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Abstract. A clinical isolate of nontoxigenic Vibrio cholerae O1 that caused intestinal fluid 
accumulation (FA) in adult mice produced proteolytic, hemolytic, and cytotoxic activities in 
in vitro assays. The linkage of these secreted factors to the FA activity was studied by transposon 
(TnphoA) mutagenesis. Ten of the 12 TnphoA insertion mutants that were defective for proteo- 
lyric activity produced FA, hemolytic and cytotoxic activities; the remaining two mutants lost 
these latter three activities. These results indicate that FA activity is independent of proteolytic 
activity but closely associated with cytotoxic and hemolytic activities. Our results with the 
adult mouse model and a nontoxigenic V. cholerae O1 are in general agreement with previous 
studies that demonstrated linkage of cytotoxin and hemolysin of toxigenic V. cholerae O! and 
non-O1 with FA activity in rabbit ileal loops. 

Vibrio cholerae serogroup O1 causes a severe diar- 
rheal illness in humans by colonizing the small intes- 
tine and secreting cholera toxin (CT) [14]. However, 
attenuated V. cholerae O 1 strains with a deletion of 
the genes encoding CT (ctxAB) caused a mild to 
moderate diarrhea in human volunteers [11]. This 
finding led to the hypothesis that V. cholerae O1 
produces other factor(s) that stimulate secretory ac- 
tivity in intestinal epithelial cells [3]. Takeda et al. 
[24] detected heat-stable (ST) enterotoxin in a CT 
gene-positive strain of V. cholerae O1. Fasano et 
al. [3] reported the identification of a new toxin, 
ZOT (zonula occludens toxin), produced by both 
CT-producing and ctxA deletion mutants of V. chol- 
erae O1 strain 395. Baudry et al. [1] cloned the zot 
gene, which is located immediately upstream of the 
ctx genes on the toxigenic V. cholerae chromosome, 
but the zot gene sequences could not be detected 
in a naturally occurring nontoxigenic (non-CT) V. 
cholerae O1 strain 1196-78. Taylor et al. [26] ob- 
served that an essential colonization factor for V. 
cholerae in animals, the cholera toxin co-regulated 
pilus (Tcp), is present in all toxigenic clinical isolates 
but absent in most environmental and non-CT iso- 
lates of V. cholerae. 

Although lacking the ctx genes, some naturally 
occurring non-CT V. cholerae O1 strains have been 
associated with diarrheal diseases and other infec- 

tions of humans [6, 9, 17]. The virulence properties 
of these strains are unknown, and their public health 
importance remains uncertain. We have recently ob- 
served that certain clinical and environmental iso- 
lates ofnon-CT V. cholerae O1 that did not hybridize 
CT, Escherichia coli heat-labile, heat-stable, and 
shiga-like toxins gene-probes produced positive in- 
testinal fluid accumulation (FA) activity in adult 
mouse; the FA was comparable to that produced by 
a known toxigenic strain, 569B [18]. Some of these 
non-CT O1 mouse-enteropathogenic strains also 
produced proteolytic and hemolytic activities on 
plate assays (unpublished data) and cytotoxic activi- 
ties on tissue culture cells. 

The transposon, TnphoA, mutagenesis has been 
applied to identify virulence determinants in V. chol- 
erae and other intestinal pathogens [4, 8, 16, 19, 27]. 
TnphoA creates fusions between target genes and 
the E. coli gene for alkaline phosphatase. Hybrid 
proteins encoded by such gene fusions exhibit little 
or no PhoA activity unless the target gene product 
is a secreted or membrane-spanning protein [13]. 
Because exported proteins represent the most fre- 
quent classes of proteins recognized to be involved 
in bacterial pathogenesis, the use of TnphoA pro- 
vides a strong enrichment for insertion mutations in 
virulence genes [25, 27]. In the present study, we 
generated TnphoA insertion mutants of a naturally 
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o c c u r r i n g  n o n - C T  V. cholerae O1 ( s t r a i n  1029-84)  

t h a t  p r o d u c e d  t h e  h i g h e s t  F A  a c t i v i t y  [18] to  d e t e r -  

m i n e  t h e  l i n k a g e  o f  in  v i t r o  p r o d u c t i o n  o f  p r o t e a s e ,  

h e m o l y s i n ,  a n d  C H O - c e l l  c y t o t o x i n  w i t h  t h e  F A  ac-  

t i v i t y  in  t h e  a d u l t  m o u s e  i n t e s t i n e .  

M a t e r i a l s  a n d  M e t h o d s  

Bacterial strain and chemical reagents. The study strain 1029-84, 
a V. cholerae serogroup O1 and biotype E1 Tor, was isolated 
from a patient with watery diarrhea and did not produce CT in 
the Y-1 adrenal cell assay and the ganglioside GMI-ELISA [18]. 
The strain was stored in 30% glycerol at -70~ and grown in 
Luria broth (LB) or on LB agar [21]. Antibiotics (Sigma Chemical 
Co., St. Louis, Missouri) used were: ampicillin, 100/xg/ml; genta- 
micin, 30/zg/ml; kanamycin, 300/xg/ml; streptomycin, 100/xg/ml; 
and tetracycline, 15 l.~g/ml. The chromogenic substrates (Sigma 
Chemical Co.) 5-bromo-4-chloro-3-indolyl-phosphate (XP) and 5- 
bromo-4-chioro-3-indolyl-beta-D-galactopyranoside (used to de- 
tect alkaline phosphatase activities of the mutants and beta-galac- 
tosidase activity of the subclone carrying TnphoA-probe, respec- 
tively) were incorporated into the agar at a final concentration of 
100/zg/ml. Glucose supplements were at 0.2% final concentration 
[27]. For in vitro DNA manipulations, restriction endonncleases 
(Boehringer Mannheim Biochemicals, Indianapolis, Indiana), T4 
DNA ligase, and E. coli DH5-a cells (GIBCO BRL) were used. 

Construction and isolation of TnphoA insertion mutants. Plasmid 
pRT291 carrying TnphoA (Tc r and Km r) in E. coli SM10 [27] was 
conjugated into a streptomycin-resistant derivative of the non- 
CT V. cholerae O1 strain 1029-84 by cross-streaking on LB agar 
and incubating at 30~ for 16-24 h. The mating mix was then 
spread after dilution onto agar containing streptomycin, tetracy- 
cline, and kanamycin. Transconjugant colonies were subse- 
quently mated with E. coli MM294 carrying the gentamycin- 
resistant plasmid pPH1JI, which is incompatible with pRK290 
[2]. The mating mix was plated on LB agar containing gentamycin, 
kanamycin, and streptomycin, thereby simultaneously selecting 
for pPH 1JI and retention of TnphoA within the chromosome. All 
of the resulting colonies were Tc ~ and carried TnphoA transposed 
from the pRT291 vector. The colonies that carried active phoA 
gene fusions appeared blue on LB agar containing XP. 

Isolation of nonproteolytic, nonhemolytic, and noncytotoxic mu- 
tants. All of the blue colonies were purified and initially screened 
for their proteolytic activity on dialyzed brain-heart  infu- 
sion-milk medium as described by Sokol et al. [22]. Hemolytic 
activities of the mutants were detected on Trypticase soy agar 
plates containing 5% sheep red blood cells (Carr-Scarborough 
Microbiologicals Inc., Decatur, Georgia) after 24 and 48 h of 
incubation at 30~ Proteolytic and hemolytic activities were de- 
termined by measuring the zone of clearing around each colony 
(distance from the edge of the colony to the edge of clearing) and 
were recorded as strong ( + 4 : > 2 . 5  mm), moderate (+3:2.0-2.5 
mm; +2:1.5-1.9 mm), weak (+ 1:1.0-1.5 mm), questionable (• 
<1.0 mm), and none ( - ) .  Cytotoxic activities of the mutants 
were determined by the Chinese hamster ovary (CHO)-cell assay 
as described earlier [18]. 

Quantitation of alkaline phosphatase (PhoA) activity. Single colo- 
nies of the non-CT V. cholerae wild-type and nonproteolytic 
mutant strains were grown in LB containing 0.2% glucose at 

30~ with aeration. Alkaline phosphatase (PhoA) activity was 
measured from the rate of hydrolysis ofp-nitrophenyl phosphate 
by permeabilized cells [15]. The cells were washed in saline and 
resuspended (108-109 cells) in 1 ml of 1 M Tris hydrochloride (pH 
8), and the optical density (D) was measured at 600 nm on a 
spectrophotometer. To 1 ml of the cell suspension one drop of 
0.1% SDS and 2 drops of chloroform were added. The suspension 
was incubated at 37~ for 5 min prior to the addition of 100 
/xl of 0.4% p-nitrophenyl phosphate [19]. The assay tubes were 
incubated at 37~ for 30 rain or until a yellow color was observed, 
and the D was measured at 420 nm and 550 nm. The PhoA activity 
of all nonproteolytic mutant strains and the control wild-type 
strain was based on at least five sets of observations spanning 
an 18-month period. The activity was expressed in enzyme units 
per D600 unit as described previously [15]. 

In vivo assessment of virulence of the mutant strains. The entero- 
pathogenicity of the nonproteolytic mutant strains was examined 
in the sealed-adult-mouse model of Richardson et al. [20], as 
modified earlier [18]. A group of six Swiss Webster mice weighing 
ca. 16-20 g were challenged orally with the live cells of each 
strain (ca. 2 x 10 ~~ CFU/ml) suspended in 0.5 ml of sterile 4% 
NaHCO3 in heart infusion broth. At 5 h post-inoculation the 
animals were killed with CO2, and the FA ratios were determined. 
EA ratios of 100 and above were considered positive [18]. FA 
values produced by the mutant strains were statistically compared 
with the FA value produced by the wild-type strain by use of 
Student's independent t-test. 

Mapping of TnphoA insertions to chromosomal fragments by 
Southern blot analysis. The restriction enzymes XbaI and EcoRV 
do not cut within the TnphoA vector [27]. Chromosomal DNA 
from nonproteolytic, nonhemolytic, and noncytotoxic mutants 
was isolated by the method of Silhavy et al. [21]. The DNA (10 
/xg) was digested with EcoRV, electrophoresed through a 1% 
agarose gel, denatured, blotted onto nylon (Schleicher and 
Schuell, Inc., Keene, New Hampshire), and hybridized as de- 
scribed by Southern [23]. We obtained the probe DNA for 
TnphoA by subcloning a 3.4-kb HindlII fragment from the plas- 
mid pRT291 into PUC18. The probe fragment was isolated from 
a low-melting agarose gel, purified with Gene-clean II (BIO 101, 
La Jolla, California), and labeled with (o~-32p) dcTp (New England 
Nuclear Corp., Boston, Massachusetts) by nick translation 
(Boehringer Mannheim Biochemicals). 

Results 

T w o  h u n d r e d  o f  a p p r o x i m a t e l y  2000  V. cholerae 
c o l o n i e s  c a r r y i n g  i n s e r t s  o f  T n p h o A  a p p e a r e d  a s  

b l u e  c o l o n i e s  o n  L B  a g a r  c o n t a i n i n g  s e l e c t i v e  a n t i b i -  

o t i c s  a n d  t h e  c h r o m o g e n i c  s u b s t a n c e ,  X P .  O f  t h e  

200 T n p h o A  f u s i o n  m u t a n t s ,  12 d i d  n o t  p r o d u c e  a n y  

p r o t e o l y t i c  a c t i v i t y  ( T a b l e  1), a n d  t w o  ( s t r a i n s  

M M 3 4 6  a n d  M M 3 4 7 )  o f  t h e  12 d i d  n o t  p r o d u c e  a n y  

h e m o l y t i c  o r  c y t o t o x i c  a c t i v i t i e s .  T h e  r e m a i n i n g  ! 88 

r e t a i n e d  a l l  t h r e e  b i o l o g i c a l  a c t i v i t i e s  s i m i l a r  to  t h o s e  

o f  t h e  w i l d - t y p e  s t r a i n  1029-84.  

T h e  12 n o n p r o t e o l y t i c  m u t a n t s  p r o d u c e d  g r e a t e r  

a l k a l i n e  p h o s p h a t a s e  a c t i v i t y  t h a n  t h e  w i l d - t y p e  

s t r a i n  ( T a b l e  1). T h e  t w o  n o n p r o t e o l y t i c  m u t a n t s  
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Table 1. Alkaline phosphatase, proteolytic, hemolytic, cytotoxic, and FA activities of the wild-type (1029-84) and TnphoA mutant 
strains ~ 

Alkaline 
phosphatase Proteolytic Hemolytic FA 

Strain (Units) activity b activity " CHO titer 3 values e 

t029-84 5 +3 +2 400 149.9 
MM301 50 - +2 128 115.2 
MM303 115 - +2 32 116.5 
MM304 197 - +2 128 113.4 
MM307 353 - +2 128 112.8 
MM309 370 - +2 128 116.1 
MM311 268 - +2 128 114.5 
MM314 259 - +2 32 115.7 
MM317 338 - +2 128 116.6 
MM321 386 - +2 128 113.3 
MM346 634 - - - 87.1 
MM347 772 - - - 84.2 
MM870 39 - +2 400 146.5 

The results are the mean values of at least three tests for each activity. 
b.~ Relative zone of clearing around colonies (distance from the edge of the colony to the edge of clearing); +3, 2.0-2.5 mm; +2, 
1.5-1.9 mm; +1, 1.0-1.5 mm; and - ,  no clearing. 

The titers are expressed as the reciprocal of the highest dilution that exhibits cytotoxicity in 50% or more of the cells. 
e FA values represent mean fluid accumulation ratios in six mice for each strain. 

(s trains MM346 and  MM347) that  showed highest  
a lkal ine  phospha ta se  act ivi ty  lost  hemolyt ic ,  cyto-  
toxic,  and  FA act ivi ty  (<100).  N i n e  o ther  nonpro-  
teolyt ic  mu tan t s  re ta ined  hemoly t ic  act ivi ty  but  had 
reduced  cyto toxic  and  F A  act ivi ty ;  and one  
(MM870) re ta ined  hemoly t ic ,  cy to toxic ,  and  F A  ac- 
t ivi ty comparab l e  to that of  the wi ld- type  strain (Ta- 
ble 1). All  the mu tan t s  re ta ined  these  charac ter is t ics  
and  did not  rever t  back  to the wi ld- type  p h e n o t y p e  
dur ing  the ent i re  course  of  the s tudy.  The  ranges of 
F A  act ivi t ies  in mice were  119-192 (SD = 23) for 
wi ld- type  s t ra in ,  96-128 (SD = 10) for mu tan t s  pro- 
duc ing  F A  rat ios of  112-116, and  82-92 (SD = 6) 
for n o n e n t e r o p a t h o g e n i c  mutan t s .  The  difference 
be tween  the F A  rat ios  p roduced  by  the en te ropa tho-  
genic  wi ld- type  s t rain and  n o n e n t e r o p a t h o g e n i c  mu-  
tants  were  highly significant  (P < 0.001). Also,  the 
di f ference b e t w e e n  the F A  rat ios p roduced  by  the 
wi ld- type  s t rain and  the m u t a n t s  that  lost  partial  
cy to tox ic  and  F A  act ivi t ies  was  significant  (P < 
0.05). 

Sou the rn  b lot  analys is  with a probe  f rom 
TnphoA showed  that  the inser ts  in the 12 mutan t s  fell 
into two classes  based  on  the size of  the res t r ic t ion  
f ragment  ha rbor ing  TnphoA (approx imate ly  10 or 20 
kb;  Figs.  1 and  2). A single TnphoA ch romosoma l  
inse r t ion  was  p re sen t  in each of  the nonpro teo ly t i c  

R S A B C D E F G H 
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6.6 

4.4 

3.4 

Fig. 1. Southern blot of chromosomal DNA demonstrating inser- 
tion of TnphoA in groups of nonproteolytic mutant strains with 
similar FA activity. DNA was digested with EcoRV and probed 
with a 3zp-labeled internal fragment of TnphoA. Lanes: A, 
MM301; B, MM303; C, 1029-84 (wild-type parent strain); D, 
MM311; E, SM10 (E. coli); F, MM314; G, MM317; H, MM321; 
R, pRT291 (plasmid carrying TnphoA) digested with HindIII and 
EcoRI; S, pMM001 (plasmid carrying a fragment of TnphoA) 
digested with HindIII. The numbers to the left of the gel indicate 
the sizes (in kilobases) of the bands. 
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R S I J K L M N 0 
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4.4 m 

3.4 - -  

Fig. 2. Southern blot of chromosomal DNA demonstrating inser- 
tion of TnphoA in groups of nonproteolytic mutant strains with 
different FA activities. DNA was digested with EcoRV and 
probed with a 32p-labeled internal fragment of TnphoA. Lanes: 
I, MM309; J, 1029-84 (wild-type parent strain); K, MM870; L, 
MM307; M, MM304; N, MM346; O, MM347; R, pRT291 (plasmid 
carrying TnphoA) digested with HindIll and EcoRI; S, pMM001 
(plasmid carrying a fragment of TnphoA) digested with HindIII. 
The numbers to the left of the gel indicate the sizes (in kilobases) 
of the bands. 

m u t a n t s  e x c e p t  one  (s t ra in  MM309) ,  which  a p p e a r e d  
to have  two  inser t s  (Fig.  2, l ane  I). The  T n p h o A  

inse r t  in s t ra ins  MM346 and  MM347,  which  l a c k e d  
p r o t e o l y t i c ,  h e m o l y t i c ,  c y t o t o x i c ,  and  F A  ac t iv i t i es ,  
a p p e a r e d  to be  in the  s a m e  c h r o m o s o m a l  l oca t i on  
(Fig.  2, l anes  N and  O). 

Discussion 

T n p h o A  m u t a g e n e s i s  o f n o n - C T  V. cholerae O1 pro-  
d u c e d  p r o t e a s e - d e f i c i e n t  m u t a n t s  tha t  we re  pos i t i ve  
for  p h o A  ac t iv i ty .  The  t r a n s p o s o n  was  in se r t ed ,  
m o s t  p r o b a b l y ,  in to  a gene  e n c o d i n g  a s e c r e t e d  or  
m e m b r a n e  p r o t e i n  [ 13]. M u t a n t s  tha t  los t  p r o t e o l y t i c  
ac t i v i t y  a lone  r e t a i n e d  F A  ac t iv i ty ;  thus ,  F A  ac t iv i ty  
a p p e a r s  i n d e p e n d e n t  o f  p r o t e a s e  e x p r e s s i o n .  

The  two  m u t a n t s  tha t  s i m u l t a n e o u s l y  los t  h e m o -  
ly t ic  and  c y t o t o x i c  ac t iv i t i e s  los t  F A  ac t iv i ty  com-  
p l e t e ly .  N ine  o t h e r  m u t a n t s  tha t  r e t a ined  h e m o l y t i c  
ac t i v i t y  bu t  los t  pa r t i a l  c y t o t o x i c  ac t iv i ty  r e t a i n e d  
s o m e  F A  ac t iv i ty .  F A  ac t iv i ty  c o m p a r a b l e  to the  
wi ld  t y p e  was  o b s e r v e d  on ly  wi th  a s ingle m u t a n t  
t ha t  p r o d u c e d  h e m o l y t i c  and  c y t o t o x i c  ac t iv i t i es  
e q u i v a l e n t  to t h o s e  o f  the  wi ld  t ype .  P r o b a b l y ,  some  

leve l s  o f  c y t o t o x i c  and h e m o l y t i c  ac t iv i t i es  a re  re-  
qu i r ed  for  F A  ac t iv i ty .  The  t r a n s p o s o n  inse r t ion  in 
the  two  F A - n e g a t i v e  m u t a n t s  tha t  l a c k e d  p r o t e o -  

ly t ic ,  h e m o l y t i c ,  and  c y t o t o x i c  ac t iv i t i es  m a y  have  
a f fec ted  r e g u l a t o r y  genes  o r  genes  tha t  e n c o d e  p r o d -  
uc t s  n e c e s s a r y  for  t r a n s p o r t  o r  a s s e m b l y  o f  t h e s e  
s e c r e t e d  fac to r s .  

The  p o s s i b l e  ro le  o f  e x t r a c e l l u l a r  h e m o l y s i n s  and  
c y t o t o x i n s  in d i s ea se  p a t h o g e n e s i s  b y  d i f fe ren t  Vib- 

rio spp.  has  b e e n  d e s c r i b e d  [5, 7, 10, 28, 29]. CT-  
p r o d u c i n g  V. cholerae O1 and  non-O1 s t ra ins  a re  
k n o w n  to p r o d u c e  c y t o t o x i n  w h i c h  s t imu la t e s  F A  
in rabb i t  i leal  l oops  [12]. Our  r e su l t s  wi th  T n p h o A  

mutan t s  o f  a c l in ica l  n o n - C T  V. cholerae O !  and  a 
m o u s e  m o d e l  s u p p o r t  p r e v i o u s  o b s e r v a t i o n s  tha t  the  
c y t o t o x i c  and h e m o l y t i c  f ac to r s  a re  l i nked  wi th  en-  
t e r o p a t h o g e n i c i t y  [7, 12]. P r o d u c t i o n  o f  c y t o t o x i n  
and  h e m o l y s i n  m a y  p l a y  a ro le  in the  p a t h o g e n e s i s  
o f  in fec t ions  c a u s e d  b y  n o n - C T  V. cholerae O1. 
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