
RESEARCH ARTICLES 

Lysogenic Conversion by a 
Filamentous Phage Encoding 

Cholera Toxin 
Matthew K. Waldor* and John J. Mekalanos 

Wbrio cholerae, the causative agent of cholera, requires two coordinately regulated 
factors for full virulence: cholera toxin (CT), a potent enterotoxin, and toxin-coregulated 
pili (TCP), surface organelles required for intestinal colonization. The structural genes for 
CT are shown here to be encoded by a filamentous bacteriophage (designated CTX@), 
which is related to coliphage M13. The CTX@ genome chromosomally integrated or 
replicated as a plasmid. CTX@ used TCP as its receptor and infected V. cholerae cells 
within the gastrointestinal tracts of mice more efficiently than under laboratory condi- 
tions. Thus, the emergence of toxigenic V. cholerae involves horizontal gene transfer that 
may depend on in vivo gene expression. 

Bacterial virulence factors such as toxins bination system that catalyzes the integra- 
are often encoded by accessory genetic ele- tion of ~lasmids carrying portions of the 
ments (bacteriophages, plasmids, chromo- CTX element into the chromosomes of 
soma1 islands, and transposons) (1). These nontoxigenic V. cholera strains at a partic- 
genetic elements are thought to move hor- ular 17-bp target sequence termed attRSl 
izontally as well as vertically through bac- (4). Kaper and co-workers have examined 
terial vovulations, conferring: increased evo- 
lutionary fitness t o  their pathogenic host 
cells and, thus, to their own nucleic acids. In 
some cases. these elements can be transmit- 
ted between strains under laboratory condi- 
tions. but little is known about the natural 
environments that stimulate genetic ex- 
change between bacterial species and clones. 

The genes encoding CT (including 
ctxAB) reside on the CTX genetic element, 
a 7- to 9.7-kb segment of DNA present on 
the chromosome of toxigenic strains (fre- 
quently in multiple tandemly arrayed cop- 
ies) but absent in nontoxigenic strains (2). 
The CTX genetic element has the structure - 
of a compound transposon, with a 4.5-kb 
central core region flanked by one or more 
copies of a 2.7-kb repetitive sequence (RS) 
(2-4) (Fig. 1). The core of the CTX ele- 
ment is known to carry at least six genes, 
including ctxAB (encoding the A and B 
subunits of CT), zot (encoding zonula oc- 
cludens toxin) ( S ) ,  cep (encoding core-en- 
coded pilin) (4), ace (encoding accessory 
cholera enterotoxin), and orfU (encoding a 
product of unknown function) (6). The RS 
sequences encode at least four open reading 
frames (rstABCR) (3), which together de- 
termine expression of a site-specific recom- 
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Fig. 1. Structure of CTX element DNA and analy- 
sis of CTXcP transduction and transformation 
events. (A) The CTX element is composed of three 
distinct subrepeats: the 4.5-kb core (open boxes), 
2.5- to 2.7-kb RS sequences (shaded), and the 
17- to 18-bp attRS1 sites (open triangles) (4). The 
10 known genes residing within the core and RS 
repeats are indicated within the corresponding 
boxes. Selected restriction enzyme sites (desig- 
nated by the full name or first letter) are indicated 
over the genes in which they are located. The 
chromosomal CTX element of V. cholerae strain 
P27459 was modified by marker exchange, delet- 
ing ctxAB and substituting a KmR cassette (1 1). 
Plasmid pCTX-Km (the replicative form of CTX- 
KmcP DNA) corresponds to the expected product 
of a chromosomal excision event mediated by 
recombination (dashed lines) between the two 
attRS1 sites indicated in strain SM44. The unique 
Mlu I and Sph I sites of pCTX-Km were modified to 
give Zot- and Om- derivatives pMWlOl and 
pMW102, respectively. (B) Southem blot analysis 
of CTX-KmcP donor and recipient strains. Chro- 
mosomal (C) or plasmid (P) DNA prepared from 
donor strain SM44 or the indicated recipient 
strains was digested with Mlu I and analyzed after 
electrophoresis with a CTX element-specific gene 
probe (26). Plasmid DNA prepared from recipient 
strain 0395 lacks all CTX element hybridizing se- 
quences. In contrast, a typical CTX-KmcP trans- 
ductant, 0395(pCTX-Km), displays a prominent 
plasmid band corresponding to the replicative 
form of the CTX-KmcP DNA. Nontoxigenic strain 
V07 lacks chromosomal CTX element hybridizing 
sequences before transformation with pCTX-Km 
plasmid DNA. However, a typical KmR transfor- 
mant, V07(pCTX-Km), cames two tandemly in- 
serted copies of pCTX-Km on its chromosome 
and no detectable plasmid DNA. 

the transmission of the CTX element into 
nontoxigenic, live attenuated V. cholera 
vaccine candidates and concluded that the 
element was not self-transmissible (7). We 
have reexamined transmission of the CTX 
element and found that under appropriate 
conditions this element is not only self- 
transmissible, but indeed replicates as a plas- 
mid and gives rise to extracellular particles 
(CTXa) containing single-stranded DNA 
composed entirely of the CTX element. 

Identification of CTX*. Two key ex- 
perimental details allowed the isolation of 
the CTXQ. First, the CTX element had to 
be marked with an antibiotic resistance in a 
way that did not disrupt any genes otherr 
than the ctxAB operon. Second, the trans- 
ducing particles now carrying the antibiotic 
resistance determinant had to be plated on 
recipient cells that had been grown under 
laboratory conditions that were permissive 
for expression of TCP pili (8). The expres- 
sion of TCP pili is dependent on the ToxR 
regulatory system of V. cholera, which also 
coordinately regulates the transcription of 
the CT genes (8, 9). Certain V. cholera 
strains of the classical biotype express TCP 
pili and CT under defined laboratory con- 
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ditions (8, 10). In contrast, it is more diffi- transformable into several other strains of 
cult to define laboratory conditions that 
lead to detectable TCP ex~ression bv 
strains of the El Tor biotype, even though 
these strains still require TCP to colonize 
the intestine (10). 

Strain RV508 is a derivative of classical 
biotype strain 569B, which is known to 
constitutively express CT, TCP pili, and 
other ToxR-regulated gene products (10). 
Initially, we used plate matings to detect 
the transfer of the CTX element from the 
V. c h o h  El Tor strain SM44 (1 1) to 
strain RV508. SM44 carries a single copy of 
the CTX element, marked by the insertion 
of a DNA segment encoding resistance to 
kanamycin (KmR) in place of ctxAB on its 
chromosome, but lacks plasmids, bacterio- 
phages, and other known transmissible ele- 
ments (Fig. 1). A low but detectable fre- 
auencv of KmR recombinants occurred in . , 
these plate mating experiments. When we 
investigated the mechanism of this horizon- 
tal gene transfer, we found that cell-free 
culture supernatant fluids (sterilized by fil- 
tration through 0.22-pm filters) derived 
from KmR RV508 recipients transmitted 
KmR to a new classical recipient strain (V. 
cholerue 0395) at high frequency. These 
results indicated that the CTX element was 
apparently capable of being transduced by a 
viruslike particle in the supernatant fluids. 
The transducing particle was heat- and 
chloroform-labile but resistant to deoxyri- 
bonuclease (DNase), ribonuclease, and pro- 
nase, which suggests that it was probably a 
bacteriophage. 

Preparation of plasmid DNA from initial 
RV508 KmR recipients, as well as from 
0395 KmR transductants, provided evi- 
dence that a replicative form of the CTX 
genetic element was responsible for the 
generation of high titers of KmR-transduc- 
ing particles. 0395 KmR recipients carry a 
plasniid that has been shown by restriction 
mapping, Southern hybridization, and DNA 
sequencing to correspond exactly to a circu- 
larized portion of the chromosomal CTX 
element of donor strain SM44 (Fig. 1). This 
plasmid, pCTX-Km, is apparently the repli- 
cative form (RF) of the CTX-Km@ DNA. . , 

Its structure appears to have arisen by exci- 
sion from the chromosome of SM44 bv ei- 
ther homologous recombination between 
RS2b and RSlc direct repeats or, more like- 
ly, by a site-specific recombination reaction 
between the two attRSl sites indicated in 
Fig. 1. DNA sequencing using primers cor- 
responding to the cep and ctxB coding se- 
quence demonstrated that pCTX-Km is 
composed of a circularized core region sep- 
arated by an RS2 sequence with a single 
attRSl site located at its novel junction and 
downstream from the ctxB gene (I 2). 

The RF form of the CTXQ was easily 

V. chokrae by electroporation and selection 
for KmR. These included strains of V. chol- 
erue that did not act as recipients when 
exposed to KmR-transducing particles (for 
example, TCP mutants). In some recipient 
strains such as V07 (13), pCTX-Km inte- 
grated into the chromosome at a resident 
attRSl site, whereas in others (for example, 
strains of the classical biotype or El Tor 
strains carrying deletions of all attRS1 sites), 
pCTX-Km replicated as a plasmid (Fig. 1). 
Whenever this occurred, the corresponding 
strain produced large amounts of KmR-trans- 
ducing particles in supernatant fluids. 

To investigate the morphology of these 
phage particles, we purified CTX-Km@ 
virions from the culture supernatants of 
strain Peru-15 containing pCTX-Km. This 
El Tor strain does not produce flagella and 
does not harbor any known bacteriophages 
(14). Peru-15 (pCTX-Km) and control 
Peru-15 cultures were grown in parallel 
under conditions where no TCP pili are 
expressed. Transduction was used to moni- 
tor the concentration and purification of 
CTX-KmQ particles from culture superna- 
tant fluids of Peru-15 (pCTX-Km) by steps 
that included precipitation with hexameta- 
phosphate, ultracentrifugation, and band- 
ing on isopycnic sucrose gradients. In par- 
allel, the corresponding fractions derived 
from the Peru-15 control culture were also 

Fig. 2 (A) Electron microscopy of partially purified 
CTXO particles purified from Peru-15 (pCTX-Km) 
cultures. (B) Mock-purified preparations from 
control cultures of Pew-15. Both preparations, 
x 100,000. 

prepared. Concentrated preparations con- 
taining lo9 KmR-transducing particles per 
milliliter were examined by electron mi- 
croscopy and shown to contain numerous 
curved filaments with diameters of approx- 
imately 7 nm, which frequently "bundled" 
together (Fig. 2A). Immunoanalysis con- 
firmed that these preparations lacked detect- 
able TCP pili, which are known to have 
similar morphology (8). Furthermore, corre- 
sponding preparations from the Peru-15 con- 
trol culture contained similar background 
levels of membrane "blebs" but lacked de- 
tectable filaments of comparable length, 
concentration, or substructure (Fig. 2B). 

Nucleic acid extracted from the partially 
purified particles obtained from Peru-15 
(pCTX-Km) culture supernatant fluids was 
found to be composed of single-stranded 
DNA that corresponds to the coding se- 
quence-that is, the (+) strand-of the 
CTX element. This was demonstrated by 
finding that DNA extracted from the puri- 
fied particles served as a sequence template 
only with a primer derived from the (-) 
strand sequence and not from the (+) 
strand sequence of the CTX element (12). 
Other known filamentous bacteriophages 
also contain single (+) strand DNA (15). 
The particlederived nucleic acid was resis- 
tant to restriction endonuclease digestion 
but sensitive to DNase I digestion (16). 
These data strongly suggest that the fila- 
mentous structures that copurified with 
KmR-transducing activity correspond to fil- 
amentous CTXQ particles. 

Strains carrying a chromosomally inte- 
grated copy of the CTX element typically 
produced no KmR-transducing particles in 
supernatant fluids (for example, SM44 in 
Table 1). However, like many temperate 
bacteriophages, CTX@ was able to be in- 
duced by DNAdamaging agents. For exam- 

Table 1. Production of CTX-KmQ by El Tor lyso- 
gens or by strains carrying wild-type or mutant 
pCTX-Km RF forms. The indicated strains were 
grown overnight at 30°C with aeration in Luria 
broth containing Km (50 &mi) for all cultures 
except for Bah-2. Mitomycin C was added at a 
concentration of 20 ng/ml. We determined the 
titer of the CTX-Km-transducing particles in the 
supernatants by incubating serially diluted filtered 
supematants with strain 0395 (TCP pili+) and 
then determining the number of KmR transduc- 
tants after 30 min. 

Tter of CTX-Km@ 
Strain in supernatant 

(particles/ml) 

SM44 (P27459 ctx::km) 0 
SM44 + mitomycin C 4.2 x lo5 
Bah-2 (E7946 AattRS1) 0 
Bah-2 pCTX-Km 2.5 X 10' 
Bah-2 pMW101 0 
Bah-2 pMW102 0 
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ple, growth of SM44 in the presence of 
mitomycin C led to the production of more 
than lo5 CTX-Km@ particles per milliliter 
in supernatant fluids (Table 1). Transduc- 
tion of strain 0395  with such mitomycin 
C-induced particles gave rise to KmR recip- 
ient strains that harbored plasmids identical 
to pCTX-Km. 

Requirement of zot and orfU gene prod- 
ucts for CTX phage morphogenesis. These 
data suggest that pCTX-Km encodes gene 
products that probably participate in replica- 
tion and morphogenesis of CTX-Km@- 
transducing phages in V. cholerae. In order to 
identify one or more gene products required 
for particle formation, we introduced muta- 
tions into pCTX-Km at two unique restric- 
tion enzyme sites (Fig. 1). Plasmid pCTX- 
Km was digested separately with the enzymes 
Mlu I and Sph I, which each cut once at 
internal sites within the zot and orjLJ genes, 
respectively. The overhanging 5 '  and 3' ter- 
mini exposed by this digestion were modified 
by T4 polymerase, then were ligated to pro- 
duce +base pair insertion or deletion mu- 
tations in zot and o f l ,  respectively. 

Plasmids carrvine these two mutations 
were recovered by eiectroporation into the 
El Tor strain Bah-2 (4) and designated 
pMWl0l  and pMW102 (Fig. 1) .  When 
pCTX-Km was introduced into Bah-2, this 
strain produced 2.5 x lo7  transducing par- 
ticles per milliliter of culture fluid (Table 
I ) .  In contrast, repeated attempts failed to 
detect any KmR-transducing particles in su- 
pernatant fluids of Bah-2 carrying either 
pMWl0l  or pMW102, although these plas- 
mids replicated to at least the same copy 
number as pCTX-Km. All genes located in 
the core of the CTX element are oriented 
in the same direction as ctxAB, although 
little more is known about their transcrip- 
tional organization. Thus, although it is 

~ossible that the mutation in orfU could be 
polar on expression of genes downstream- 
for example, expression of ace or zot-it 
seems unlikely that the phenotype of the 
pMWl0l  qot mutation could be explained 
by a polar effect. The only genes that are 
immediately downstream of zot are the 
ctxAB genes, and these have been deleted 
and replaced by a KmR cassette in pCTX- 
Km. We  therefore conclude that both zot 
and orfU correspond to genes involved in 
CTX@ morphogenesis. 

Amino acid sequences of CTX element 
gene products. The roles of zot and orfU in 
CTX@ morphogenesis prompted us to ex- 
amine more closely the deduced amino acid 
sequences of these and other gene products 
encoded by the core of the CTX element. 
As noted bv Koonin 117), the ~ o t  gene 
product is hbmologous ;o a family ofpro-  
teins that include plasmid and filamentous 
phage-encoded homologs displaying a nu- 
cleoside tri~hosphate- binding sequence 
motif. This family of proteins includes the 
gene I product of male (Ft)-specific coli- 
phage M13 (15) and the corresponding 
gene I ~ roducts  of several other filamentous - 
bacteriophages of Escherichia coli, Pseudomo- 
nus, and Xanthomonas (17). The gene I 
product is an inner membrane protein re- 
quired for assembly of filamentous phage 
(1 8). Given the role that the zot gene prod- 
uct has in CTXQ phage morphogenesis and 
its homology to GpI (1 6), it is apparent that 
the biological activity designated 
"zonula occludens toxin" (5) is probably not 
directlv associated with the ~ o t  gene uroduct - 
unless its product has dual functions. 

The first gene in the core, cep, is predict- 
ed to encode a 47-amino acid polypeptide 
after cleavage of its NH,-terminal hydro- 
uhobic signal seauence 14). This short - . . 
polypeptide very closely matches the major 

A Mature NH, -terminus 46 to 51 residues in length COOH-terminus 

Hydrophilic Hydrophobic (uncharged) Positive charge 

Fig. 3. Gene products of filamen- 
tous bacteriophages. (A) Amino 
acid sequence alignment of the 
predicted mature Cep gene prod- 
uct from V. cholerae (4) and Fxp 
gene product of Aeromonas hy- 
drophiiia (19) with the processed 
capsid proteins (gene Vlll prod- 
ucts) of Escherichia coii phages 
MI3  and Ifd (15) and of Pseudo- 

. - 
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Yes Yes Phage required 
for morphogenesis 
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monas aeruginosa phage Pfl (20). All charged amino acid residues are circled. Abbreviations for the 
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I,  Ile; K, Lys; L, 
Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Relative position 
and size of genes involved in the morphogenesis of CTX phage and coliphage M13. Gene size is 
indicated schematically by the filled bars and indicated number of codons. 

M13 virion capsid protein (the gene VIII 
product) in size and distribution of charged 
and nonpolar amino acids (Fig. 3) .  Thus, we 
propose that the cep gene product corre- 
sponds to the virion capsid protein of 
CTXQ. The cep gene product, core-encod- 
ed pilin (4), was so named because of its 
homology to the mini-pilin subunit of the 
flexible pilus of Aeromonas hydrophila (en- 
coded by fxp) (19). Clearly, fxp and cep 
belong to the gene VIII family (Fig. 3) ,  
which suggests that the plasmid-encoded, 
A .  hydrophila flexible pilus may also be a 
filamentous phage particle rather than a 
pilus as originally proposed (1 9). 

It has been observed that there is conser- 
vation in the genomic organization of mor- 
phogenesis genes of filamentous phages from 
different bacterial species (20). For example, 
in the case of coliphage M13, gene VIII, 
encoding the major capsid protein, is fol- 
lowed by a long open reading frame (ORF) 
corresponding to gene 111, then a short ORF 
(gene VI) followed by another long ORF 
(gene I) (18). This genomic organization 
appears to have been preserved for the mor- 
phogenesis genes of CTX@ as well (Fig. 3). 
Thus, the ORF following cep, orfU, closely 
matches the size of gene 111 of M13; ace, the 
next ORF, is approximately the same size as 
gene VI; and qot is comparable in size to 
gene I (Fig. 3). As noted earlier, the qot gene 
product is homologous to the gene I product 
of M13 (1 7). The orfU gene product does 
not display significant sequence similarity 
to the corresponding gene 111 products of 
other filamentous phages. However, there 
is little homology between the known 
gene I11 products of most filamentous bac- 
teriophages (except for the related coli- 
phages M13, fd, and Ike) (1 6 ,  18). Perhaps 
gene 111 products are so different because 
they participate in receptor binding and 
the pilus receptors for different filamen- 
tous phages vary widely between bacterial 
species. In contrast, alignment of the ace 
gene product with the corresponding gene 
VI homolog of Pseudomonas filamentous 
phage Pfl (ORF141) revealed approxi- 
mately 61% similarity and 27% identity 
(21). Given that the gene VI product of 
co l i~hage  M13 and probably other fila- 
mentous phages is a small hydrophobic 
protein that. assembles into the virion par- 
ticle (16), these observations may cast 
doubt on the ~ r o ~ o s e d  role of the ace gene 
product as an  accessory cholera enterotox- 
in (6) .  . 

TCP pili as receptors for CTX*. The  
fact that several filamentous bacterio- 
phages use pili as receptors for infection of 
host bacterial cells prompted us to evalu- 
ate the possibility that TCP  pili play an  
analogous role for CTX@. 0 3 9 5  recipient 
cells were readily transduced by CTX@ 
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when grown at pH 6.5 (a ToxR-activated 
condition that is permissive for TCP ex- 
pression) but were not transduced when 
grown at pH 8.5 (Table 2 ) .  An  isogenic 
mutant of classical strain 0395 [which is 
defective in the production of TCP pili 
(SC262) by virtue of a nonpolar point 
mutation in the t cpA  gene (22)] was corn- 
pletely resistant to transduction by KrnR 
CTX@ particles (Table 2). Other TCP- 
defective mutants of 0395,  including the 
toxR mutant JJM43 (23) and t cpA  mutant 
TCP2 (23), were similarly defective as re- 
cipient strains, whereas other strains carrying 
point mutations in tcpA that do not affect 
expression of TCP pili (SC253 and SC254) 
were active as phage recipients. When either 
SC262 or JJM43 was transformed with 
pCTX-Km by eleccroporation, both strains 
readily produced high titers of KmR-trans- 
ducing particles, which indicated that tcpA 
mutations do not interfere with replication 
or ~nolphogenesis of CTXQ. Finally, CTXQ 
adsorbs efficiently to TCP piliated cells of V. 
cholerae but not to nonpiliated cells; antisera 
directed against TCP blocks phage infection, 
whereas control antiserum directed against 
CT does not. Thus, the ToxR-regulated 
TCP pili of V, cholerae apparently are the 
functional receptors for CTX@. 

Enhancement of transmission of CTXQ, 
by in vivo gene expression. Because an 
intestinal colonization factor (TCP) is the 
receptor for CTXQ, we investigated wheth- 
er transduction of CTXQ could be demon- 
strated within the gastrointestinal tract. 
Accordingly, bacterial cells of donor strain 
RV508 (pCTX-Km) and recipient strains 
Bah-2 or 0395 were grown under ToxR- 
repressed conditions, washed extensively, 
diluted to a final cell density of 2 x lo6 
cells/ml, and then mixed together. Approx- 
imately 50 pl of the mixed inocula was 
immediately administered by gastrointesti- 
nal inoculation to of a group of CD-1 suck- 
ling mice (8). The same mixed inocula were 
spotted onto Luria agar plates or added to 

Luria broth and then incubated for 24 hours 
under various laboratory conditions, includ- 
ing those known to be permissive for ex- 
pression of TCP pili. After 24 hours, the 
small intestines of infected mice were re- 
moved and plated on selective media to 
establish the percentage of the recipient 
strain that had been transduced to KinR in 
vivo. The various in vitro cultures were 
analyzed in the same way. 

As shown in Fig. 4, for the El Tor recip- 
ient strain Bah-2, approximately 0.5% of 
the cells grown in vivo were transduced to 
KmR after intra-intestinal co-cultivation 
with the CTX@ donor strain. This is at 
least six orders of magnitude greater than 
the fraction of Bah-2 cells that were trans- 
duced in vitro regardless of the growth con- 
ditions. When the classical strain 0395 was 
used as the recipient of the CTXQ under 
the same in vivo conditions, we observed 
that a large percentage of recipient cells 
(approximately 50%) had acquired the 
CTXB (Fig. 4). 

These data indicate that CTX@ has 
evolved to be a highly efficient transmissi- 
ble agent within the gastrointestinal envi- 
ronment and provide strong genetic evi- 
dence for expression of TCP pili in vivo by 
both El Tor and classical strains. The clas- 
sical strain 0395 was also highly transduced 
under all in vitro conditions tested. This 
result is consistent with previous observa- 
tions, which suggests that classical strains 
produce TCP pili more readily in vitro than 
do El Tor strains (1  0, 13, 24). These data 
further suggest that classical strains of V. 
cholerae may be less suitable as live attenu- 
ated cholera vaccines than El Tor strains, 
given their elevated potential for re-acqui- 
sition of f~~nctional CT genes by means of 
CTXQ transduction (25). 

Conclusions. The results presented 
here provide a new mechanism by which 
horizontal eene transfer filnctions in the 

u 

emergence of pathogenic microbes. Spe- 
cifically, our results suggest that filamen- 

Table 2. Cn-KmQ transduction of V. cholerae strains, wh~ch vary In expression of TCP pili. All strains 
are derivatives of the class~cal V cholerae strain 0395 and were grown overnight under in vitro growth 
conditions [Lur~a broth, pH 6.5, with aeration (lo)] to maximize expression of TcpA unless othel-wise 
indicated. The Cn-KmQ transduction efficiency (transductants/ml) was assayed on the indicated 
strains by determ~nat~on of the number of KmR colony-forming units after a 40-min ~ncubation of the 
cultures with serially diluted Cn-KmQ. 

Stra~n 
(reference) Relevant characteristic or growth contition 

CTX-KmQ 
transduction 

eff~ciency 

0395 (10) Wild-type classical strain grown at pH 6.5 (ToxR activated) 3.6 xlo7 
0395 Wild-type class~cal strain grown at pH 8.5 (ToxR repressed) 0 
JJM43 (8) Deletion of toxR 0 
TCP2 (23) Deletion of tcpA 0 
SC253 (22) V9M (Valg+Met) substitution in TcpA (TCP pilit) 4.0 x 10' 
SC254 (22) V20T (Valm+Thr) substitution ~n TcpA (TCP pilit) 6.0 x 106 
SC262 (22) G (-1)s substitution in TcpA (TCP pili-) 0 

tous bacteriophages may represent a pre- 
viously unrecognized family of viruses par- 
ticipating in lysogenic conversion of bac- 
terial uathoeens. Filamentous viruses " 

appear well suited for the transfer of genes 
between bacterial clones and for lysogenic 
conversion. Flla~nentous phage morpho- 
genesis is not severely hampered by the 
size of heterologous DNA inserted into 
their genomes, and the production of fil- 
amentous phage  articles usually does not 
have a highly deleter~ous effect on bacte- 
rial host cells. The pili that filamentous 
phages use as their receptors are ubiqui- 
tous and conserved structures that are of- 
ten encoded by transmissible elements 

Ei Tor biotype recipient 
10-1 . ~n vitro 
10.31 In vivo 

?I .- 
a - Classical biotype recipient 

Fig. 4. Transduction eff~ciency of recipient strains 
in v~tro and in vivo. Washed cells of donor strain 
RV508 (pCTX-Km) were mixed with either of two 
recipient strains (Bah-2 or 0395) that had been 
grown In Lur~a broth [pH 8.5; nonpermissive con- 
ditions for expression of TCP pili (lo)]. Approxi- 
mately 1 O5 total cells of each m~xture was inocu- 
lated into 5 ml of Luria broth or onto the surface of 
a Luria agar plate and then incubated at the ~ndi- 
cated temperature for 24 hours (the in vitro con- 
ditions). The same mixtures were also used to 
gastrointestinally inoculate groups of 5-day-old 
CD-I suckling mice. There were at least five mice 
per group. After 24 hours, the mlce were killed 
and ~ntest~nal homogenates prepared (the in vivo 
condit~on). Al! in vitro growth cultures and intes- 
tinal homogenates were then titered for KmR 
(transduced) and sensitive (nontransduced) re- 
cipient cells; streptomycin was used to coun- 
terselect the RV508 donor cells. The ratio of the 
total number of transduced cells divided by the 
total number of recipient cells recovered equals 
the fraction of the recipient cells transduced. The 
med~an and range are shown on the bar graphs 
depicting the in vivo transduction experiments. 
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themselves. The fact that pili often are 
virulence and colonization factors in 
Gram-negative organisms supports our 
conclusion that manv DNA transfer 
events mediated by filamentous phages 
may occur on host mucosal surfaces. 

Our results also ernvhasize the co-evolu- 
tion of genetic elements mediating the trans- 
fer of virulence genes with the ~athogenic - - 
bacterial species they infect. Thus, a viru- 
lence factor (TCP) is the receptor for a 
bacteriophage encoding another virulence 
factor (CT), both of which are coordinately 
regulated by the same virulence regulatory 
gene (toxR).  In this case, the natural habitat 
of both phage and pathogen is the gastroin- 
testinal tract. It is apparent that this host 
compartment provides the necessary envi- 
ronmental signals required for the expression 
of essential gene products mediating interac- 
tions between all three participants, namely, 
bacterium, phage, and mammalian host. 

REFERENCES AND NOTES 

1. M. J. Betey, V. L. Miller, J. J. Mekaanos,Annu. Rev. 
Microbiol. 40, 577 (1986); J Morschhauser, V. Vet- 
ter, L. Emody, J. Hacker, Mol. Microbiol. 11, 555 
(1994); R. Taylor, C. Shaw, K. Peterson, P. Spears, 
J. Mekalanos, Vaccine 6, 151 (1988); J. R e d  and J. 
J. Mekaanos, Mol. Microbiol. 18, 685 (1 995). 

2. J. J. Mekaanos, Cell 35, 253 (1983) 
3. G. D. N. Pearson, thesis, Harvard Universty Medical 

School (1 989). 
4. G. D. N. Pearson, A. Woods, S. L Chlang, J. J 

Mekalanos, Proc. Natl. Acad. Sci. U.S.A. 90, 3750 
(1 993). 

5. A. Fasano et a/. , bid. 88, 5242 (1 991) 
6. M. Trucksls, J. Galen, J. Michaski, A. Fasano, J. 6.  

Kaper, ibid. 90, 5267 (1 993) 
7. J. B. Kaper, J. Mchaski, J. M. Ketley, M. M. Levlne, 

lnfect. lmmun. 62, 1480 (1 994). 
8. R. K Taylor, V L. Miller, D. B. Furlong, J. J. Mekala- 

nos, Proc. Natl. Acad. Sci. U.S.A. 84, 2833 (1 987). 
9. V. L. Miller and J. J. Mekalanos, ibid. 81, 3471 

(1984); V. J. DiRita, Mol. Microbiol. 6, 451 (1992). 
10. V. L. Mlller and J. J. Mekalanos, J. Bacteriol. 170, 

2575 (1988); V. J DlRita, C. Parsot, G. Jander, J J 
Mekalanos, Proc. Natl. Acad. Sci. U.S.A. 88, 5403 
(1991); G. Jonson, J Holmgren, A.M Svennerhom, 
lnfect. lmmun. 60, 4278 (1992). 

11 I. Godberg and J. J. Mekalanos, J. Bacterlol. 165, 
723 (1 986). 

12 ,  The prmers used to determine the sequence of the 
t (+) DNA strand upstream of cep were 5'-CGGAAA- 
ACAGCAAGAAAAC-3' and 5'-AGAACAGAACGAG- 
AACGG-3'. The prlmers used to determine the DNA 
sequence of the (-) DNA strand downstream of ctxB 
were 5'-AATAATMCGCCTCAT-3' and 5'-CGAT- 
GATGAGAAGCAACC-3'. Dye terminator cycle se- 
quencing with a k ~ t  using AmpTaq DNA polymerase 
FS (Perkn-Elmer) was carrled out according to the 
manufacturer's recommendations. DNA sequences 
were determined with an ABI 373A DNA sequencer. 

13. M. K. Waldor and J. J. Mekalanos, lnfect. lmmun. 62, 
72 (1 994). 

14. J. Kenner eta/. , J. lnfect. Dis. 172, 11 26 (1 995). 
15. P. Model and M. Russel, In The Bacteriophages, R. 

Calendar, Ed. (Plenum, London, 1988), vol. 2, pp. 
375-456. 

16. M. K. Wador and J. J. Mekaanos, data not shown. 
17 E. V. Koonn, FEES Lett. 31 2, 3 (1 992). 
18. M. Russel, Trends Microbiol. 3, 223 (1995). 
19. A. S. Ho, T. A. Metzner, A. J. Smith, G. K. Schoolnik, 

J. Exp. Med. 172, 795 (1 990). 
20. D. F. HIII, N. J. Shod, R. N. Perham, G. B. Petersen, 

J. Mol. Biol. 21 8, 349 (1 991). 

21. Homology between the ace and orfl41 gene prod- 
ucts was detected with the BLASTP program [S. 
Altschul et a/. , J. Mol. Biol. 21 5, 403 (1 990)] run on 
the Natlona Center for Blotechnology Information 
server wth the nonredundant proten databases as 
of 18 Aprl 1996. The percent similarity and dentty 
between theace gene product and the orfl41 prod- 
uct was determined wlth BESTFIT (Program Manual 
for Wisconsin Package, version 8.0, September 
1994, Genetics Computer Group, 575 Science 
Drive, Madison, WI 5371 1, USA). 

22. S. L. Chiang, R. K. Taylor, M. Koomey, J. J. Mekala- 
nos, Mol. Microbiol. 1 7, 1 133 (1 995). 

23. D. A. Herrlngton et a/. , J. Exp. Med. 168, 1487 
(1 988). 

24 R. H. Hall, P. A. Vlal, J. B. Kaper, J. J. Mekalanos, M. 
M. Levine, Microb. Pathogen. 4, 257 (1988). 

25. J. J. Mekaanos and J. C. Sadoff, Science 265,1387 
(1 994); J. J. Mekaanos et a/. , Bull, lnst. Pasteur 93, 
255 (1 995). 

26. M. K. Wador and J. J. Mekaanos, J. lnfect. Dis. 170, 
278 (1 994). 

27. This work was supported by N H  grants A118045 to 
J.J.M, and A101321 to M.K.W. We thank D. Furlong 
for invaluable help with the electron microscope and 
D. Steiger for help wth the DNA sequencing. We are 
grateful to Mekalanos laboratory members, espe- 
cially E. Rubn, J. Tobias, S. Chiang, and G. Pearson, 
for valuable support, suggestions, and strains. All 
experiments lnvovng animals were done in accord- 
ance with the guidelines for animal expermentation 
of Harvard Medical School. 

22 April 1996; accepted 28 May 1996 

Minimal Energy Requirements 
in Communication 

Rolf Landauer 

The literature describing the energy needs for a communications channel has been 
dominated by analyses of linear electromagnetic transmission, often without awareness 
that this is a special case. This case leads to the conclusion that an amount of energy 
equal to kTln 2, where kT is the thermal noise per unit bandwidth, is needed to transmit 
a bit, and more if quantized channels are used with photon energies hv > kT. Alternative 
communication methods are proposed to show that there is no unavoidable minimal 
energy requirement per transmitted bit. These methods are invoked as part of an analysis 
of ultimate limits and not as practical procedures. 

Information is inevitably tied to a physical 
representation, such as a mark on a paper, a 
hole in a punched card, an electron spin 
pointing up or down, or a charge present or 
absent on a capacitor. This representation 
leads us to ask whether the laws of ohvsics 
restrict the handling of information'and in 
particular whether there are minimal ener- 
gy dissipation requirements associated with 
information handling. The subject has 
three distinct but interrelated branches 
dealing, respectively, with the measurement 
Drocess, the communications channel, and 
computation. Concern with the measure- 
ment process can be dated back to Max- 
well's demon (1). In the development of 
that subject, the notion that information is 
physical was introduced by Szilard ( 2 ) ,  al- 
though it was not widely accepted for many 
decades. Concern with the co~n~nunications 
channel became a subject of intense con- 
cern after Shannon's work ( 3 ) :  It is the 
newest of the three branches, computation, 
that has caused us to reexamine the per- 
ceived wisdom in the two earlier areas ( 1 ,  
4-8). It was pointed out long ago (9) that 
the steps in the computational process that 
inevitably demand an energy consiunption 
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with a known and s~ecifiable lower bound 
are those that discard information. It was 
also understood long ago (9) that opera- 
tions that do throw away information, such 
as the logical AND and the logical OR, can 
be imbedded in larger operations that per- 
form a logical 1:1 mapping and do not 
discard information. Nevertheless, a real 
understanding of what 1s now called revers- - 
ible computation came from the work of 
Bennett (10. 11 ), who showed that comou- 
tation can always be conducted through a 
series of logical 1 : 1 mappings. Bennett fur- 
thermore showed that physical implemen- 
tations exist that allow this mapping to be 
utilized to oerform cornoutation with arbi- 
trarily little dissipation per step, if done 
sufficiently slowly. Bennett's discussion 
envisioned classical machinerv with vis- 
cous frictional forces proportional to the 
velocitv of motion. It is these forces that 
can be made as small as desired, through 
slow computation. 

The llotion of logically reversible opera- 
tions, which .do not discard information, 
provides the unifying thread between the 
three fields of measurement, communica- 
tions, and computation. In the measurement 
Drocess, transfer of information from the 
system to be measured to the meter does not 
require ally minimal and unavoidable dissi- 
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