK22-1 no. 1385
sHindIII6° DK1
CB3 A lac5 KH100 sRI4° sHindIII6° DK1 This study @ DK12, CB3 no. 1309
Charon 17 A lach sRI3° clam sRI4° nin5 sHindIII6° DK1 This study @) DK5, NRE2 no. 1189
Charon 6 A dupL b189 biol imm434 sRI4° nin5 QSR80 This study @) L.AF. 2b of + no. 1282
Charon 7 AdupL b189 biol iy m434 sRI4° ninb sHindIII6° This study @ L.A.F. Ch6C6 no. 1321
DK1
NRE-4W A dupL b189 imm434 sRI4° nin5 sHindIII6° DK1  This study €3
51007 A 51007 (30)
Charon 20 A 51007 imm434 sR14° nin5 sHindIll6° DK1 This study @ DK24-4 no. 1420
Charon 8 A lach imm434 sRI4° ninb sHindIII6° DK1 This study @ DK7B
Charon 15 A 51007 BW3 imm80 KH53 BW2 nin5 This study €9 DK26-3
sHindIII6° DK1
Charon 13 A 51007 KH54 BW1 nin5 QSR80 This study @ DK27-2-1
Charon 14 A lacb 51007 KH54 BW1 nin5 QSR80 This study €9 DK27-1
Charon 12 A dupL 5189 KH54 BW1 nin5 QSR80 This study @) L.A.F. A131/1
Charon 19A A Aam32Baml lac5 BW3 cI857 sRI4° nin5 This study @ BWBI no. 1747
QSR80
Charon 16 A lac 51007 BW3 imm80 KH53 BW2 This study @ DK32-6
nin5 sHindIII6° DK1
Charon 9 A lac5 KH100 sRI4° nin5 sHindIII6° DK1 This study @ DK13-1
AA32B1 A Aam32Bam1 William Dove; (14)
Ch3A A Aam32Bam1 lac5 BW3 imm80 KH53 BW2 This study 6 BW26-1
nin5 QSR80
Ch4A A Aam32Bam1 lac bio256 KH54 BW1 This study @) BW27-2 no. 1186

nin5 QSR80
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TABLE 1—Continued
Name Genotype Source or reference

Ch3AAlac A Aam32Bam1 A(sRllac5-sRIN2) BW3 David Grunwald @2 no. 1366
imm80 KH53 BW2 nin5 QSR80

Chl4A A Aam32Bam]1 lac5 51007 KH54 BW1 nin5 This study 3 DK31-1 no. 1437
QSR80

Chi3A A Aam32Bam1 51007 KH54 BW1 nin5 QSR80 This study ) DK29-1 no. 1433

CH15A A Aam32Bam1 51007 BW3 imm80 KH53 This study @3 DK30-1 no. 1434
BW?2 nin5 sHindIII6° DK1

Ch16A A Aam32Bam1 lac5 51007 BW3 imm80 KH53 This study 8 DK43-1 no. 1674
BW2 nin5 sHindIl16° DK1

AgtWES.AB A Wam403Eam100 AB AXC 1857 sR14° ninb P. Leder; (59)
sRI5° Sam100

BW27-1 ABW4 Aam32Bam1 lacb bio256 KH54 BW1 This study ) BW27-1 no. 1273
nin5 QSR80

2 Where the source is “this study,” the circled number indicates the cross in Fig. 2 and Table 3 in which the
phage was constructed, followed by the originator’s designation of the strain and in some cases the stock number
in this laboratory. The mutations BW1, BW2, BW3, DK1, and KH53 remove EcoRI cleavage sites (12). dupL
is a spontaneous duplication in the left arm of A (12). BW3 is a hybrid which removes the EcoRlI site in the A
exo gene by the substitution of an as yet undetermined amount of DNA from the $80 Red-gam region where
the phages share intermittent partial homology as seen in heteroduplexes between them (23). BW4 is a new
EcoRI cut mapping 0.3%A to the right of the left cohesive end.

TABLE 2. Bacterial strains

Bacteria Characteristics used in these constructions Source and reference
Ymel su3 This lab; (56, 65)
W3350 su° This lab; (14)
TC600 su2, $807, \° This lab; derived from C600 (4)
N100 8u’°, recA This lab; (29)
GroN su’, groN J. Salstrom,; (26)
IK11 su’®, recA, A(lac-pro) XIIL I. Kuhn; (48)
pBRY-13/1100.5 su’, contains EcoRI restriction-modifi- J. Davies, unpublished

cation system

QR48 su?, recA This lab; (51)
K802 su2, hsry™ hsmg*, Met™, Gal™ E. Kort; (64)
B583 A(gal-uvr-bio) S. R. Jaskunas
W602 DC bioA D. Court, through G. Kayajanian
Ymel(A) su3, \immA\ This lab
Ymel(¢80) su3, $80imm80 J. Salstrom
Ymel(Ai21) su3, A\imm21 This lab, see (37)
Ymel(Ai434) su3, \imm434 This lab
Ymel(P2) su3, P2 Old* This lab; (52)
Ymel/$80 ¢80, su3 This study
Ymel(WB1) su3, Aplac5 att80 imm21 clts ninb5 Sam7 This lab
C600 (P2) su2, P2 Old*, ¢80%, \* This lab; (52)
W3350 (P2) su°, P2 Old* This lab; (52)
W3101(480) 8u°, $80imm80 This lab; (6)
GroP(P2) su2, P2 Old*, groP J. Salstrom; (27)
QRA48(Ai434) su2, recA, \imm434 This lab; (51)
SA443(Ai21) su’, \imm21 This lab; (1)
SA439(88) su°, Abio24-5A int-rex O-R-A-J. (A cI*) This lab; (1)

were treated with chloroform, titrated, and then grown
on Ymel to dilute out the modified EcoRI sites from
the survivors, and the cycle was repeated. The restric-
tion ratio, defined as the ratio of the titer on pBRY-
13/1100.5 to the titer on Ymel, was determined after
each cycle. When the restriction ratio of the cycled
lysate reached 0.5, individual candidate plaques were
picked, purified by plaque isolation, and grown into
primary culture, and the restriction ratio was again

determined. DNA from promising candidates was then
subjected to gel electrophoresis after digestion with
EcoRI and EcoRI/HindIIl mixtures.

Gel electrophoresis of restriction digests. Gel
electrophoresis was done in horizontal agarose gels as
described by Shinnick et al. (49). When it was impor-
tant to determine the size of both large and small
fragments from a given phage, two gels were run.
Large fragments were best displayed on 0.8% agarose
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with 1 V/cm and loading less than 0.2 pg/10-ul slot.
Thinner gels required less sample and increase reso-
lution. The EcoRI enzyme used in the digestion of
DNA was prepared as described (61). HindIIl was
purchased from New England Biolabs.

The sizes of restriction fragments were obtained by
comparison of mobility to a reference mixture of
EcoRI-digested A phages whose fragment lengths were
calibrated in reference 58 and by our electron micro-
graphic measurements. These reference size standards
have been adequate to confirm the phage structures
in this study independent of their absolute sizes. How-
ever, a detailed comparison of A restriction fragment
sizes with restriction fragments whose absolute lengths
are known from their complete DNA sequence is being
done at this time, showing some deviations greater
than 5% between our reference and absolute fragment
lengths. For this reason, the sizes of DNA fragments
quoted in this work should be interpreted as the names
of those fragments whose absolute lengths will be
presented in a later study. Where DNA sizes are
quoted in kilobase pairs (kbp), the calibration of ref-
erence 12 is used (100%A = 49.4 kbp). Size estimates of
fragments larger than 30%A length were usually either
taken from electron microscopic analysis of hetero-
duplexes or deduced by subtracting the summed
lengths of the smaller fragments from the total DNA
length of the phage because the gels did not permit
accurate measurement of very large fragments.

Heteroduplex analysis. Heteroduplexes were
prepared from intact phage by NaOH denaturation,
formamide reannealing, spreading, staining with ur-
anylacetate, and shadow casting with platinum as
described (16, 17, 60). Measurements were made on
projected slides. Circular DNA of double-stranded
phage PM2 (20.44%A; M. Fiandt, personal communi-
cation) and in some cases single-stranded $X174
(10.88%A, D. Daniels, footnote 34 of reference 12) were
used as references (61).

Total DNA size determination. Intact phage
were centrifuged to equilibrium in a Beckman model
E analytical ultracentrifuge, and the buoyant density
was determined with A*, Acb2 (88%A length), or both
as reference standards. The total DNA length was
then determined as described by Szybalski and Szy-
balski (55).

Restriction site nomenclature. Restriction sites
are variously referred to by their map position, the
genes or segments in which they cut, or the standard
nomenclature (31) in which the sites are numbered
from the left end of the vegetative A map. None of
these is adequate to systematically accommodate hy-
brid lambdoid phages and their deletion, insertion,
and substitution derivatives.

RESULTS AND DISCUSSION

Construction of EcoRI no-cut hybrid
phages. Native lambda has two EcoRI sites on
the right arm as shown in Fig. 1 (3, 58), and thus
it is not suitable as a DNA cloning vector with
EcoRL Because the family of lambdoid phages
contains blocks of nonhomologous DNA con-
taining genes grouped for similar function and
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which can in many cases be substituted for the
corresponding A blocks, a survey of the distri-
bution of EcoRI restriction sites was undertaken
of various lambdoid phages and hybrids to de-
termine which might be used to eliminate the
unwanted EcoRI sites. Gels were run of EcoRI
restriction enzyme digests of DNA from the
various phages. The gel analyses showed that
the @SR region of ¢80 eliminates the EcoRI site
near gene S, but the EcoRI site within gene O
was present in all phages tested, including 21,
434, $80, ¢82, nin5 deleted A, and several im-
munity hybrids of these. Because no deletion or
substitution was found which removed the
EcoRlI site in gene O, it was necessary to remove
it by mutation.

To efficiently select for removal of a restric-
tion site, it is necessary to provide a parent
which has only one or a few sites. Our survey
revealed that restriction sites in the replaceable
region could be eliminated by the 5519 deletion,
which eliminates the 44.5% site; the 5189 dele-
tion, which eliminates both the 44.5 and 54.8%
cuts; the att80 region substitution, which elim-
inates the 54.8% cut without introducing any
cuts; and the biol substitution, which removes
the 65.6% cut without introducing a site (12).
Many of these observations have also been made
by others (45, 57).

Two hybrids combining these various ele-
ments were constructed as parents for selection
of viable mutants lacking this site. Bbn® (Table
3, no. 4) is the product of the first four crosses
shown in Fig. 2 and is a A immunity hybrid
phage containing only the EcoRI site in gene O.
Fbn® (Table 3, no. 10) is a ¢80 immunity hybrid
phage designed to provide the basis for vectors
with replication and immunity specificities dif-
fering from A. This is the product of crosses 7
through 10 in Fig. 2. It contains two EcoRI sites,
one in the $80 immunity region and one in gene
O. These two phages were cycled to remove
their EcoRI cuts as described above. Bbn' and
Fbn'® had restriction ratios of 1 (see above). The
precursors had restriction ratios of 8 x 107
(Bbn® one cut) and 9 X 1073 (Fbn°® two cut)
compared with 3 X 107 for Ac72 (five cut). The
loss of the EcoRI sites was confirmed by agarose
gel electrophoresis of the phage DNA incubated
with EcoRI followed by heating (15) to disso-
ciate the left and right ends of the DNA (data
not shown). The mutation of Bbn'® was named
BW1 and does not display any structural irreg-
ularity when heteroduplexed with Ac72. The mu-
tation in gene O of Fbn'®, BW2, also shows
complete homology in heteroduplexes with Ac72.
However, heteroduplexes with the $80 immunity
hybrid phage hy42, combined with buoyant den-
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F1G. 2. Genealogy of the Charon phages. The pedigree-of the Charon phages lists the abbreviated names
of each phage used in this study, which are keyed to their complete genotypes in Table 1. The crosses in which
they participate are indicated by the dots and are keyed to genetic crosses in Table 3 by the circled numbers.
Boxes are placed around the names of phages in the crosses where they were produced.

sity analysis (12), showed that the other muta-
tion of Fbn'®, called KH53, is a deletion of about
1.1%A length. Because the plaque morphology of
Fbn'® had changed from turbid to clear after
cycling, it is most likely that KH53 is a deletion
either in the repressor of ¢80 or some other
component of the ¢$80 lysogenization mecha-
nism.

Because BW1 and BW2 are independent mu-
tations which result in the same phenotype as
similar mutations-also isolated by Murray (in
strain 509 used herein) (44) and by Davis (in
Agt) (57), we have indicated wherever possible
in the crosses of Table 3 which allele was present

on each parent. However, some recombinants
could have received their mutant allele from
either. Only specific reference to the genealogy
of Fig. 2 and the crosses of Table 3 can determine
whether or not the particular allele can be iden-
tified in any given Charon phage.
Construction of cloning vectors. The
Fbn'® and Bbn'® phages, both of which lack any
EcoRI restriction sites, were recombined with
replaceable regions from other well-character-
ized phages to produce vectors for DNA cloning
with many different features. Our survey of re-
striction sites in lambdoid phages and other
published work suggested a number of deletion,



566 WILLIAMS AND BLATTNER

substitution, and insertion mutations which
might be used to eliminate or insert EcoRI sites
in more favorable positions in the dispensable
region.

The resulting 20 Charon vectors are shown
diagrammatically in Fig. 1. They were con-
structed by the 37 steps detailed in Table 3,
according to the genealogy in Fig. 2. The ration-
ale which directed the development of these
vectors will be presented in the following sec-
tions.

Size constraints and vectors design. The
rationale for vector construction must first be
considered within the framework of the size
constraints placed on cloning by the phage DNA
size limits, which require a minimum of 38 and
a maximum of 53 kbp of DNA between the
cohesive ends (cos sites) of the phage genome to
produce a viable phage particle (9, 10). The fact
that there are both upper and lower limits on
the amount of DNA which can be packaged into
viable phage means that there must be different
vector configurations for the cloning of the larg-
est and the smallest restriction fragments pos-
sible. A vector designed to accommodate the
largest possible cloned restriction fragment
would confine the essential genes of the vector
to the smallest possible DNA segment. For
plaque-forming A the minimum would be about
27 kbp. This would allow a maximum insert size
of about 26 kbp. Such a vector would also have
a minimum requirement for inserted DNA at
least 11 kbp in length. To avoid a minimum size
requirement as would be needed in an optimum
vector for cloning small restriction fragments,
down to size 0, at least 38 kb of DNA must
remain on the left and right vector ends after
appropriate enzyme digestion. Such a vector
would have a cloning capacity 0 to 15 kbp.
Clearly, different vectors are needed for cloning
the shortest and longest restriction fragments.
As one considers the use of multiple enzymes,
the consideration of size capacity must be made
for each enzyme and combination thereof.

One way to clone a wider range of fragment
sizes is provided by vectors which contain dupli-
cations such as dupL, Fig. 1. This 13.5%A dupli-
cation arose spontaneously during the attempt
to isolate a recombinant predicted to measure
only 76.5%A (12). CsCl gradients of phages con-
taining dupL. generally exhibit three phage
bands of different buoyant density, which cor-
respond to phages containing one, two, or three
copies of the duplicated sequence. By mixing
vector DNA prepared from different CsCl bands,
one can clone a wide range of DNA molecules.

Selections and recognition procedures
for cloning. The ideal cloning system would
allow the experimenter to work with a mixture
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of vector and target DNA, and obtain plaques
only from phages with cloned DNA fragments.
Short of this, various recognition procedures can
be used to distinguish phages containing cloned
DNA from those containing only vector DNA.
The design of these selections and recognition
procedures is very different for vectors intended
for cloning large fragments and those which can
clone very small fragments.

With vectors designed for cloning small frag-
ments, successful insertion of foreign DNA may
be recognized by the inactivation of a gene on
the vector whose expression is disrupted by the
insertion. Useful EcoRI sites within genes in-
clude those in lac5, where insertion produces a
white plaque on an XG plate with a Lac™ host
(12); exo, where clones fail to plate on a polA
host (58); and imm434, where insertion produces
clear plaques (43).

The term “size selection” (57) has been used
with vectors designed for cloning large frag-
ments. This characterizes the requirement for
insertion of DNA into vectors whose right- and
left-end restriction fragments together are not
long enough to produce a viable phage. However,
to be propagated such phages must contain re-
placeable DNA stuffer fragments, which make
their own genome long enough to be propagated.
Because the size selection does not select against
reincorporation of vector stuffer fragments, the
power of size selection to identify plaques con-
taining foreign DNA is limited unless one can
select or screen against reincorporation of the
stuffer fragments or remove them physically.
Unless the stuffer fragments are physically re-
moved, more than half the recombinant phages
can represent reincorporation of stuffer frag-
ments.

Among the useful options for genes on stuffer
fragments are the following: a fragment carrying
the A Red and gam genes and their promotor
would be strongly selected against by the Spi
(sensitive to p2 inhibition) selection (67); a Lac-
containing fragment may be easily scored vis-
ually as a blue plaque among colorless plaques
(12) on XG plates. A Bio fragment may be
detected by picking individual plaques and re-
growing them on Bio™ bacteria and biotin-lim-
iting plates (35). A fragment containing the
genes int and xis can be assayed similarly by
complementation with the red-plaque test (21).
Because a different selection or recognition pro-
cedure is needed for each different stuffer frag-
ment, vectors should contain the minimum num-
ber of different fragments, optimally one, with a
good selection or recognition procedure availa-
ble.

Charons 1, 2, and 3. Charon 1 was con-
structed to accommodate large EcoRI DNA
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fragments. The size of the left and right ends
was reduced nearly to a minimum by the use of
lac5 and KH100 EcoRI cuts and inclusion of the
nin5 deletion. Charon 2 was designed for small
EcoRI fragments and provides the convenient
Lac color test to identify clones. Charon 3 offers
increased maximum cloning capacity over
Charon 2 (from 4.4 to 9.5 kbp), but the utility of
the Lac color test is reduced because the Lac
operator is removed during cloning. The in-
creased capacity has made Charon 3 very useful
for cloning a broad size range of fragments out
of diverse mixtures (61). Furthermore, the ¢80
replication and immunity specificity has been
exploited in the cloning of the A origin of repli-
cation (42) and its subsequent genetic (25) and
physical (18) characterization. Charon 3A has
also been used for cloning complementary DNA
by polydeoxyadenylic acid:polydeoxythymidylic
acid tailing (H. Faber and O. Smithies, personal
communication). Because the stuffer fragment
is unnecessary, Charon 3 can be improved by
eliminating it (called Charon 3Alac).

Charons 4, 10, 11, and 18. An improved
large capacity vector was constructed by using
the EcoRI site in the bi0256 substitution to
define a new right end. Although this right end
is 1 kb longer than Charon 1, its advantages
include: (i) the phage promoter p. can be used
to promote transcription across a cloned frag-
ment under experimental control (33); (ii) the
presence of gene N on the vector enhances
growth and overcomes many blocks to transcrip-
tion that might occur on cloned fragments (2, 24,
41); and (iii) the deletion KH54 increases cloning
capacity as well as deleting the cI repressor
which is needed to maintain lysogeny. Charon 4
has two rather than three stuffer fragments.
These contain lac5 and bi0256, respectively, and
one can sc 2en for the presence of each.

However, when it became available, the dele-
tion AH3 was added to eliminate the EcoRI site
between the lac5 and bi0256 fragments (crosses
16 and 17, Fig. 2). The resulting vector, Charon
11, has a single stuffer fragment with a visual
recognition procedure. With Charon 11, inserts
of foreign DNA can be identified at a glance as
white plaques on Lac* bacteria on XG plates.
To produce Charon 10, a no-cut right end (NRE)
version of Charon 11 (see below), we first con-
structed Charon 18 (cross 19, Fig. 2). Charon 10
was then constructed from this precursor (cross
20, Fig. 2). Charon 10 has a slightly greater
capacity than Charon 11, and it can also be used
to clone HindIll fragments.

NRE: an improved right arm for multien-
zyme cloning. When the enzyme HindIII be-
came available, it was attractive as an enzyme
for cloning. Although the left arm of A contains
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no HindlIII sites, there is one site in the essential
region of A near the @ gene.

Although the QSR80 region eliminates the
EcoRI site at the right end of the A genome, it
still has a HindlIlIl site, and thus QSR80 vectors
as well as @SRA vectors are unsuitable for clon-
ing with HindIIl. QSR80 also contains BamHI,
Sst I, Sal 1, Bgl II and Sma I sites, all of which
are lacking in @SR\ (J. deWet, personal com-
munication). In a cross between A and ¢80, N.
Murray constructed a strain (509) lacking the
HindIII site but which had the EcoRI site (44).
Our electron micrographic analysis of this strain
revealed apparently perfect homology between
the right end of strain 509 and A (12). To provide
a right end that could be used for vectors to
clone with either EcoRI or HindIIl, we selected
a second mutation in strain 509, removing the
EcoRI site near gene S, to produce an NRE. We
found that NRE, like @SR\, has no BamHI, Sst
I, Bgl 11, or Sma 1 sites.

The ability to clone with more than one en-
zyme in individual vectors also presents the pos-
sibility of using combinations of enzymes, pro-
vided the restriction sites in the replaceable
region of the vector are arranged so that diges-
tion of the vector produces heterologously ter-
minated left and right ends. Besides the advan-
tages of increased flexibility from the use of the
different enzymes to define different target frag-
ments and vector configurations, short target
fragments which are terminated with different
cuts will not be subject to monomolecular self-
closure reactions which compete with bimolec-
ular target-vector reactions during ligation.

Charons 5, 6, 7, and 12. As pointed out by
N. Murray, the EcoRI site in the cI gene of
imm434 offers a good recognition procedure for
clones. One can easily detect a clear plaque
among 10* turbid ones, possibly among many
more. Therefore, Charon 6 was designed as an
EcoRI insertion vector for small fragments by
using the single cut in the imm434 substitution
(cross 23, Fig. 2 and Table 3). Charon 7 is an
NRE adaptation of Charon 6, which derived
from the same cross, and includes EcoRI,
HindlIIl, and HindIll/EcoRI cloning capability.
Charon 12 was designed as an insertion vector
by using the EcoRI cut in exo to insert fragments
under the transcriptional control of pi. It is
anticipated that a gam deletion of Charon 12
might provide a vector which could be used to
select for inserted fragments on a P2 lysogen.
Charons 5, 6, 7, and 12 all contain the 13.5%A
left-arm duplication, dupL. Thus, each of them
will accommodate a wide range of insert sizes
(see Table 7).

Charons 8, 9, and 20. Charons 8 and 9 both
approach the maximum capacity that our pres-
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ent knowledge makes possible for EcoRI cloning.
Charon 20 is a maximum capacity vector for
HindIII cloning. Moreover, Charon 20 contains
only one replaceable fragment when HindIII is
used, against which there is the strong Spi selec-
tion. All three vectors can be used with either
Sst I, HindIIl, or EcoRI, and many combina-
tions can also be used.

Charons 17 and 19A. Charon 17 is the first
vector in the Charon series with the ability to
form lysogens containing cloned DNA. The
clam mutation limits lysogen formation to Su*
hosts. Although the vector can be used with
HindIIl, Sst I and EcoRI, the use of HindIIl
destroys the ability of the vector to lysogenize.
Charon 19A includes the temperature-sensitive
repressor cI857 and is fully competent for lyso-
genization of EcoRI clones at 30°C. Ch19A was
originally constructed with amber mutations in
genes A and B for possible safety testing.

Biological containment. Biological contain-
ment is the use of safeguards built into the
biology of a host-vector system to prevent rep-
lication and survival of a cloned fragment in case
of accidental infection or inadvertant release
into the environment (see references 8, 12, and
46 for extended discussions). Our principal strat-
egy was to block the formation of stable lyso-
gens, because free phage themselves were shown
to be inactivated in the “wild” of the sewer (63)
and of the gastrointestinal tract (12). Moreover,
A-sensitive hosts are notably lacking in these
environments. Charons 3 and 4 were chosen for
adaptation and testing for EK-2 certification
(National Institutes of Health Guidelines [46]),
because they had proven their utility and they
carried deletions in their immunity regions to
block the formation of lysogens. Especially in
conjunction with the nin5 deletion, these im-
munity deletions insure that these phage will
destroy any sensitive cell that they encounter by
productive lytic infection. To further reduce the
host range, amber mutations in gene A for DNA
maturation and B for an essential capsid protein
(36) were crossed first to Charons 3 and 4 to
produce the first of the “A” amber series of
derivatives 3A and 4A.

Charons 13, 14, 15, and 18. Charons 13
through 16 were designed with additional blocks
to the already low lysogenization frequencies
observed for Charons 3A and 4A (12, 63) by
eliminating most or all homology with E. coli.
This should minimize any possible integration
into the host by general recombination through
homologous segments. The deletion 51007 was
included to delete both the phage attachment
site and part of the gene int which are necessary
for site-specific integration (22). Charon 13 com-
pletely eliminates bacterial homology and has a
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TABLE 4. Diagnostic plating phenotypes of the
charon vectors®

Charon Phenotype

1 Blue, Fec*, Spi*, clear, immA, Sus*, Nin~
2 Blue, att80, Fec*, Spi~, clear, imm80
3 Blue, clear, imm80
4 Blue, bioA*, Bio*, Fec™, Spi™, clear, immA, Nin™
5 bioA*, Bio™, Fec™, Spi, clear, immA\, Nin~
6 White, Spi~, imm434, Nin~
7 White, Fec™, Spi~, imm434, Nin~
8 Blue, Sus*, Fec*, Spi*, imm434, Nin™
9 Blue, Fec*, Spi*, imm), Nin™, Sus*
10 Blue, Spi~, immA, Nin™
11 Blue, Spi-, Fec™, clear, immA, Nin~
12 White, Spi*, Fec*, Sus*, immA, Nin~
13 White, Spi*, Fec*, Sus*, immA, Nin~
14 Blue, Spi*, Fec*, Sus*, immA, Nin™
15 White, Spi~, Fec*, Sus*, imm80
16 Blue, Spi-, imm80
17 Blue, Spi*, Fec*, turbid, immA, Nin~
18 Blue, Spi-, Fec™, Nin*, clear, immA
19A Blue, Sus™, Spi*, immA, A-, B~
20 White, Spi*, Fec*, Sus*, imm434, turbid, Nin~
3A Blue, Spi~, imm80, Sus™, A-, B~
4A Blue, Spi~, imm), Sus™, A-, B~
13A White, Spi*, Sus™, immA
14A Blue, Spi*, Fec*, Sus™, immA
15A White, Spi~, Fec*, Sus™, imm80
16A Blue, imm80, Sus™, A™, B~

¢ The individual phenotypes and the genetic tests
which determine them are described in the text. Only
selected tests were applied to each individual vector
to characterize critical features of the recombinants.
Nin abbreviates N independence. The Fec, Spi, and
Nin phenotypes are subject to interaction with differ-
ent immunities: for A, 434, or 21 immunities, Fec™ and
Spi~ indicate the absence of Red and gam (which are
removed by biol and bi0256) and Nin indicates the
absence of tr. (which is removed by the nin5 deletion).
¢80 and A\imm80 phages plate on recA, groN, and P2
lysogenic strains.

reasonably high capacity with a single replace-
able fragment. Transcriptional control of the
cloned fragment is possible from pi. Charon 14
has a larger capacity than 13, and the Lac color
test can be used to detect reincorporation of the
stuffer fragment. Fewer than 200 bp of bacterial
DNA remain in clones identified as Lac™. Char-
ons 15 and 16 are vectors for cloning small EcoRI
fragments by insertion, and they contain the
NRE right end. Charon 15 was designed with
the capability to clone with EcoRI, HindIIl, or
the combination EcoRI/HindIIl. Charon 16 is
an EcoRI insertion vector which would retain
the entire Jac5 homology after incorporation of
a cloned fragment. Charon 16 also can be used
to clone with Sst I and the Sst I/EcoRI combi-
nation, but it contains no HindIII sites. Charons
13 through 16 were crossed to Aam32Bam]l to
produce Charons 13A through 16A for increased
safety. (Each of the vectors Charons 3A, 4A,
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TaABLE 5. Comparison between predicted and observed lengths of Charon phage DNA
Predicted® Observed
Structural components Deletion Insertion Net change® Charon length length
(%A) (%A)

Substitutions
plach 7.0 7.0 0% bd 1 (100.1) 100.5
att80 14.0 10.0 —4.0% EM (23) 2 (93.2) 95.1
biol 10.9 (54) 6.6° —4.4% bd (54) 3 (97.2) 98.7
bio256 15.3 (54) 14.9° 0.4% bd (54) 4 (92.3) 93.6
imm80 11.0 12.3 +1.3% EM (23) 5 (92.5) 93.5
imm434 5.8 3.5 —2.2% bd (55) 6 (87.1) 88.6
QSR80 9.4 11.7 +2.3% bd 7 (84.8) 86.2
Insertions 8 (92.4) 92.8
dupL 13.5 +13.5% bd 9 (97.8) 97.6
KH100 3.1 +3.1% bd 10 (85.9) 85.3
Deletions : 11 (88.2) 89.0
5189 16.7 -16.7% EM 12 (89.4) 91.0
AH3 44 —4.4% EM 13 (82.7) 835
51007 9.9 -9.9% EM 14 (82.7) 83.7
KH53 1.1 -1.1% bd 15 (85.0) 86.0
KH54 44 —4.4%bd (11) 16 (85.0) 86.0
ninb 5.3 —5.3% bd 17 (94.7) 95.0
18 (91.5) 91.3
19A (97.0) 974
20 (82.5) 82.2
3A (97.2) 98.7
4A (92.6) 93.7
13A (82.7) 83.5
14A (82.7) 83.7
15A (85.0) 86.0
16A (85.0) 86.0

% Net changes of individual components were measured either from bouyant density analysis of two phages
which differed only with respect to the component in question (bd), or from electron micrographic analysis of
heteroduplexes (EM). Numbers in parentheses are literature references to measurements not done in this lab.

®The predicted lengths were determined by applying the sum of the net changes shown here for each

component of the vector.

¢ From E. H. Szybalski and W. Szybalski, Abstr. Annu. Meet. Am. Soc. Microbiol. 1977, S275, p. 325.

13A, 14A, 15A, and 16A was submitted for EK2
certification [62]. Of these Charons, 3A, 4A, and
16A were eventually certified.)

Determination of vector structures. Pri-
mary stocks, of each vector were genetically
tested as described above. Their plating pheno-
types are shown in Table 4 and are in every case
consistent with the phenotypes predicted from
genotypes indicated in Fig. 1 and Table 1.

The total DNA length of each vector was
calculated from the measured buoyant density
of the purified phage as described above. The
predicted DNA length of each vector was cal-
culated by applying the known sizes (Table 5) of
the various deletions, insertions and substitu-
tions shown in Fig. 1 to 100%A length. The
predicted sizes are compared with the observed
sizes in Table 5 and agree with the structural
assignments shown in Fig. 1.

Heteroduplexes were made between the
Charon phages and A, and measurements were
made to identify each insertion, deletion, and
substitution by both its size and position. One

can compare the structures shown in Fig. 1 with
the heteroduplexes by noting that the boxes
(substitutions) in Fig. 1 correspond with either
two-sided substitution bubbles or split ends in
the heteroduplexes of Fig. 3, whereas the dele-
tions or insertions of Fig. 1 appear as loops
emanating from the side of the continuous dou-
ble-stranded heteroduplex of Fig. 3. The substi-
tution @SR80, shown by two boxes in Fig. 1,
does not always pair along the central 0.5%A
homology segment or at the end. The schematic
chosen to represent QSR80 in Fig. 3 depended
on the predominant species in each preparation.
Although far too few molecules were measured
in some cases to provide a strong quantitative
basis for mapping, the technique provides veri-
fication of each structural component in each
phage tested, as well as a check that no unusual
deletion, insertion, substitution, or rearrange-
ment has occurred. Charons 7, 17, 18, and 20
were not tested by heteroduplex analysis.

The deletion KH53 in the immunity region of
¢80 was displayed by heteroduplexing versus A-
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TaBLE 6. Sizes of EcoRI and HindIII restriction
fragments produced from Charon phages®

Cha- EcoRI fragment size HindIII fragment size
ron (%A) (%A)
1 395, 14.6, 11.8, 14.0, 522, 4.4,188,34,7.1,
20.6 11.6
2 39.5,55.6 83.5, 11.6
3 39.5,14.6,42.6 52.2, 4.3, 27, 11.6
4 39.5,14.6,17.0,22.5 52.2, 4.4, 24.5, 11.9
5 727, 20.6 71, 3.6, 7.3, 11.9
6 683,199 70, 7.1, 12.0
7 683,176 70, 17
8 395, 14.6,11.8,10.2, 48.5, 4.3, 18.0,17.0
17.6
9 395, 14.6, 11.8, 14.0, 52.2,4.3,20.0, 3.4, 16.4
174
10 39.5, 27.2, 20.2 52.2, 33.1
11 395, 25.0, 21.3 52, 25, 11.9
12 64,270 79, 12.0
13 445, 11.8,27.0 48.5, 22.5, 12.0
14 395, 16.0, 27.0 71, 12.0
15 445,415 48.5, 38.1
16 39.5,47.1 86
17 39.5, 14.6, 40.9 48.5, 4.0, 19.7, 1.3, 15.5
18 NT’ 522, 43.4
19A 39.5,13.7, 38.1 52.2, 4.2, 18.5, 1.6, 7.3,
115
20 445,120,102, 16.5 485,174, 16.5
3A 395, 14.6, 45 NT
4A 395, 14.6,17.0, 22.5 52.2, 4.4, 24.5, 11.9
13A 445,119,275 48.5, 22.5, 12.0
14A 39.5,16.0, 27.5 71, 12.0
15A 44.5,415 48.5, 38.1
16A 39.5,47.1 NT

2 The sizes presented here are from single gels. The
tabulated values are intended only to identify the
presence or absence of the restriction sites indicated
in Fig. 1. The fragments are arranged from left to right
as shown in Fig. 1.

®NT, Not tested.

¢80 hybrid 42 carrying both the att and imm
regions of $80. The duplication dupL in Charons
5 and 6 has the expected property that it can
undergo single-strand branch migration in the
formation of the duplex along the entire length
of the duplicated segment, appearing to slide
between different positions in different mole-
cules (as shown in Charon 5 versus A). It can
exist in two or three copies as shown in Charon
6 versus A. The arrangements of deletions, inser-
tions, and substitutions and their measurements
shown in Fig. 3 confirm the structures shown in
Fig. 1 for each phage tested.

The distribution of EcoRI and HindIII restric-
tion sites of each Charon phage was determined
from horizontal agarose gel electrophoresis, and
the results are summarized in Table 6 as frag-
ment sizes from left to right on the map. The
approximate fragment sizes given in Table 6 are
adequate to verify which restriction cuts are
present in the vectors shown, but the tabulated

CONSTRUCTION OF CHARON VECTORS 571
values represent single measurements. The de-
tailed mapping of the Charon phages will be
presented in a subsequent paper, in which more
accurate sizes for all restriction fragments stud-
ied will be presented. The results shown in Table
6 are consistent in every case with the expected
distribution of EcoRI and HindIIl restriction
sites from the construction steps shown in Table
3, except for BW27-1 discussed below.

New EcoRI site in A. In the course of this
series of crosses, a new EcoRI cut arose spon-
taneously in one of the two candidates for
Charon 4A, from cross 31 of Table 3. The results
from the genetic characterization of the two
candidates BW27-1 and BW27-2 were identical
to those shown in Table 4, including the presence
in both of Aam32. The results of the density,
heteroduplex, EcoRI, and HindIII gel analyses
also appeared identical. One of the first workers
to receive the Charon phages, T. Maniatis, soon
informed us that DNA prepared from stock 1706
grown from BW27-1 was very inefficient for
cloning due to an inability to anneal the cohesive
ends. He suggested the possibility that an EcoRI
cut near the left end of the DNA phage BW27-
1 may be present. Our original gels did not detect
this because the very small new fragment would
have run off the gel, and the left end would have
been shortened by an imperceptible fraction of
its length.

The new cleavage site, now called BW4, was
confirmed and mapped by comparing restriction
patterns of DNA from Charon 4, BW27-1, and
BW27-2 digested simultaneously with EcoRI
and BamHI. BamHI cleaves Charon 4 into six
fragments, including an 11.4%A left end and
3.1%A right end which contain no EcoRI sites.
The cohesive termini on the left and right ends
of A DNA were annealed together and sealed
with T4 DNA ligase before the BamHI restric-
tion enzyme digestion. A fusion fragment of the
left and right ends of Charon 4 is produced
whose length is sensitive to any EcoRI cleavage
near the cohesive end. The results showed the
BamHI fusion fragment was clearly visible in
Charon 4 and BW27-2. But BW27-1 showed two
smaller bands corresponding to a 3.4% fusion
piece, 0.3%A longer than the BamHI right end,
and a fragment slightly shorter than the BamHI
left end of Charon 4. Thus, the new cleavage site
maps 0.3%A to the right of the left end of A. Close
inspection in this region of the heteroduplexes
between BW27-1 and A revealed no abnormali-
ties, eliminating the possibility that the new cut
was introduced by insertion, substitution, or
deletion of more than 100 bp. This site has not
been characterized further.

We therefore distributed stock 513 of Charon
4A derived from BW27-2 to all workers who had
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TABLE 7. Characteristics of Charon cloning phages 1 through 20°
Left-end Rﬁight-end a Pro Go
. . fragment ent oning capacit; moter netic
Vectors Typical titers Fragment lz?;th ltgl’:th mr(nlg{bp)pa y control test
(%A) (%A)
*Charon 1 3x10"°  EcoRI 39.5 20.6 8.6-21.6 g
Charon 2 2x10°  EcoRI 395 55.6 0-4.4 PlLac a
*Charon 3 6x 10"  EcoRI 39.5 452 0-9.5 DL f
*Charon 4 1 x 10 EcoRI 39.5 22.5 7.6-20.6 P d
Charon 5 2 x 10" EcoRI 59.2° 20.6 0-11.9 h
EcoRI 72.7! 20.6 0-5.3 h
EcoRI 86.2° 20.6 0-0.1 h
Charon 6 1x10°  EcoRI 68.3" 19.9 0-7.8 (14.4)° c
EcoRI 80.8* 19.9 0-1.7 c
*Charon 7 2x10°  EcoRI 68.3' 17.6 0-8.9 (15.5)° c
EcoRI 81.8? 17.6 0-2.3 c
HindIIl 67.3 18.6 0-8.9 (15.5)° c
HindIIl 80.8° 18.6 0-2.3 c
EcoRI/HindIIl 67.3! 17.6 0-9.4 (16.0)° c
EcoRI/HindIII  80.8° 17.6 0-2.3 c
Charon 8 5x%10°  EcoRI 395 176  10.0-23.0 g
HindIII 485 18.5 5.2-18.2 g
Sst 420 379 0-119 pL f
HindIIl/Sst 420 18.5 8.4-214 g
*Charon 9 2 x 10! EcoRI 39.5 18.3 9.7-22.7 g
HindIIl 48.5 17.6 5.6-18.6 g
EcoRI/HindIIl 39.5 17.6 10.0-23.0 g
Sst 420 432 0-9.3 P h
Sst/HindIII 420 17.6 8.8-21.2 g
*Charon 10 3 x 10" EcoRI 39.5 20.2 8.8-21.2 pL b
HindIII 52.2 33.1 0-9.2 pL h
Sst 42.0 34.0 0.8-13.8 DL b
HindIIl/Sst 420 33.1 1.2-14.2 DL b
*Charon 11 5 x 10%° EcoRI 39.5 22,5 7.6-20.6 pL b
*Charon 12 1 x 10" EcoRI 64.2 26.8 0-6.4 pL e
Charon13  1x10"  EcoRI 45 268  3.1-161 'S g
Charon 14 2 % 10%° EcoRI 39.5 26.8 5.5-18.5 DL b
Charon 15 1x10"  EcoRI 445 415 0-8.9 n h
HindIII 485 375 0-8.9 L h
EcoRI/HindIIl 44.5 37.5 0-10.8 pL h
*Charon16  3X10°  EcoRI 39.5 465 0-89 Plac a
Sst 42.0 44.0 0-8.9 DlLac a
EcoRI1/Sst 39.5 4.0 0-10.1 Plac f
*Charon 17 2 x 10! EcoRI 39.5 39.9 0-12.1 pL f
HindIIl 52.2 16.9 4.1-17.1 j
EcoRI1/HindIIl 39.5 16.9 10.4-23.4 k
Sst 420 40.7 0-10.5 f
HindIIl/Sst 420 16.9 9.1-22.1 k
Charon 18 3 x 10%° EcoRI 39.5 25.5 6.2-19.2 j o b
HindIII 52.2 384 0-6.6 L
Sst 420 386 0-115 s f
HindIIl/Sst 420 38.4 0-11.6 L f
*Charon 19A 4 % 10%° EcoRI 39.5 42.2 0-11.0 DL f
Charon 20 2 x 10" EcoRI 44.5 17.6 7.6-20.6 j
HindIIl 48.5 18.6 5.1-18.1 i
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TaBLE 7—Continued

2 The left- and right-end fragment lengths for each useful vector-enzyme combination are given in percent
lambda, as determined by agarose gel electrophoresis or electron microscopy (or both). The summed lengths
determine the cloning capacity, calculated by their difference from 38 kb, the smallest phage found to grow well
in this laboratory (KK1, reference 18), and 51 kb, the largest clone found to grow well (Charon 357, reference
61). The symbol pr, under the heading “Promoter control” indicates whether or not this major vector promoter
would be expected to transcribe the cloned fragment. Other promoters (p'r, Pre, OF Prio) might be useful in some
cases. Suggested genetic tests to indicate successful cloning are as follows: a, colorless plaques on Lac™ cells
provide definite indication of foreign DNA insertion; b, colorless plaques on Lac” cells provide definite indication
of foreign DNA insertion without reinsertion of dispensable vector fragment; c, clear plaques provide definite
indication of foreign DNA insertion; d, combination of colorless plaques in Lac* cells with Bio™ phenotype
provides definite indication of foreign DNA substitution without reinsertion of either dispensable fragment.
Bio* phenotype is detected by a ring of bacterial growth around plaques on Bio~ cells on biotin-deficient plates;
e, lack of ability to plate on polA™ cells provides definite indication of foreign DNA insertion; f, colorless plaques
on Lac* cells indicate removal of dispensable fragment but does not insure that insertion of foreign DNA has
taken place; g, plaque formation indicates DNA insertion but does not insure that reincorporation of dispensable
fragments has not taken place; h, no particularly useful tests currently available. Not all genetic tests have been
verified in all cases; i, plaques on a P2 lysogen provide positive identification of foreign DNA insertion without
reinsertion of the dispensable vector fragment; j, plaques on a P2 lysogen indicate removal of a dispensable
fragment, but does not insure that insertion of foreign DNA has occurred; k, colorless plaques on Lac*, P2
lysogens strongly suggest that insertion of foreign DNA has occurred. These tests are inferred from well-
established phenotypes, but have not been confirmed with each particular vector-clone combination possible.
The superscripts 0, 1, and 2 correspond to vectors containing zero, one, or two copies of dupL. The asterisks
denote vectors that have been used successfully for cloning at the University of Wisconsin.

requested Charon 4A. This has been used suc- by cleavage of A DNA with endonuclease RI. Nature
cessfully for cloning by Maniatis and others. (London) 241:120-122. .
Th . o 4. Appleyard, R. 1954. Segregation of new lysogenic types
e characteristics relevant. to the use of the during growth of a double lysogenic strain derived from
Charon phages for DNA cloning are presented Escherichia coli K-12. Genetics 39:440-452.
in Table 7. The availability of detailed informa- 5 Arber, W., and U. Kiihnlein. 1967. Mutationeller Ver-
tion on these various vectors should provide lust B-spezifischer Restriktion des Bakteriophagen fd.

. o1 Pathol. Microbiol. 30: A
expanded convenience and capability to those 6. Bac;m:nn, 3031?973"? ngl::fezes of some mutant strains

who wish to use them, including the ability to of Escherichia coli K-12. Bacteriol. Rev. 36:525-557.
adapt combinations of these and other vectors 7. Ba;;:s,'r:v- M, R. B. Sifef;l;n::d w. :;Remikoff-
P P : . The construction o ucing phages contain-
to their individual requirements. ing deletions defining regulatory elements of the lac
and trp operons in E. coli. Mol. Gen. Genet. 129:
201-215.
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