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Laboratory microecosystems (microcosms) prepared with a chemically defined 
sea salt solution were used to study effects of selected environmental parameters 
on growth and activity of Vibrio ello/erne. Growth responses under simulated 
estuarine conditions of 10 strains of V. cllo/erae , including clinical and environ­
mental isolates as well as serovars 01 and non-Ol , were compared, and all strains 
yielded populations of approximately the same final size. Effects of salinity and 
temperature on extended survival of V. eho/erae demonstrated that , at an 
estuarine salinity (25°/0 0 ) and a temperature of lODe. v. cllo/erae survived (i.e .. 
was culturable) for less than 4 days. Salinity was a lso found to influence ac tivity. 
as measured by uptake of 14C-amino acids. Studies on the effect of se lected iom 
on growth and activity of V. eho/erlle demonstrated that Na· was required for 
growth. The results of this study further support the '>tatus of V. cho/erae as an 
estuarine bacterium. 

- ------ - - --
Vibrio cho/erae. causative agent of epidemic 

cholera. has been isolated from a variety of 
clinical and environmental samples (1-6. 9. 1 D, 
16,22,23). The majority of V. cho/erae strains 
isolated from the environment are non -Ol sero­
vars (16, 23), although 01 serovars have also 
been observed in areas where limited outbreaks 
of cholera have occurred (2). 

The patchy distribution of serovars of V. 
eho/erae in coastal and estuarine waters is unre­
lated to sewage contamination or to the presence 
of wastes that can serve as potential vehicles of 
entry into the environment (16). To account for 
the apparently sporadic distribution of V. cllO­
/('rae in aquatic environments as well as the 
repeated occurrence of this organism in regions 
with no reported outbreaks of cholera. Colwell 
et al. (6) hypothesized that V. cho/erne is a 
member of the autochthonous. i.e., naturally 
occurring, microbial flora of brackish water and 
estuaries. Many of the results of studies of the 
occurrence of V. cho/erae in aquatic environ­
ments, as well as sporadic outbreaks of cholera 
in localities without an apparent source of the 
organism. can be explained by the autochtho­
nous nature of V. ella/erne in brackish water and 
estuarine environments . 

Although the organism is known to occur in 
diverse aquatic systems. th e influence of envi -
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ronmental parameters on growth of V. cllo/eme 
has not been examined under controlled cond i­
tions. Salinity and nutrient concentrations have 
been reported to influence the growth and viabil­
ity of V. cho/ewe , and results of such stlldie~ 
may. in part, exp lain the apparently selective 
distribution of V. clio/ewe in estuarine sys tem s 
(5, 16). However. effects of environmental pa­
rameters other than salinity and nutrient concen­
tration have not been considered in detail. 

Evaluating the influence of selected environ­
mental parameters on a bacterial population is 
d ifficult because of the spatial and temporal 
heterogeneity of such populations in situ and the 
constantly changing conditions of the environ­
ment, especially in tidal estuaries. Thus. it is 
difficult to interpret resu lts obtained from in situ 
studies designed to evaluate the influence of one 
or more environmental parameters on a given 
bacterial spec ies. Application of laboratory mi ­
croecosystems (microcosms) offers a valuable 
tool for ecological studies, s ince microcosms 
enable replication of experimental units. Fur­
thermore. environmental conditions can be sim­
ulated in laboratory experiments, and the results 
can be validated statistically. Thus . a microcosm 
can be used to define physical. chemical. and 
biological parameters of a given environment 
and to control those parameters during experi ­
mentation. Results obtained from experiments 
with microcosms must be interpreted carefu ll y. 
since in situ activities are simulatetl but not 
necessal-ily precisely reproduced. Microcosm 
experiments are most useful when run in con­
junction with in situ studies , thereby permitling 

1047 

ApPLIED AND ENVIRONMENTAL MICROBIOLOG Y. Nov. 1982. p. 1047- 1058 
0099 · 22401821111047 · I~S02 . 00/0 

Vol 44 . No . 5 

Copyrigh t {') 1982. American Socie ly for M,crnh,olog\' 

Effects of Temperature and Salinity on Vibrio cholerae 
Growth 

F. L. SINGLETON. t R. ATfWELL,t S. JA NGI.§ AND R. R. COLWELL' 

/)rpartm l'nt of Microbia/OilY, Vnil 'cr.ily 4 Mary/alld. Col/ril e PC/rk. Mary/alld 20742 

Rece ived 19 February 1982/ Ac ccplco 28 July 1982 

Laboralory microecosystems (microcosms ) prepared with a che mica ll y defined 
sea sail so lution were used to s tud y effects of se lected environmental pa rame ters 
on growth and activity of Vibrio ella/erne . Growth respo nses under sim ulated 
estua rine conditions of 10 stra ins of V. c/IO/erae, inc lut!ing c linical and environ ­
mental isolates as well as serovars 01 and non-Ol, were compared , and all s tra ins 
yie lded populations of app ro xima te ly the same final size . Effec ts of sa lini ty and 
temperature on extended survival of V. cho/ewe demonstrated th a t , at an 
est uarine salinity (25% 0) and a temperature of lODe . v. cho /ert/e surv ived (i.e .. 
wa~ culturable) for less than 4 days . Salinity was a lso fount! to influence ac tiv it y. 
as measured by upt ake of 14C -amino acid s. Studie s on th e effec t of se lec ted ions 
on growth and activity of V. cho/erae demonstrated th at Na ' was required for 
growth. The results of this 'itudy further support Ih e 'itatus of V. ella/erne as an 
es tua rine bacterium. 

- - - ----- --
Vibrio cho/erae. causative agent of epidemi c 

cho lera. has been isola ted from a variety of 
clinical and environmental samples 0-6, 9. 10 , 
16,22 , 23). The majorit y of V. cho/erae strains 
isolated from the en vironmen t a re no n-Ol sero­
vars (16, 23) , a ll hough 01 serovars have a lso 
been observed in areas where limite t! outbreaks 
of c holera have occurred (2). 

The patchy distribution of serovars of V. 
eho/erae in coastal and estuarine waters is unre­
lated to sewage contamination or to th e presence 
of wastes tha t can se rve as potential ve hicles of 
e ntry into the environme nt (16). To account for 
the apparentl y sporadic distribution of V. clIO­
/erne in aq ua tic environments as well as the 
repeateo occurrence of this organism in regions 
with no reported outbreaks of chol e ra. Co lwe ll 
et al. (6) hypothesized that V. rho/ern e is a 
member of thc autochthonous, i.e. , natura lly 
occurring, microbial flora of brackish watcr and 
estuaries . Many of the results of studies of the 
occurrence of V. ch o /e ra e in aqua tic e nviron­
me nt s, as well as sporadic outbreaks of cho lera 
in loca liti es without an appare nt source of the 
o rga ni sm . can be explained by the autoc htho­
nous nature of V. cholerae in brackish water and 
est uarine environment s. 

Although th e organism is known to occur in 
diverse aq uati c systems. th e influence of en vi -
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ronmental parameters on growth of V. ello/eme 
has not been examined under con tro lled condi­
tion s . Salinity a nd nutrien t concentrations have 
been reportet! to influence the growth and viabil ­
ity of V. cho /erae, and result s of s uch st udie ~ 
may, in part , exp lain the appare ntl y selec ti ve 
di stribution of V. cho /erae in estuarine sys t em ~ 
(5, 16) . However. effects of e nvironmental pa­
rameters othe r than salinity and nutri ent co nce n­
tration have not been considered in detail. 

Evaluating the influence of se lected enviro n­
mental parameters on a bacterial population is 
difficult because of the spatial a nd temporal 
heterogene it y of such popUlations in s itu and th e 
co nstantly cha nging conditions of the e nviron­
me nt , especially in tid a l es tuaries. Thus , it is 
difficult to interpret result s obtained from in sit u 
s tudie s des igned to eva luate th e influence of one 
or more environmental pa rame ters on a given 
bacterial spec ies. Application of laboratory mi ­
croecosystems (microcosms) offers a valuable 
tool for ecological s tudies, s ince microcosms 
enable repli ca tion of experiment al units . Fur­
thermore. environmental conditions ca n be sim ­
ulated in labora tory expe riments, and th e results 
can be validated sta ti s ticall y. T hus . a microcosm 
can be used to define physical, chemica l. and 
biological parameters of a given e nvironment 
and to control those parameters during experi ­
mentation. Results obtained from experime nt s 
with microcosms must be interpreted ca refull y, 
since in sit u ac ti viti es are simulateo but not 
necessarily precisely reproduced. Mic rocosm 
experiment s are most lI seful when run in con­
junction with in situ studies , thereby permitting 
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tests, both in the laboratory and in the field, of 
hypotheses concern ing activities of bacterial 
species in the natural environment. 

The object ive of this study was to evaluate the 
effects of se lected environmenta l parameters on 
act ivity and growth of populat ions of V. cho­
leral:' in aquatic microcosms so that the role of 
this species in aquatic environments can be 
evaluated . 

MATERIALS AND METHODS 

Microcosm preparation. Microcosms . each of which 
consisted of 50 ml of a c hemically defined sea salt 
solutio n (27) brought to appropriate sa linit y a nd con ­
ta ined in an acid-cleaned, 125 -ml Erlenmeyer flask, 
were inoculated with washed ce ll suspensions of 
stra ins of V . cholerat'o All microcosms were incubated 
for appropriate intervals at designated temperatures 
with constant agitation by rotary shakers (125 rpm). 

Inoculum preparation. Strain~ of V . cho/erae were 
inc ubated for 18 h at 30°C in tryptic soy brot h (Difco 
Labora torie s, Detroit. Mich.). Cells were collected by 
ce ntrifuga tion and washed five times wi th a ste ri le 
0 .85% (wt/vol) NaCI sol ution . After the final washing, 
a stock suspension was prepared in ste ril e 0.85% 
NaC !. Washed suspensions of test strai ns were used as 
inocula at an initial ce ll concentration of 4 x 102/m!. 

Ce ll s used in experime nts designed to establish 
spec ific ion requ irements for growth were washed and 
d iluted in basal salt solution prepared without NaC!. 
After stock suspensions were prepared. the cell con ­
cent rdtion was determined by ac ridine orange direct 
count (AODC) (7. 11. 14). appropria te dilutions were 
prepared in 0.85% NaCI or sea salt solution (27), and 
microcosms were inoculated . 

Bacterial strains and culture conditions. We used 10 
strains of V. cho/erae obtained from the stock culture 
collection at the Unive rsity of Maryland. College 
Park. Fresh c ultu res on tryptic soy agar (Difco) slan ts 
were prepared , as needed, from stock cu ltures main­
tained under liquid nitrogen . 

Bacterial enumera tion. Samples we re co llected asep­
tically with sterile I -m l pipettes . and total vi<lb le i.e ., 
eult urab le . bac teria were enumerated by spread plat ­
ing onto tryp ti c soy agar . Samples for viable counts 
were diluted in sea salt so lution prepared to the same 
salinity as those of the microcosms being sampled . All 
c ulture plates were incubated for 7 days at 25°C before 
colony-forming units were counted. We established a 
s tati sti ca ll y designed sampling regi me based on a 
preliminary compone nt of varia nce ana lysis (18) to 
es timate accurate ly the mean number of culturable 
bac teria. For the experiments reported here. a design 
consist ing of three microcosms per treatme nt. o ne 
sample per microcosm. a nd three cu lture plates per 
sample was used. For tota l bacterial counts, I-m l 
samples were collec ted aseptica ll y, a nd cou nt s were 
obtained by AODC and epifluorescence microscopy 
(7, 11. 14) . 

Heterotrophic activities. T he heterotrophic activities 
of V. cho/erae popu lation s in microcosms were me<l­
sured by the method of Hobbie a nd Crawford (13) . 
Steri le, acid-cleaned serum vials. eac h containing 25 
ml of sea salt solution with sa linity or specific salt 
concentra tion adjus ted to a desired level. were inocu­
lated with 25- or 50-J.l1 samp l e~ collected from micro-
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cosms aner an appropriate incubation period . In some 
experi l11 ent~. a washed ce ll suspens ion of V. ('h(l /e rlll' 
was used as the inoculum . Each vial was supplement­
ed with a I'C -amino acid mixture (57 mCi/ mg per atom 
of carbon: Amersham Corp .. Arlington Height~. III .) 
to a final concentrat ion of 50 or 100 J.lglliter . T hese 
concentrat io ns did not result in substrate saturation 
under the experimental conditions employed . 

After add ition of am ino acid s . the vials were sealed 
with serum stopper~ fitted with plastic cups containing 
fo lded l -cm 1 pieces of filter paper (What man no . I) . 
All via ls (inc luding controb. wh ich were each fixed 
with 0.2 ml of a solution of ~O% trichloroacetic acid 
[wt/voll and 0.05% mercuric ch loride (wtlvoll in 40~ 
Formalin [vol/vo l)) . unle ss otherwise sta ted were inc u­
ba ted a t 25 ± 1°C for 2 h before the reaction wa~ 
terminated by injection of the trichloroacetic ac id­
mercuric chloride-Formalin mixture. Eac h filter wick 
was satura ted with 0 .2 ml of phenethylaminc to absorb 
14C02 evo lved during a n addit io na l I -h incubation 
period . 

After the second incubation period . filter wi cks 
were placed into scinti ll ation vials. and each ~ u s pen ­
sian was filt e red th rough a 0 .2-J.lm membrane filter 
(type GA-8; Ge lman Sciences, Inc .. Ann Arbor. 
Mich .) a nd rinsed wi th 10 ml of steri le sea salt solu­
tion . After a ir drying, the membrane filters were 
placed into sc intilla tion via ls. Scintill at io n cockta il (10 
ml; Aqueous Counting Scintillant; Amersham) was 
added to each vial, and radioactive counts were made 
with a model LS-3155T liquid sc intill at ion spectropho­
tometer (Beckman Instruments. Inc ., Fu llerton. Cal­
if.). Uptake and incorporation of the amino acid mix­
ture (micrograms liter - I hour - I) were calcula ted by 
the procedure of Hobbie and Crawford (( 3) . 

Ion requirements. To determine the effect of various 
conce ntratio ns of NaCI o n the growth a nd viability of 
V. cho/t'rae. we prepared se lec ted microcosms with a 
sa lt so lution containing the foll owing (grams lite r I): 
MgSO • . 6H 20. 2.86; KBr. 0.07; H,lBO). 0.019: 
MgCI 2 ' 6 H20, 7.74; CaC I ~, 0.82 ; SrCI 1 , 0.017: K2CO •. 
0.05 ; and se lec ted conce ntration s of NaC!. To e nsure 
that the electrolyte solutio ns were prec ise ly defined, 
we used reagents of the highest possible grade and 
[,)Urit y whenever possible. 

To minimize a ny change in tota l sa linit y. we con­
served CI - a nd monova lent ca tion concentrations by 
substitution of molar eq uiva le nt s of KCI o r LiCI for 
NaCI as the amount of NaCI was decreased. Micro­
cosms prepared in thi s way also e nabled determination 
of the ex te nt to which the Na· requirement , if there 
was one, could be sa ti sfied by K + or Li+ (12, 19-21). 
To investigate flirt her the ion requi remen ts of V. 
cholerae. we used a turbidimetric assay for growth in 
the presence of different ion conce ntra tions and sub­
s tra tes. Basal sa lt solu tion in acid-c leaned. J8-mm 
culture tubes was supplemented wi th 1% (wt/vol) 
tryptone (Difco). 1 % (wt/vol) glucose (S igma Chemica l 
Co . , SI. Louis. Mo.). or 1% (wt/vol) glu cose (S igma ) 
plus 0.05% yeas t ex tract (Difco) . The conte nt s of the 
cu ltu re tubes were amended wi th se lec ted conce ntra­
tions of NaC!, NaCI plus KCI or LiCI plus the concen ­
trations of sucrose requ ired to conserve osmotic pres­
sure (J 2) . Culture tube s prepared in this \Va}' were 
inoculated with washed ce ll s to an initial concentration 
of approximate ly IOs/1111 and incubated at 25°C. At 24-h 
intervals for a period of 14 days , cu lture tubes were 
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tests. both in the laboratory and in the fielcl. of 
hypotheses concerning activities of bacterial 
species in the natural environment. 

The objective of this study was to evaluate the 
effects of selected environmental parameters on 
activity and growth of populations of V. cllo­
ferae in aquatic microcosms so that the role of 
this species in aquatic environments can be 
evaluated . 

MATERIALS AND METHODS 

Microcosm preparation. Microcosms. each of which 
consisted of 50 ml of a chemically defined sea salt 
solution (27) brought to appropriate salinity and con ­
tained in an acid-cleaned, 125-ml Erlenmeyer flask, 
were inoculated with washed cell suspensions of 
strains of V . cholerae. All microcosms were incubated 
for appropriate intervals at designated temperatures 
with constant agitation by rotary shakers (125 rpm). 

Inoculum preparation. Strain~ of V. ('holewe were 
incubated for 18 h at 30· C in tryptic soy broth (Difco 
Laboratorie s, De troit. Mich.). Cells were collected by 
centrifugation and washed five times with a sterile 
0 .85% (wt/vol) NaCI solution . After the final washing. 
a stock suspension was prepared in sterile 0.85% 
NaCI. Washed suspensions of test strains were used as 
inocula at an initial cell concentration of 4 x 102/ml. 

Cells used in experiments designed to establish 
specific ion requirements for growth were washed and 
diluted in basal salt solution prepared without NaC! . 
After stock suspensions were prepared . the cell con ­
centration was determined by acridine orange direct 
count (AODC) (7. t 1. 14). appropriate dilutions were 
prepared in 0.85% NaCI or sea salt solution (27). and 
microcosms were inoculated . 

Bacterial strains and culture conditions. We used 10 
strains of V. cho/erae obtained from the stock culture 
collection at the University of Maryland. College 
Park. Fresh cultures on tryptic soy agar (Difco) slants 
were prepared. a needed, from stock cultures main· 
tained under liquid nitrogen . 

Baclerial enumeration. Samples were collected asep· 
tically with sterile I·ml pipelles , and total viable i.e ., 
culturable. bacteria were enumerated by spread plat · 
ing onto tryptic soy agar. Samples for viable counts 
were diluted in sea salt solution prepared to the same 
salinity as those of the microcosms being sampled . All 
culture plates were incubated for 7 days at 25°C before 
colony-forming units were counted. We established a 
statistically designed sampling regime based on a 
preliminary component of variance analysis (18) to 
estimate accumtely the mean number of culturable 
bacteria. For the experiment s reported here. a design 
consisting of three microcosms per treatment. one 
sample per microcosm. and three culture plates per 
sample was used. For total bacterial counts, 1-ml 
samples were collected aseptically, and counts were 
obtained by AODC and epifluorescence microscopy 
(7. II. 14). 

Heterotrophic activities. The heterotrophic activities 
of V. cholerae population s in microcosms were mea· 
sured by the method of Hobbie and Crawford (13). 
Sterile. acid-cleaned serum vials. each containing 25 
ml of sea salt solution with salinity or specific salt 
concentralton adjusted to a desired level. were inocu· 
lated with 25- or 50-fJ.1 sample~ collected from micro-
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co~ms after an appropriate incubation period. In some 
experiment~. a washed cell ~u~pension of V . choler{/( 
was used as the inoculum . Each vial was supplement· 
ed with a 14C·amino acid mixture (57 mCi/mg per atom 
of carbon: Amersham Corp .. Arlington Height~. 111.) 
to a final concentration of 50 or 1 ()() fJ.glliter . These 
concentrations did not result in substrate saturation 
under the experimental conditions employed . 

After addition of amino acid s . the vials were sealed 
with serum stoppers filted with pla~tic cups containing 
folded J·em l pieces of filter paper (Whatman no . I) . 
All vial s (including controh. which were each fixed 
with 0 .2 ml of a solulion of ~O% trichloroacetic acid 
[wt/vol] and 0.05% mercuric chloride (wt/vol] in 40% 
Formalin [vol/vol]), unless otherwise stated were incu· 
bated at 25 ± 1°C for 2 h before the reaction wa~ 
terminated by injection of the trichloroacetic acid­
mercuric chloride-Formalin mixture. Each Illter wick 
was saturated with 0 .2 ml of phenethylamine to absorb 
I'C02 evolved during an additional l -h incubation 
period. 

After the second incubation period . filter wi cks 
were placed into scintillation vials. and each su spen­
sion was filtered through a 0 .2-fJ.m membrane filter 
(type GA-8; Gelman Sciences. Inc., Ann Arbor. 
Mich.) and rinsed with 10 ml of sterile sea salt solu­
tion. After air drying. the membrane filters were 
placed into scintillation vials. Scintillation cocktail (10 
ml; Aqueous Counting Scintillant: Amersham) was 
added to each vial. and radioactive counts were made 
with a model LS-3155T liquid scintillation spectropho· 
tometer (Beckman Instruments. Inc ., Fullerton. Cal · 
if.) . Uptake and incorporation of the amino acid mix­
ture (micrograms liter I hour - I) were calculated hy 
the procedure of Hobbie and Crawford (J 3) . 

Ion requirements. To determine the effect of various 
concentrations of NaCI on the growth and viability of 
V. cho/eroe. we prepared selected microcosms with a 
salt solution containing the following (grams liter - ') : 
MgSO •. 6H 20, 2.86; KBr. 0.07; H,BO). 0.019; 
MgCIz' 611 20, 7.74: C:lCI~, 0 .82; SrCl l , 0.017: K2CO,. 
0.05; and selected concentmtions of NaCI. To ensure 
that the electrolyte solutions were precisely defined. 
we used reagents of the highest possible grade and 
purity whenever possible . 

To minimize any change in total salinity. we con­
served CI - and monovalent cation concentrations by 
substitution of molar equivalents of KCI or LiCI for 
NaCI as the amount of NaCI was decreased. Micro­
cosms prepared in this way also enabled determination 
of the extent to which the Na + requirement. if there 
was one. could be satisfied by K + or Li+ (12, 19-21) . 
To irivestigate fllrther the ion requirements of V. 
cfrolewe, we used a turbidimetric assay for growth in 
the presence of different ion concentrations find sub­
stmtes . Basal salt solution in acid-cleaned. 18-mm 
culture tubes was supplemented with 1% (wt/vol) 
tryptone (Difco). 1 % (wt/vol) glucose (Sigma Chemical 
Co., SI. Louis. Mo .). or 1% (wt/vol) glucose (Sigma) 
plus 0.05% yeast extmct (Difco) . The contents of the 
culture tubes were amended with selected concentra­
tions of NaC!. NaCI plus KCI or LiCI plus the concen· 
trations of sucrose required to conserve osmotic pres­
sure (12) . Culture tubes prepared in this way were 
inoculated with washed cclls to an initial concentration 
of approximately IOs/ml and incubated at 25°C. At 24-h 
intervals for a period of 14 days. culture tubes were 
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TABLE I. Population sizes of V. cholera" strains in 
microcosms with a salinit y of 25°/0<> a nd a tryptone 

concentration of 500 f.l.gfIiter" 

Mean colony Mean total 
Strrlin Source cou nt ( X 10')/ ce ll count 

ml ~ (x lO' )/mt' 
- - -- --- - -- -

V-69' Environmenta l 6.14 ± 1 .14 6.40 ± 1. D 
N-19 Environmental 6.03 ± 1.07 8.09 ± J.04 
N-17 Environmental 5.37 ± 1.04 5.79 ± 1.14 
N-1400 Environmental 7.00 :!. 1.05 7.19 ± l.35 
N-I403 Environmental 5.87 ± 1.12 7.40 ± 1.16 
N-D Environmental 3.72 ± 1.15 5.20 ..!. 1.20 
N-m Environmental 4.84 ± 1.06 5.40 ± 1.29 
SGN-7677' Environmental 5.86 ± 1.08 5.60 ± 1.50 
LA-4808' Clin ical 6.92 ± 1.02 8.99 ± 1. 11 
CA-401 ' Clinical 5.57 ± 1.08 6.19 ± 1.12 

o No significant difference between (he colony 
count. obtained by plating on a nutrient medium . and 
the (otal direct count. ohtained hy the AODC method 
(7 . II. 14) . was detected by the Duncan mUltiple 
comparison (24). 

b Mean:±. standard CITor . 
, 01 serovar. 

examined for growth . as indicated hy visible lurbidity . 
All tubes positive for growth were sampled to verify 
viability and purity of the cultures. Samples were 
streaked onto tryptic soy agar and thiosulfate-sucrose­
citrate-bi le sail (TCBS) agar (Oxoid. Columbia. Md.). 

Survival of V. cholerae at low temperatures. To 
determine survival of I'. cholerac at low temperalure~. 
we prepared a series of microcosms with salini ties of 5 
and 25°/00 , T hese were inoculated with 4 x 10 ~ ce ll s 
per ml a nd incubated at 10°C. After a ppropriate inter­
vals. duplicate microcosms were transferred to 25°C 
and incubated for an add itional 4-day period . Samples 
for AODCs and viable counts were collected immedi ­
ate ly after inocu lation . before transfer to ~5°C. and 
after the 4-day incubation period at 25°C. 

Salinity measurements. Salinities of the sea sa lt 
solutions were measured with a temperature-corrected 
American Optical refractometer (American Optical 
Corp .. Keene. N.H.) . 

RESULTS 

Comparative growth of V. cholerae strains in 
microcosms. Microcosms with a salinit y of 25°/0(> 
and a nutrient concentration of 500 f.Lg of trYr­
tone per liter were incubated at 25°C and served 
as controls (27). Growth and surviva l in the 
control microcosms of 10 strains of V. cllolerae 
isolated from diverse sources were compared 
(Table 1). On the average. all isolates. including 
clinical and environmental isolates of the 01 
serovars, grew to approximate ly the same final 
cell concentration under the conditions used. 
Cell numbers. determined by AODC. ranged 
from 5.2 x 10-' to 9.0 x lOS/mi. whereas cu ltura­
ble counts ranged from 3.7 x 10~ to 7.0 x 10~/ml. 

Bacterial counts. obtained by spread plating. 
were analy zed statisticall y. The experimental 

design provided sufficient replication of experi­
mental units to permit application of analysis of 
variance to the microcosm data (24). A compari­
son by the Duncan mUltiple comparison (24) of 
10glO-transformed mean culturable counts for 
the 10 strains of V. cholerae demonstrated that 
the counts were not significant ly different (P ~ 
0.05; Table I). 

Since the popUlations of all strains tested 
developed to approximately th e same size in the 
microcosms, and since corroborative data had 
been obtained for strain LA-4S0S in rrevious 
stud ies (27), stra in LA-4S0S was se lected as a 
representative s train. and data for this organism 
are provided in this report. Similar results were 
obta ined for the other strains examined. 

Effects of salinity and incubation temperature 
on V. cholerae. Microcosms with salinities of 5, 
15.25. and 35% 0 were prepared and incubated 
at 10. 15. 20. and 2Ye. When the microcosms 
were inoculated with 4 x 102 ce ll s per ml and 
incubated a t 10DC, cu lturable colony counts de­
clined for all salinities tested (Fig. I). Changes in 
total direct cell counts could not be determined. 
since the number of ce ll s comprising the inocu­
lum was below the practical limit required in the 
AODC technique . However. in all microcosms 
examined. culturable V. ('holerae ce ll s were 
present throughout the S-day test period. indi­
cat ing ex tended survival at 10°e. 

An incubation temperature of 15°C yielded 
similar results. except for microcosms with a 
salinit y of 15"/,}O. in which both c ulturab le a nd 
total ce ll counts increased (Fig. 2). At salinities 
of 5 and 35%0' the counts decreased. However , 
at 25"/00 salinity. the culturab le counts gradually 
increased throughout the experiment after day 2 
of incubation. In microcosms wi th 15°/'10 salinit y 
which were incubated at 15°C. the total cell 
counts paralleled the culturable counts after day 

o s °'00 SOllnlly 

• 15 ° '00 Salinity 

6 25 ° / 00 SOllnlty 

• 3S °/00 Sa linity 

FIG . I. Growth of V. cholerae LA-4808 al 10°e. as 
measured by plate count. 
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TABLE I. Population sizes of V. cholera" strai ns in 
microcosms with a salinity of 25°/00 and a tryptone 

concentration of 500 fLgfliter" 

Mean colony Mean total 
Str,,;n Source count ( x 10')/ cell cou nt 

mlh ( X IO') /ml' 
i---- --- ----

V-69' Environmental 6.14 :t 1.14 6.40 :t 1.1 '\ 
N-19 Environmental 6.03 :t 1.07 8.09 :t J .04 
N-17 Environmental 5.37 :'.: 1.04 5.71.) :t 1.14 
N-1400 Environmental 7.00 :'.: 1.0S 7.11.) :t 1.35 
N-I403 Environmental 5.87 :t 1.12 7.40 :t 1.16 
N-D Environmen tal 3.72 :t 1.15 5.20 ..!.. 1.20 
N-m Environmental 4.84 :t 1.06 5.40 :t 1.29 
SGN-7677' Environmental 5.86 ± 1.08 5.60 :'.: 1.50 
LA-480B' Clinical 6.92 :!: 1.02 8.99 :t 1.l1 
CA-401 ' Clinical 5.57 :t 1.08 6.19 :t 1.1 2 

-
a No significant difference between the colony 

count. obtained by plating on a nutrient medium. and 
the total direct count. ohtained by the AODC metholl 
(7. II. 14). was detected by th e Duncan multiple 
comparison (24). 

b Mean ± stanllard en·or . 
, 01 serovar. 

examined for growth. as indicated by vistble turbidit y. 
All tube s positive for growth were sampled to verify 
viability and purity of the cultures. Samples were 
streaked onto tryptic soy agar and thiosulfate-sucrose­
citrate-bile salt (TCBS) agar (Oxoid. Columbia. Md .). 

Survival of V. cholerae at low temperatures_ To 
determine survival of I'. cho /ewe at low tempe rature s. 
we prepared a series of microcosms with salinities of 5 
and 25°/00 , These were inoculated with 4 x 10~ cells 
per ml and incubated at lO°e. After appropriate inter­
vals. duplicate microcosms were transferred to 25°C 
and incubated for an additional 4-day period . Samples 
for AODCs and viable counts were collected immedi­
ately after inoculation. before transfer to ~5°e. and 
after the 4-day incubation period at 25°e. 

Salinity measurements. Salinities of the sea salt 
solutions were measured with a temperature-correc ted 
American Optical refractometer (American Optical 
Corp .. Keene. N.H.). 

RESULTS 

Comparative growth of V. cholerae strains in 
microcosms. Microcosms with a salinity of 25°/0<. 
and a nutrient concentration of 500 j.l.g of trYr­
tone per liter were incubated at 25°C and served 
as controls (27). Growth a nd survival in the 
control microcosms of 10 strains of V. cholerae 
isolated from diverse sources were compared 
(Table O . On the average. all isolates. including 
clinical and environmental isolates of the 01 
serovars, grew to approx imately the same final 
cell concentration under th e conditions used . 
Ce ll numbers. determined by AODC . ranged 
from 5.2 x 105 to 9.0 x 105/ml. whereas cu ltura­
ble counts ranged from 3.7 x 10~ to 7.0 x 10~/ml. 

Bacterial counts, obtained by spread plating. 
were analyzed statistically. The experimental 

design provided sufficient replication of experi­
mental units to permit appli cation of analysis of 
variance to the microcosm data (24). A compari ­
son by the Duncan mUltiple comparison (24) of 
10glO-transformed mean culturable counts for 
the 10 strains of V. cholerae demonstrated that 
the counts were not significant ly different (P s 
0_05; Table I). 

Since the popUlations of all strains tested 
developed to approximately the same size in the 
microcosms, and s inee corroborative data had 
been obtained for strain LA-4808 in rreviou s 
s tudies (27), s train LA-4808 was se lected as a 
representative s train. and data for this organism 
are provided in this report . Similar re~ults were 
obtained for the other s trains examined . 

Errects of salinity and incubation temperature 
on V. cholerae. Microcosms with salinities of 5, 
15. 25. and 35°/"0 were prepared a nd incubated 
at 10. 15. 20. and 25°C. When the microcosms 
were inoculated with 4 x 102 cells per ml and 
incubated at 10°C. culturable colony counts de­
clined for a ll salinities tested (Fig. 1). Changes in 
total direct cell counts could not be determined. 
s ince the number of cells comprising the inocu ­
lum was below the practical limit required in the 
AODC technique . However. in all microcos m s 
examined. culturable \f. cholerae cells were 
present throughout the 8-day test period. indi ­
cating extended survival at 10°C. 

An incubation temperature of 15°C yielded 
s imilar results. except for microcosms with a 
salinity of 15"/00 , in which both cu lturable and 
total cell counts increased (Fig . 2). At salinities 
of 5 and 35°/00 , the counts decreased. However, 
at 25"1"" salinity . the culturable counts gradually 
increased throughout the experiment after day 2 
of incubation. In microcosms with 15"1,>0 salinity 
which were incubated at 15°C. the total cell 
cou nt s paralleled the culturable counts after day 

o s °'00 ~Qllnl f y 

• 15 °'00 Salinity 

A lS °/00 Sa linit y 

• 3S °/00 Sa linIty 

FIG. I. Growth of V. cholerae LA-4808 3 1 lO°C. as 
measured by plate count. 
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Tl I!It I Days ) 

o 5 °/00 SO l ln lt y 

D 15 ° 100 SO l ln lty 

6 2S 0'ooSol lnllY 

• 35 °/00 So ll nl t'r' 

FIG . 2. Influence of salinity on V. cholerae LA-
4808 grown at IS·C. ------. Total cell counts (AODC); 
- . total colony counts . 

2 of incubation , when the cell concentration 
became sufficiently high to be monitored accu­
rately by direct counting (Fig. 2) . 

Growth of V. cholerae incubated at 20·C was 
influenced by salinity, as indicated by the 
change in total and culturable cell counts (Fig. 
3). In microcosms with salinities of 5, 25, and 
35°/00 , culturable colony counts deviated little 
from the inoculation size 2 days after inocula­
tion. However, V. cholerae in microcosms with 
15°/00 salinity increased by approximately 2.5 
loglo cycles . By day 4, populations of V. cho­
lerae in all salinities demonstrated a significant 
increase (P :s 0.05) over the original inoculum 
size (27). Max imum culturable populat ions were 
detected in 25°/00 salinity microcosms , although 
these were not consistently significantly larger 
(P :s 0.05) than populations in 15°/00 salinity 

I I"" (DoyS) 

o 5 atoo SalinitY 

D 15 at oo Salinity 

6 25 ° / 00 Salinity 

• 35 °too Sa linity 

FIG . 3. Effect of salinity on V. cholerae LA-4808 
incubated at 20·C in microcosms with various salini­
ties . ------. Total cell counts (AODC); -. total colony 
counts . 
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FIG. 4. V. cholerae LA-4808 population sizes in 
microcosms with salinities adjusted to indicated va l­
ues. Incubation was at 25°C . --- ... . Total cell count s 
(AODC); - . total colony counts . 

microcosms. The smallest numbers of culturable 
V. cholerae were present in 5°/00 salinity micro­
cosms . Total cell populations (determined by 
AODC) developed according to the same pattern 
as that of the culturable populations (Fig. 3) . Not 
only were total and culturable population devel ­
opment patterns parallel in the presence of dif· 
ferent salinities, but so were population sizes , 
with 25% 0 salinity microcosms containing the 
maximum populations and 5°100 salinity micro­
cosms containing the minimum populations. 

Results obtained for microcosms incubated at 
25°C were similar to those obtained for micro­
cosms incubated at 20°C, although no detectable 
lag in development of V. cholerae populations at 
any of the salinities tested was noted (Fig. 4) . 
Both AODCs and culturable counts increased to 
maximum by day 4. During the last 4 days of 
testing, total cell counts were stable at all salini­
ties tested , whereas only the culturable counts 
remained constant at 15 and 25°/00 salinities . 
Culturable colony counts in microcosms of 5 and 
35°/00 salinities decreased by at least 0.5 loglo 
cycle during the last 4 days of testing. 

Heterotrophic activity. After the final sampling 
of microcosms for enumeration in the aforemen­
tioned studies. samples were collected to deter­
mine heterotrophic uptake of 14C-amino acids 
by V. cholerae popUlations incubated at differ-
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FIG . 2. Influence of salinity on V. cholerae LA-
4808 grown at IS°C. ------. Tolal cell count s (AODC); 
- . tota l colony counts . 

2 of incubat ion , when the cell concentrat ion 
became sufficiently high to be monitored accu­
rately by direct counting (Fig . 2) . 

Growth of V. cholerae incubated at 20°C was 
influenced by salinity, as indicated by the 
change in total and culturable cell counts (F ig. 
3). In microcosms with salinities of 5, 25, and 
35°/00 , culturable colony counts deviated little 
from the inoculation size 2 days after inocula­
tion. However, V. cholerae in mic rocosms with 
15°/00 salinity increased by approximately 2.5 
loglo cycles. By day 4, populations of V. cho­
lerae in all salinities demonstrated a significant 
increase (P :s 0.05) over the original inoculum 
size (27) . Maximum culturable populations were 
detected in 25°/00 salinity microcosms, although 
these were not consistently significantly larger 
(P :s 0.05) than populations in 15°/00 sa linity 

r I"" tOOyS) 

o 5 O/()O Sollnl t y 

• 15 o/()O Sa l in ity 

" 25 °/00 Sal inity 

• 3S °I()O So l ln l ty 
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FIG . 3. Effeci of salinity on V. cho/erae LA-4808 
incubated at 20°C in microcosms with various salini­
ties . ------. Total cell counts (AODC); -. tolal colony 
counts. 
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FIG. 4. V. cllo/aae LA-4808 population siz.es in 
microcos ms with salinities adj usted to indicated val· 
ues. Incubation was at 25°C . . . -. . .. Total cell counts 
(AODC); - . tota l colony counts. 

mi crocosms . The small est numbers of culturable 
V. ella/erne were present in 5°/00 salinity micro­
cosms . Total cell populations (determined by 
AODC) developed according to the same pattern 
as that of the culturable populations (Fig . 3) . Not 
only were total and culturable population devel­
opment patterns parallel in the presence of dif­
ferent salinities, but so were population sizes , 
with 25°/0 0 salinity microcosms containing the 
maximum populations and 5°100 salinity mic ro­
cosms containing the minimum populations. 

Results obtained for microcosms incubated at 
25°C were similar to those obtained for micro­
cosms incubated at 20°C, although no detectable 
lag in development of V. cholerae populations at 
any of the salinities tested was noted (Fig. 4) . 
Both AODCs and culturable counts increased to 
maximum by day 4. During the last 4 days of 
testing, tota l cell counts were sta ble at all salini­
ties tested , whereas only th e culturable counts 
remained constant at 15 and 25°/00 salinities . 
Culturable colony counts in microcosms of 5 and 
35°/00 salinities decreased by at least 0.5 loglo 
cycle during the last 4 days of testing. 

Heterotrophic activity. After the final sampling 
of microcosms for enumeration in the aforemen­
tioned studies. samples were collected to deter­
mine heterotrophic uptake of )4C-amino acids 
by V. cholerae populations incubated at differ-
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TABLE 2. Heterotrophic uptake of " C-amino ac ids by V. cholerue in basal salt solutions of various 
salinities incubated at se lec ted temperalUres" 

Temp 
('e) 

2S 

20 

15 

Satinity 
( O/~, ) 

5 
15 
25 
35 

5 
I S 
25 
35 

5 
15 
25 
35 

Uptake rate 
(IJ.J! liter - I h- I x 10 ')' 

2.43 
4.78 

14 .40 
2.74 

2.95 
7.36 

12.9 
4.94 

NO' 
3.36 
NO 
NO 

Uptake rate/culturable ce ll Up take rate/lotal ce ll no. 
(lJ.g liter -I h- I), 11J.8 lite, - I h - I)" 

6.93 x 10- 7 1.08 x 10 7 

1.1 6 x 10 - 7 8.68 x 10 " 
1.75 x 10 -7 1.81 X 10 - 7 

3.38 x 10- 7 8.64 x 10 - " 

6 .82 x 10- ' 3.58 x 10 . • 
9.97 x 10 • 1.13 x 10 7 

1.33 x 10 7 1.66 x 10 7 

1.14 x 10- ' 1.71 X 10 - 7 

4.94 x 10 - " 6.87 x 10 - " 

U Samples were collected from microcosms and inocu lated into reaction vials containing basal sa il solution of 
the same salinity as the microcos ms. 

b Mean of duplicate Rasks per trcatment . 
, Obtained from mean culturable colony cuunt. 
d Obtained from AOOe. 
, NO. None detected, as compared with killed control s. 

ent salinities and temperatures. However, s ince 
the microcosms contained different numbers of 
bacteria , it was not unexpected that the largest 
uptake values were obtained for systems which 
received inocula from microcosms with the larg­
est V. cholerae popUlations (Table 2). At 25 and 
20°C, populations of V. cllOlerae from micro­
cosms with a salinity of 25°/00 utilized more 
amino acids than did populations at the other 
salinities tested. We also observed that at 25 and 
20°C, the lowest rates of uptake were obtained 
for populations from microcosms with 5°/"0 sa­
linity. 

To obtain a representation of the influences of 
salinity and temperature on heterotrophic activi­
ty, we calculated the uptake of the 14C-amino 
acid mixture on a per-ce ll basis. When the total 
uptake of amino acids by V. cholerae in the 
microcosms was compared with the total and 
culturable population sizes, with uptake per cell 
calculated , we observed that both temperature 
and salinity influenced activity (Table 2). In 
microcosms incubated at 25°C, the largest up­
take per cell for the total popUlation was ob­
tained for microcosms of 25"/0<.) salinity . Rate s of 
uptake of amino acids at all other salinities were 
approximately equivalent and approximately 
50% less than that of the 25°/00 salinity micro­
cosms. Such a difference was not obviou s. how­
ever, when uptake rates per culturable cell were 
compared. Greater uptake per cell was obtained 
for 5 and 35°/00 salinity microcosms . 

When microcosms were incubated at 20°C and 
the activities of the V. cholerae populations 
were compared (Table 2), higher rates of uptake 

were obtained for popula tions in 25"/00 salinity. 
Although uptake rates per total cell number for 
populations in 15, 25, and 25°/00 salinities were 
between 1.13 x 10- 7 and I. 71 x 10 - 7 jl.g liter - I 
h - ) the 5°100 salinity microcosms yielded an 
uptake approximately 25 times greater, which 
was also the case for uptake per culturable cell. 

Prolonged survival of V. cholerae. After incu­
bation of 5°/00 salinity microcosms for 8 days at 
10°C, no culturable cell s were detected before or 
after an additional incubation period of 4 days at 
25°C (Table 3). In microcosms of 25°/00 salinity, 
however, culturable cells were detected up to 42 
days after incubation at 100 e. After an additional 
incubation period at 25°C , popUlations of V. 
cholewe developed to a population size typical 
for the conditions used (Table 3) . V. cholerae 
survived, i.e. , remained viable, although at less­
than-detectable numbers, after extended incuba­
tion (42 days, the maximum period tested) at 
10°C in microcosms of 25°/00 salinity . 

Ionic requirements of V. cholerae. To deter­
mine whether the effects of salinity on stability 
and survival of V. cholerae were due, in part, to 
a requirement for a specific ion( s), we prepared 
a series of microcosms, using selected concen­
trations of NaCI or MgCI~, the major salts in 
seawater, in the sea salt solution (27) . Growth of 
V. cholerae at different concentrations of NaC I 
and MgCI2 was measured after incubation for 4 
days at 2Ye. When the concentration of MgCI 2 
in the microcosms was varied, little effect was 
observed on total or culturable cell count (Fig . 
5) . However, an effect was evident when the 
NaCi concentration was a ltered. Both total and 
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TABLE 2. Heterotrophic uptake of I'C-amino ac ids by V. chvlerue in basal sa il solut ions of variou s 
salinities incuoated at se lected temperalUres" 

Temp 
(OC) 

25 

20 

15 

Sa tinity 
(°1..,) 

5 
15 
25 
35 

5 
15 
25 
35 

5 
15 
25 
35 

Uptake rate 
(lJ.g litcr - I h- ' x 10 'I" 

2.43 
4 .78 

14 .40 
2.74 

2.95 
7.36 

12.9 
4.94 

ND' 
3.36 
NO 
NO 

Uptake rate/cullurable ce ll Uptake rate/total ce ll no. 
(lJ.g liter I h- I), tfLg liter - I h- I)d 

6.93 x 10 7 1.08 x 10 7 

1.16 X 10 - 7 8.68 X IU " 
1.75 X 10 - 7 1.81 X 10 - 7 

3.38 X 10- 7 8.64 X 10 - " 

6.82 X 10 ' 3.58 x 10 • 
9.97 x 10 • 1.13 X 10 7 

1.33 X 10 7 1.66 x 10 7 

1.14 x 10 - 7 1.7 1 X 10- 7 

4.94 X 10 - " 6.87 X 10 -" 

" Samples were coll ec ted from microcosms and inoculated into reaction vial s containing basal sa lt solution of 
the same salinity as the microcos ms . 

h Mean of duplicate flasks per treatment . 
, Obtained from mean cuilurab le colony count. 
d Obtained from AOOC. 
, NO. None detected, as compared with killed controls . 

ent salinities and temperatures. However, s ince 
the microcosms contained different numbers of 
bacteria , it was not unexpected that the largest 
uptake values were obtained for systems which 
received inocula from microcosms with the larg­
est V. cholerae populations (Table 2). At 25 a nd 
20°C. popu lations of V. cholerae from micro­
cosms with a salinity of 25°/00 utilized more 
amino acids than did populations at the other 
salinities tested. We also observed that at 25 and 
20°C, the lowest rates of uptake were obtained 
for populations from microcosms with 5°1'>0 sa­
linity . 

To obtain a represe nt ation of the influences of 
salinity and temperature on heterotrophic activi­
ty, we calculated the uptake of the 14C-amino 
ac id mixture on a per-cell basis. When the total 
uptake of ami no acids by V. cholera£' in the 
microcosms was compared with the tot al a nd 
cu lturable population sizes. with uptake per cell 
calcu lated , we observed that both temperature 
and salinity influenced act ivit y (Table 2). In 
microcosms incubated at 25°C, the largest up­
take per ce ll for the total popUlation was ob­
tained for microcosms of 25"/00 sali nit y . Rate s of 
uptake of amino acids at all other salinities were 
approximately equiva lent and approximate ly 
50% less than that of the 25°/1)() salinit y micro­
cosms. Such a difference was not obvious. how­
ever, when uptake rates per culturable cell were 
compared . Greater uptake per ce ll was obta ined 
for 5 and 35°/00 salinit y microcosms . 

When microcosms were incubated at 20°C and 
the activities of the V. cholerae populations 
were compared (Table 2). higher rates of uptake 

were obtained for populations in 25"/00 salinit y. 
Although uptake rates per total ce ll number for 
popUlations in 15, 25. and 25°/00 salinities were 
between 1.13 x 10- 7 and 1. 71 x 10- 7 ILg liter - I 
h - ) the 5°/0<., salinity microcosms yi e lded an 
uptake approximately 25 times greater. which 
was also the case for uptake per cu lturab le cell. 

Prolonged survival of V. chorerae. After incu­
bation of 50/00 salinity microcosms for 8 days at 
10°C, no cu lturable cell s were detected before or 
after an additional incubation period of 4 days at 
25°C (Table 3). In microcosms of 25v / 00 salinity. 
however, cu lturable ce ll s were detected up to 42 
days after incubation at 10°C, After an additional 
incubat ion period at 25°C. popUlations of V. 
cholerae developed to a population size typical 
for the condit ions used (Table 3). V. cholera e 
survived . i.e., remained viable, although at le ss­
than-detectable numbers . after extended incuba­
tion (42 days. the maximum period tested) a t 
10°C in microcosms of 25°/00 salinity . 

Ionic requirements of V. cho/erae. To deter­
mine whether the effec ts of salinity on stab ilit y 
and survival of V. cholerae were due. in part . to 
a requirement for a specific ion( s). we prepared 
a series of microcosms. using se lected concen­
trations of NaCI or MgCl 2• the major sa lt s in 
seawater. in the sea sa lt solution (27) . Growth of 
V. cholerae at different concentrations of NaCI 
and MgCI 2 was measured after incubation for 4 
days at 25°C. When the concen tra tion of MgCI 2 
in the microcosms was varied. littl e effect was 
observed on total or cu lturable cell count (Fig. 
5). However . an effect was evident when the 
NaCi concentration was a ltered. Both total and 
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TABLE 3. Survival of V. clrolerae at 10·C in microcosms with salinitie s of 5 and 25°/,,,," 

Microco"n 
salinity 

(°/",, ) 

No . of days al lo·e Culturablc Cullurable 

before 25"C COllnl before counl after 25°(, TOi al ce ll count 

incubation for 4 days 25' C incubalion Incllnalion ilo8 ,,/ 01llh 
(108'''''011)' ilog, J 01l)b 

-----------
4 NO' NO NO :'\ 

25 4 0.836 :!: 0.21 2 5.51 7 :!: 0.065 5. 77'1', :!. 0.11 5 
8 NO NO NO 5 

25 
25 
25 
25 

R 0.251 :!: 0.207 5.561 :t 0.075 ND 
25 0.156 :!: 0.197 5.5''3 :': 0.021 5.756 :!: 0.040 
30 ND ND 5.931 :!: 0.020 
42 ND 5.562:': 0.041 5.454 :!: 0.055 

U All microcosms were inocu lated with approximately 4 x 102 cells per ml. 
b Mean:!: standard error. 
e ND. None detected . 

culturable cell counts followed the same pattern, 
with maximum populations occurring in control 
microcosms and minimum populations at lower 
and higher NaCI concentrat ions (Fig. 6) . When 
no NaCI was added, a large difference (ca . :I 
loglo) between total and culturable cell counts 
was detected . 

Uptake of t4C-amino acids by V. rho/ewe 
showed that heterotrophic activity was also af­
fected in microcosms with different concentra­
tions of NaCI or MgCI 2 (Tab le 4) . Maximum 
uptake of the amino acid mixture occurred in the 
presence of the intermediate, or control. MgC\2 
concentration (7 .74 g/liter) . When the MgCl 2 
concentration was increased or decreased, up­
take decreased. A similar uptake pattern was 
observed in microcosms adjusted to different 
NaCI concentrat ions (Table 4). Uptake de­
creased with increasing or decreasing NaCI con­
centration. compared with uptake at the inter­
mediate concentrations; the lowest uptake 
va lues were detected in the presence of the 
largest or smallest concentrations . 
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FIG. 5. Influence of magnesium chloride (as 
MgCI2 . 6H zO) concentration on V. cholerae LA-4808 . 
Numbers represent salinities of magnesium chloride . 

Uptake values per total cell number were 
similar in all micrm:osms amended with NaCI 
(Table 4). However , it was evident that , as the 
NaCI concentration increased , the uptake per 
total cell number decreased . Similar results 
were, in general. obtained by comparing uptake 
per cu lturable cell . 

The ratio of the amount of incorporation of 
amino ae id mixture to the amount of respiration 
was found to be influenced by NaCI and MgCI ~ 
concentrations (Table 4) . In microcosms pre­
pared with NaCI and MgCl 2 concentrations of 
17.09 and 7 .74 g/liter , respectively, the lowest 
respirat ion-to-incorporation ratios were delect­
ed. Only in those flasks which received no NaCI 
was this ratio greater than 1 :1 .8, indicating the 
presence of physiologically stressed cell s (12). 

Since an effect on the V. rho/erne popUlations 
was induced by varying the NaCI concentrat ion , 
an additional series of microcosms prepared 
with a chemica ll y defined basal salt solution 
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FIG . 6. Effect of sodium chloride concentration on 
V. cholerae LA-4S0S in microcosms . Numbers indi ­
cate salinities. 
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TABLE 3. Survival of V. cholerae at 10°C in microcosms with salinities of 5 and 2So/,,,," 

MicIOCO~1Il 
salinity 

(°/",,) 

No. or uays al lOoC Culturablc Culiurablc 

before 25' C COllnt before counl aner 25' , TOlal cel l cou nt 

incubalion for 4 days 25'C incubalion Incuballon ilogll! m!)' 
(lo!! ,"'ml )' (l og,oIml)· 

- -- ---
4 ND' ND ND 5 

25 4 0.836:!: 0.212 5.S 17 :!: 0.065 5.771l :!. U.115 
8 ND ND ND 5 

25 
25 
25 
25 

R 0.2SI :!: 0.207 5.561 :!: 0.075 ND 
25 0.156 :!: 0.197 5.513 :': 0021 5.756 :!: 0.040 
30 ND ND 5.93 1 :!: 0.020 
42 ND 5.502 :': 0.041 5.454 :!: 0.055 

" All microcos ms were inoculat ed with approximately 4 y 101 ce ll s per 011. 

h Mean :!: standard error. 
• ND. None detected . 

cuiturable cell coun ts followed the same pattern . 
with maxi mum populations occurring in control 
microcosms and minimum popula tions at lower 
and higher NaCI co ncentrat ions (Fig. 6). Whe n 
no NaCI was added , a large difference (ca . :I 
logl o) between total and cu lturable ce ll counts 
was detected . 

Uptake of 14C-amino ac ids by V. rho/eme 
showed that heterotrophic activity was also af­
fected in microcosms with differe nt concent ra­
tions of NaCI or MgCI 2 (Table 4). Maximum 
uptake of the ami no acid mixture occurred in the 
presence of the intermediate, or co nt rol. MgCI 2 
concentration (7 .74 g/Iiter). When the MgCI 2 
concentration was increased or decreased . up­
take decreased . A similar uptake pattern was 
observed in microcosm s adjusted to different 
NaCI concentrat ions (Table 4) . Uptake de­
creased with increasing or decreasing NaCI con­
centration . compared with upta ke at the inter­
mediate concentrations: th e lowest uptake 
va lues were detected in th e prese nce of the 
la rge st or small est concentrations . 
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FIG. 5. Influen ce of magne sium ch lori de (as 
MgCI2 . 6H I O) concentration on V. cholerae LA--4808 . 
Numbers represent salinities of magnesium ch loride. 

Uptake va lues per total cell number were 
similar in a ll micrQ(;osms amended with NaCI 
(Table 4) . However, it was ev ident that. as the 
NaCI concentration increased . the upt ake per 
total ce ll number decrease d. Sim il ar results 
were , in ge neral. obtained by comparing uptake 
pe r cu lturable ce ll . 

The ratio of the amount of inco rporation of 
am ino ac id mixture to the amount of res piration 
was found to be influenced by NaCI and MgCI ~ 
concentrations (Ta ble 4) . In microcosms pre­
pared with NaCI and MgC I2 concentrations of 
17 .09 and 7.74 g/liter. re spec tive ly . th e lowest 
res pira tion -to-incorpora tion ra tios were detect­
ed . Only in those flask s wh ich received no NaCI 
was thi s ratio greater than 1:1 .8, indicating the 
presence of physiologicall y stressed cell s (12) . 

Since an effect on the V. rho/ern e popUlations 
was ind uced by varyi ng the NaCI concentrat ion . 
an additional series of microcosms prepared 
with a chemica ll y defincd basa l sa lt solution 
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TABLE 4. Uptake of I'C-amino acids by V. cholerae in basal sail solution amended with selecled 
concentrations of sodium chloride and magnesium chloride 

Sail conen 
(gfliter) 

Mean uptake rate 
(flog liter - ' h ' y 10-')" 

Uptake per cell Uptake ~r eullu ra ble cell 
(flog liter I h I X 10 . ) 

Respiration} 
,"corporal ion 

rati o 
(flog liler- ' h- ' x 10-') 

--- ------- ----
NaCI 

o 
10.25 
17.09 
23.93 
30.76 

MgCI 2
b 

o 
4.641 
7.74 

10.83 
13.92 

7.30 :!: 0.40 
16.61 ± 3.21 
12.74 :!: 1.56 
10.67 ± 0.49 
5.33 :!: 1.26 

4.36 ± 0.39 
10.65 :!: 3.62 
14.02 ± 2.41 
11.11 ± 6.19 
8.25 i. 1.65 

a Mean :!: standard deviation . 
b MgCI 2 added as MgCI2 . 6H 20 ). 

5.% 
).69 
4.63 
3.56 
1.18 

2.91 
3.04 
5.97 
4.44 
1.74 

containing no added Na + was used to determine 
whether V. cho/erae requires Na + for growth . 
Also, to determine whether an Na + require­
ment. if there was one, could be satisfied by the 
presence of another monovalent cation and to 
minimize change in salinity, we amended the 
NaCI-basal salt solutions with KCl or LiC!. 

After incubation for 4 days at 25°C , population 
sizes in the microcosms with various NaCI con­
centrations were compared (Table 5). As the 
NaCI concentration was decreased from 0.30 to 
0.10 M and 0.20 M KCl was added, the V. 
elto/erae populations increased , although not 
significantly (P S 0.5) , as determined by the 
Duncan multiple comparison (24). As the NaCI 
concentration was decreased to 0.01 M, the 
population size also decreased. When no NaCI 

0.0146 
8. 29 
7.45 
6.53 
7.03 

4.95 
5.19 
9.39 
7.22 
5. 53 

1 :5.3 
I : I. 7 
1:1.8 
1 :1.5 
1 :0 .6 

1: 1.1 
1: 1.0 
1 :3 .3 
1: 1.3 
I : 1.1 

was added , no V. cllo/era e could be recovered 
from any microcosms . 

The heterotrophic activity of V. cho/erae pop­
ulations was also affected when NaCI concentra­
tions were varied (Table 6) . The maximum up­
take of 14C-amino acids (Table 6) and the 
maximum population sizes (Table 5) were de ­
tected in samples from microcosms amended 
with 0.1 M NaCI and 0.2 M KC!. The largest 
uptake values per culturable cell and per total 
cell population were detected in samples taken 
from the 0.3 M NaCI and 0 .1 M NaCI micro­
cosms, respectively. Since no populations of V. 
cho/erae developed in microcosms amended 
with LiCi. no uptake rates could be determined . 

Since V. clio/erne did not grow in microcosms 
amended with LiCi. we evaluated the influence 

TABLE 5. II . cholerae population sizes in microcosms amended with selected concentrations of NaCI. KCI, 
and LiCI 

Microcosm conlalning: Mean )08,0 Mean )08,0 10lal 
NaCI KCI LiCl cullurable cell counl/ml" 
(M) (M) (M) counUml" 
------
0.30 0 0 5.550 :!: 0 .045 5.821 :!: 0 .030 
0.15 0.15 0 5.584 = 0.028 5.947 i. 0.005 
0.10 0.20 0 5 .778 ± 0.035 6 .000 = 0.029 
0.05 0.25 0 5 .640 i. 0.041 5 .808 ± 0.Q28 
0.01 0.29 0 5. 480 :!: 0 .056 5.687 :!: 0.149 
0 0.30 0 NOb NO 
0.15 0 0.15 NO NO 
0.10 0 0.20 NO NO 
0.05 0 0.75 NO NO 
0.01 0 0 .29 NO NO 
0 0 0.30 NO NO 

a Mean :!: standard error. 
b NO , None detected. 
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TABLE 4. Uptake of "C-amino acids by V. cholerae in basal sa il sol ution ame nded wit h se lected 
concentrations of sodium chloride and magnesium chloride 

Sa il concn Mean uptake rate Uptake per cell Uptake ~r cu llu rablc cell Respiration! 
Incorporal ion (gliitcr) (fl.!! li te r - I h - I y 10 - ' )" (11& lit er - I h - I x 10- 0 , (fl.!! liter I h I X 10 "I 

ratio 
-

NaCI 
0 7.30 :!: 0.40 5.% 

10.25 16.61 ± 3.21 3.69 
17 .09 12 .74 :!: 1.56 4.63 
23.93 10.67 :!. 0.49 3.56 
30 .76 5.33 :!: 1.26 1.18 

MgCI 2
b 

0 4.36 :!: 0.39 2.91 
4.641 10.65 ± 3.62 3.04 
7.74 14.02 :!.. 2.41 5.97 

10.83 11.11 ± 6.19 4.44 
13.92 8.25 :!.. 1.65 I. 74 

a Mean ± standard deviation . 
b MgCI 2 added as MgCI2 . 6H 2O) . 

containing no added Na + was used to determine 
whether V. cho/erae requires Na + for growth . 
Also. to determine whether an Na ' require­
ment. if there was one, could be satisfied by the 
presence of another monova lent cat ion and to 
minimize change in sal inity, we a mended the 
NaCI-basal salt solutions with KCI or LiCl. 

After incubation for 4 days at 25°C , population 
sizes in the microcosms with various NaCI con­
centra tions were compared (Ta ble 5). As the 
NaCI concentration was decreased from 0.30 to 
0.10 M and 0 .20 M KCl was added, the V. 
cho/erae populations increased, a lthough not 
significan tly (P S 0.5). as determined by the 
Duncan multiple compari son (24). As the NaCI 
concentra tion was decreased to 0.01 M. the 
population size a l ~o decreased. When no NaCI 

--

0.0146 J:5 3 
8.29 I : 1. 7 
7. 45 1:1 .8 
6.53 1:1 .5 
7.03 1:0.6 

4.95 1: 1.1 
5. 19 I : 1.0 
9.39 1:3 .3 
7.22 I : 1.3 
5.53 I: 1.1 

was added, no V. cllo /aae coul d be recovered 
from any microcosms . 

T he heterotroph ic acti vit y of V. cho/erae pop­
ulations was a lso affected when NaCI concentra­
tions were varied (Table 6) . The maximum up­
take of 14C-amino acids (Table 6) and the 
maximum population sizes (Table 5) were de­
tected in samples from microcos ms ame nded 
with 0.1 M NaCl and 0.2 M KCI. The largest 
uptake values per culturabl e ce ll a nd per total 
cell population were detected in samples taken 
from the 0.3 M NaCI and 0 .1 M NaCI micro­
cosms. respectively. Since no populations of V. 
cholerae developed in microcosms ame nded 
with LiCI. no uptake rates cou ld be de termined . 

Since \'. cho/erae did not grow in mic rocosms 
amended with LiC!. we evaluated the influence 

TABLE 5. V. cllOlerae population sizes in microcos ms amended wi th selected concentra tions of NaCI. KCI. 
and LiCI 

NaCl 
(M) 

0.30 
0.15 
0.10 
0.05 
0.01 
o 
0.15 
0.10 
0.05 
0.01 
o 

M icrocosm containing: 

KCI 
(M) 

o 
0.15 
0.20 
0.25 
0.29 
0.30 
o 
o 
o 
o 
o 

a Mean :!: standard error. 
b NO. None detected. 

LiCJ 
(M) 

o 
o 
o 
o 
o 
o 
0.15 
0.20 
0.75 
0 .29 
0.30 

Mean 1081 Q 

culturabJe 
cou nliml" 

5.550 :!: 0.045 
5.584 = 0.028 
5.778 :!: 0.035 
5.640 ..!. 0 .041 
5.480 :!: 0.056 

NOb 
NO 
NO 
NO 
ND 
NO 

Mean Jog ,o to ta l 
ce ll cou ntlml" 

5 .821 :!: 0.030 
5.947 :!. 0.005 
6 .000 :!: 0.029 
5.808 ± 0.028 
5.687 :!: 0.149 

NO 
NO 
NO 
NO 
NO 
NO 
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TABLE 6. Uptake of 14C-amino acids by V. ciJoll'fue cultured in microcosms amended with selected 
concentrations of NaCI aml KCI" 

Microcosm 
con taining: 

NaCI KCL 
(M) (M) 

0 .30 0 
0 .15 0 .15 
0 .1 0 0 .20 
0.05 0 .25 
0.01 0.29 
0 0.30 

Mean uptake ra le 
(J.lg liter - ' h- ' x 10 " 1 

4.29 
1.1 1 

12.60 
1.73 
1.29 
NDh 

Uptake rat e! 
culturable ce ll 

(Ill( liter-' h-') 

---
1.21 x 10 -' 
2.89 x 10 7 

2. 10 x 10 7 

3.96 x 10 -" 
4.27 x 10 " 

Uptake rate l Re sl'iratlllnl 
total cell no incorpora ti on 

( I' g li ter ' h ' ) rati o 

64R x 10 " 1 :0.56 
1.25 x 10 " 1 :0 .81 
1.25 v 10 7 I: 1.18 
2. 69 .( 10 " 1:8. 16 
2.1i5 > 10 " 1:5. 16 

" Samples for upt ake stud ies were collected from Ihe microco~ms afler the 4-day incubation peri od and 
inoculated into reaction vials containing the basal sa lt solution with sa linit y adjusted to that of Ihe microco~m 
from which the inoculum was collected. 

b ND. None detected . 

of Na · . K ' . and Li ' on the aC!lv tt y of V. 
cholerae by determining uptake of the 14C_ 
amino acid mixture by a washed ce ll suspe nsion 
(Table 7). The mean uptake of freshly cultured 
\I. cholerae ce ll s wa~ found to increase with 
decreasing NaCI concentrat ion and increas ing 
LiCI conce ntrati on until concentrat ion s of 0.20 
M NaCI and 0.10 M LiCI we re reached. T he 
lowest upt ake rat e was obse rved in sys tems 
without added NaCI. Simil arl y, the highest res­
piration-to-incorporation ratios were detected in 
NaCI-deficient systems . 

When NaCI and KCI were used to amend the 
basal salt so lution . slower uptake rates we re 
obtained (Table 7). In these systems . amino acid 
uptake lypicall y decreased with decreasing 
NaCi concentrat ion. Maximum upt ake was ob­
tai ned at 0.01 M NaCI and 0.29 M KCI. In the 

TABLE 7. Effec ts of ~odium . lithium . and 
potassium on uptake of 14e-am ino ac ids by \'. 

cholerue" 

Mean 

Nnel LICI KCI uptake RespirationJ 

(M) (M) (M) ra te (J.lg incorporation 
liter- ' h- ' rctlio 

x 10-') 

0.30 - h 4.18 I : 1.2 
0.295 0.005 5.80 1 :1.3 
0.25 0.05 8.83 1: 1.2 
0. 20 0 .10 9.18 1: 1.2 
0.15 0.15 8.20 1: 1.2 
0.15 0.15 3.76 1 :1 .0 
0.05 0.25 3.29 1:0.86 
0.01 0.29 3.92 1 :0 .42 
0.005 0 .295 2.34 1:0.34 
0 .0005 0 .2995 1.51 1:0 .16 

0.30 1.40 1:0 .14 

U Uptake was determined with ce ll s cultured in 
tryptic soy broth and washed five times in basal salt 
solution containing no added Na · . 

b _ . O 

presence of O. 15M NaCI and 0. 15 M KCI. the 
respiration -to-incorporation ratio was 1.0: I. At 
all other conce nt ra ti ons. however. this ratio was 
greatcr than 1.0. indicati ve of stressed ce ll s (12). 

When V. cholerae was inoculated into culture 
tubes containing different substrat es and differ­
ent salt conce ntrati ons. bot h Ihc type of sub­
strate and the sa lt conce ntration innuenced 
growth of V. cholem" (Table lll. Culture tubes 
containing 1% (wt/vol) glucose and 0.050/< (wt/ 
vol) yeast ex tract were u~ed to demo nstrate the 
influence of salt concentrat ion on growth of V. 
cll o/eme. Growt h was monitored spec tophoto­
metrically. 

Growth occurrcd in all tubes co ntaining only 
NaCl, although the lag period increased at the 
lower NaCI concentrations (Table 8). When O.OJ 
M NaCI was added. the lag period before detec t­
able growth of V. cholerae occurred was be­
twee n 24 and 48 h. As the NaCI concentration 
was increased to 0.025 M. the lag period de­
crcased. with growth detected aftc r incubation 
for 24 h at 25°C. Sim il a rl y. at all higher NaCi 
conce ntrati ons tested, growth occurred within 
24 h. However. in tubes containing no added 
NaCi. no growth of \'. chv /erai' was ev idcnt 
during the 14-day tes t period . 

Cultures in which NaCI and KCI were present 
yie lded re su lt s simila r to those of culturcs 
amended with NaCI alone (Table 8). At highcr 
NaCI and lower KCI concen tration s. growth of 
V. cllOlem e occurred within 24 h. Onl y when the 
NaCI and KCI concentrations were reduced to 
0.025 and 0.275 M. respectively, was the lag 
period ex tended . Cu ltu re~ cont aining 0.30 M 
KCI and no added NaCI failed to demonstrate 
growth of V. cholerat' o 

When cultures were ame nded with a combina­
tion of NaCi and Liel. the growt h pattern of V. 
cholerae was also similar to that obtai ned when 
on ly NaCI was added (Tables 5 and 8). V. 
cholerae grew in a ll concentrati ons of LiCI test -
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TABLE 6. Uptake of I·C-amino acids by V. Ch O/t'f(J l' cultured in microco~ms amended Wi lh selected 
concentrations of NaCI anti KCI" 

Microcosm 
containing: 

NaCi KCL 
(M) 1M) 

0.30 0 
0.15 0.15 
0.1 0 0.20 
0.05 0.25 
0.01 0.29 
0 0.30 

Mean uptake ra le 
IJ.Lg liter - I h- I x 10 ' ) 

._--
4.29 
1.11 

12.60 
1.73 
1.29 
NOh 

U plake rate! 
culturablc ce ll 

(J.LR liter - I h-I ) 

- --
1.21 x 10 - ' 
2.89 x 10 7 

2. 10 >. 10 7 

3.96 x 10 -· 
4.27 x 10 • 

LJr>ta~e I Jte ' Respiratllln f 
total cell no Incorpora ti on 

I"l! li ter I It ' ) ralio 

f> 4H x 10 • 1:0.56 
1.25 x 10 " 1:0.81 
1 25 , 10 7 1: 1.18 
2.6Y ( 10 " I :8. 1f> 
2.65 > 10 • 1:5. 16 

U Samples for upt ake studies were co llecled from the microcosms aft er the 4·day incubati on period and 
inoculated into reac tion vials containing the basal salt solution with sa linit y adju stetl 10 that of the microco~m 
from which the inoculum was collected. 

h NO. None detected . 

of Na · . K '. and Li ' on the aCllv lt y of V. 
cholerae by determining uptake of the t4C_ 
amino acid mixture by a washed cell suspension 
(Table 7). T he mean uptake of freshly cultured 
V. cl!olerae ce ll s wa~ found to increase with 
decreasing NaCI concentration and increas ing 
LiCI concentration until concentrat ion s of 0.20 
M NaCI and 0.10 M LiCI were reached . The 
lowest uptake rate was observed in sys tems 
without added NaCI. Similarly. the highes t res­
piration-to-incorporation ratios were detected in 
NaCi-deficient system s. 

When NaCI and KCI were used to amend the 
basal salt so lution . slower uptake rates were 
obtained (Table 7). In these systems. amino acid 
uptake typ ica ll y decreased with decreasing 
NaCI concentration . Maximum uptake was ob­
tained a t 0.01 M NaCI and 0.29 M KCI. In the 

TABLE 7. Effecb of ~otlium. lithium . and 
potassium on uptake of 14C-am ino ac ids by ~/. 

eho/ewe" 

Mean 

NaCI LICI KCI uptake Respirationl 
(M) (M) (M) ra te (J.Lg incorporation 

liter - I h- I rttlio 
x 10-') 

0.30 -
, 

4.18 I : 1.2 
0.295 0.005 5.80 J :1.3 
0.25 0.05 8.83 1: 1.2 
0. 20 0.10 9. 18 1: 1.2 
0.15 0.15 8.20 I : 1. 2 
0.15 0.15 3.76 I: 1.0 
0.05 0.25 3.29 1:0.86 
0.01 0.29 3.92 1 :0.42 
0.005 0.295 2.34 1:0.34 
0.0005 0.2995 1.5 1 1:0.1 f> 

0.30 1.40 1:0. 14 

" Uptake was determined wi th ce ll s cultured in 
tryptic soy broth and washed fi ve times in basal salt 
solution con taining no added Na ' . 

b_.O 

presence of O. 15M NaCI and U.15 M KCI. Ihe 
respiration-to-incorporation ra tio wa~ 1.0: I . At 
all other co n ce nt ra ti o n ~ . however. this ratio was 
greater than 1.0. indicati ve of stressed ce ll s (1 2J. 

When V. cholera/.' was inoculated into culture 
tubes containing different substrates and differ­
ent sa lt concentrations . both Ihe type of ~ ub ­

strale and Ihe salt conce ntratio n innuencecl 
growth of V. c!wlemt' (Tablt: Ill. Culture tubes 
containing l o/c (wt/vo l) glucose and 0.05% (wl/ 
vo l) yeast ex tract were u ~ed to demonstrate the 
influence of salt concentrat ion on growth of V. 
clt olerae. Growth wa~ monil ored spec tophoto­
metricall y. 

Growth occurrcd in all tubes co ntaining only 
NaCl , although the lag period increased at the 
lower NaCI concentrations <Table 8). When O.OJ 
M NaCI \\las added . the lag period before det ec t­
able growth of V. c!t oleme occurred was be­
tween 24 and 48 h. As the NaCI concentration 
was increased to 0.025 M. the lag period de ­
creased . with growth detec ted after incubation 
for 24 h at 25°C. Similarly. at all htgher NaCI 
conce ntrations tested. growth occurred within 
24 h. However. in tubes containing no added 
NaCI. no growth of ~ /. c/lVlert/(' \\las ev ident 
during the 14-day tes t period . 

Cultures in which NaCI and KCI were present 
yielded re sult s similar to those of cultures 
amended with NaCi alone Crable 8) . At higher 
NaCI and lower KCI concen tration s. growth of 
II. c!tolem e OCCUlTed within 24 h. Only when the 
NaCI and KCI concen trations were reduced to 
0.025 and 0.275 M. respect ive ly. was the lag 
period ex tended . Culture~ containing 0.30 M 
KCI and no added NaCi failed to demonstrate 
growth of V. r!/()Iert/e . 

When cultures were amended wi th a combina­
tion of NaCi and LiCi. the growt h pattern of V . 
cholerae was also similar to that obtained when 
on ly NaCI was added (Tables 5 and 8). V. 
c!tolerae grew in a ll co n ce ntra ti on~ of LiCI te st-
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TABLE 8. Growth of V. eholerae in basal sa lt 
solution with 1 % (wtlvol) glucose and 0.05% (wtlvoll 
yeast extract as the growth substrate and amended 

with se lected concentrations of NaC!. KCI, and LiCI 

Added sall(s) (M) 

NaCI 
0.30 
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0.10 
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0.05 
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0.01 
o 

NaCI + KCI 
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0.10 + 0.20 
0.075 + 0.225 
0.05 ~ 0.25 
0.025 + 0.275 
0.01 + 0.29 
o + 0.30 

NaCI + LiCI 
0.30 + 0 
0.20 + 0.10 
0.10 + 0.20 
0.075 + 0.225 
0.05 + 0.25 
0.025 + 0.274 
0.01 + 0.29 
o + 0.30 

NaCI + sucroseh 

0.13 + 0 
0.10 + 0.55 
0.06 + 0.125 
0.04 + 0.160 
0+0.190 
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o +. Growth as indicated by turbidity ; - no 
growth. 

h Sucrose was added to maintain osmotic pressure . 

ed, provided NaCI was also added. There was. 
however. an increased period required for visi­
ble turbidity to occur when 0.01 M NaCI was 
added. 

In all salt concentrations tested, if 1 % (wt/vol) 
tryptone was used as a substrate. detectable 
growth occurred within 24 h. Growth did not 
occur, however, if 1% (wtlvol) glucose or 0.05% 
(wt/vol) yeast extract was added as the sole 
substrate. No detectable growth occurred during 
the 14-day test period without addition of NaCI 
and both glucose and yeast extract. 

To determine if the growth pattems obtained 
when various concentrations of salts and differ­
ent substrates were used arose from alteration of 

osmotic pressure, we added NaCI and sucrose to 
the test systems to maintain an osmotic pressure 
equivalent to that ac hieved with 0.13 M NaCi 
(12) (Table 8). As observed in rrevious experi ­
ments, if tryptone was used as the substrate, 
growth occurred if NaCI was added. regardless 
of concentration. No growth occurred with 1% 
(wtlvol) glucose as the substra te . However, with 
1% (wt/vol) g1ucose-O .05% (wI/vol) yeast ex­
tract as the substrate , growth occurred within 24 
h if NaCI was also added. Without added NaCI. 
no detectable growth of V. cholerae occurred 
during incubation at 25°C for 14 days. 

DISCUSSION 

Although V. ellolerne is known to occur in 
aquatic environments throughout the world and 
has been documented as a clinically important 
organism for nearly a century, surprisingly little 
is known about it s ecology. notably its ecologi­
cal interaction with abiotic environmental pa­
rameters. Such a gap in knowledge, is due, no 
doubt, to the fact that, in the past, investigations 
of the biology of V . choleme have been ap­
proached with the viewpoint that the species is 
so lely of clinical origin. However. the recent 
hypothesis of Colwell et al. (5) that V. cho/erae 
is an autochthonou s member of the bacterial 
flora of brackish water and estuarine systems 
offers a new perspective on the ecology of thi s 
organism. Results reported here support this 
hypothesis and emphasize the need for an eco­
logical approach in evaluating the role of V . 
cllo/erae in nature and in human disease . 

Results of a comparison of the growth re­
sponses of 10 V. cllolerae strains of 01 and non-
01 serovars demonstrate that, under stimulated 
environmental conditions. the popUlation size 
achieved by a given strain is independent of the 
source of the strain (Table 1). For example, V. 
clloleme LA-4808. a clinical isolate from a pa­
tient who became ill after ingestion of improper­
ly prepared seafood . V. cholerae CA-401, a 
clinical isolate, and V. cho/erae V-69, an 01 
env ironmental serovar not associated with dis ­
ease, responded similarly under the conditions 
used in this study . 

A recent investigation into the temporal distri­
bution of V . elloleme in aquatic systems in 
Kent , England, was carried out by West and Lee 
(28). They observed a growth pattern of V . 
cho/erae in in situ growth chambers similar to 
that in the microcosms used in our study. There­
fore, on the basis of results presented here and 
those obtained from our previous work (5. 6, 
27), we conclude that under a proper regime of 
nutrients, temperature , and salinity, V. cho/erae 
is capable of growth in an aquatic environment 
in nature . 
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(wt/vol) yeast extract was added as the sole 
substra te. No detectable growth occurred during 
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and both glucose and yeast extract. 

To determine if the growth patterns obtained 
when various concentrations of salts and differ­
ent substrates were used arose from alteration of 
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equivalent to that achieved with 0.13 M NaCI 
(12) (Table 8). As observed in previous experi ­
ments, if tryptone was used as the substrate, 
growth occurred if NaCI was added, regardle ss 
of concentration . No growth occurred with 1% 
(wt/vol) glucose as (he substrate . However, with 
1% (W(/vol) g1ucose- O.05% (wt/vol) yeast ex­
tract as the substrate . growth occurred within 24 
h if NaCI was also added. Without added NaCI. 
no detectable growth of V. cholerae occurred 
during incubation at 25°C for 14 days . 

DISCUSSION 

Although V . choleral' is known to OCCllr in 
aquatic environment s throughout the world and 
has been documented as a clinically important 
organism for nearly a century, surprisingly little 
is known about it s ecology , notably its ecologi­
cal interaction with abiotic environmental pa­
rameters . Such a gap in knowledge , is due. no 
doubt. to the fact that. in the past. investigations 
of the biology of V . chol('r(le have been ap­
proached with the viewpoint that the species is 
solely of clinical origin . However . the recent 
hypothesis of Colwell et al. (5) that V . cholerae 
is an autochthonou s member of the bacterial 
flora of brackish water and estuarine systems 
offers a new perspective on the ecology of this 
organism. Result s reported here support this 
hypothesis and emphasize the need for an eco­
logical approach in evaluating the role of V . 
chnlerae in nature and in human di sease . 

Results of a comparison of the growth re­
sponses of 10 V. cholerae strains of 01 and non-
01 serovars demonstrate that, under stimulated 
environmental conditions. the population size 
achieved by a given strain is independent of the 
source of the strain (Table 1) . For example , V. 
clIO/erne LA-4808. a clinical isolate from a pa­
tient who became ill after ingestion of improper­
ly prepared seafood . V . cholera<' CA-401. a 
clinical isolate. and V. cholerae Y-69 . all 01 
environmental serovar not associated with dis ­
ease , responded simila rly under the conditions 
used in this study . 

A recent investigation into the temporal distri­
bution of V. ('holerae in aquatic systems in 
Kent. England , was carried out by West and Lee 
(28). They observed a growth pattern of V . 
cholerae in in situ growth chambers similar to 
that in the microcosms used in our study . There­
fore. on the basis of result s presented here and 
those obtained from Ollr previous work (5. 6. 
27) , we conclude tha t under a proper regime of 
nutrients, temperature , and salinity, V. clrolerae 
is capable of growth in an aquatic environment 
in nature . 
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In surveys carried out during the winter 
months , when the temperature is reduced, the 
occurrence of V . eholerae in aquatic environ­
ments of the temperature zone is apparently 
severely restricted (5, 16) . A die-off induced by 
low temperature may. in part, explain the appar­
ent disappearance of allochthonous bacteria, 
especially human pathogens, from an aquatic 
system. However, as indicated by results ob­
tained for microcosms incubated at lOoC (Table 
3) , V. cholerae can exist for extended periods of 
time at low temperatures. although often below 
detectable levels, as measured by plating or by 
direct microscopic observation. The few viable 
cells , i.e., surviving cells, possibly adsorb to 
surfaces of the container in the laboratory or to 
natural substrates in the environment (29) and 
remain viable until favorable growth conditions 
return. It is also possible that viable organisms 
simply do not grow on any of the plating media 
used without pretreatment of the sample, as has 
been previously suggested for V. eholerae (27) . 

The influence of salinity on survival of V. 
eholerae in microcosms incubated at 10°C is 
unequivocal: it survived for up to 42 days at a 
salinity of 25°/00 but not 5°100 , In the latter case. 
the bacteria were not detected by culturing 
within 4 days of the start of incubation (Table 3). 
In natural aquatic systems in which V. eholerae 
is known to be present. a seasonal distribution of 
this organism can be explained by "overwinter­
ing" in waters with a salinity range that is 
optimal for V. eholerae. In an estuary or area of 
brackish water. these requirements can easily be 
met. 

Results of experiments designed to detect a 
requirement for Na + by V. cholerae further 
support the hypothesis that the natural habitat of 
V . cholerae is estuarine or brackish (6) (Tables 5 
through 8). The requirement for Na • could not 
be met by addition of K + or Li +, demonstrating 
a clear specificity of the requirement for Na +. 

The requirement for Na ' demonstrated by 
many marine bacteria has been well established, 
notably by the elegant research of MacLeod and 
co-workers (12, 19-21). The obligate require­
ment for Na + is considered to be a differentiat­
ing characteristic useful in separating marine 
and estuarine bacteria from freshwater bacteria 
(19). In a receltt report on the effect of Na + on 
growth patterns of a marine bacterium, Gow et 
al. (12) demonstrated that as the Na + concentra­
tion was decreased to near the minimum re­
quired to support growth, the major influence 
observed on growth was an extended lag period 
before growth. Also, when no Na + was added. 
no growth occurred. 

In this study, V. cholerae was found to re­
spond to various concentrations of NaCl in a 
manner similar to that of the marine bacterium, 

AppL. ENVIRON . MI CROBIOL. 

Alteromonas haloplanktis 216. studied by Gow 
et al. (12). In a substrate containing 1 % (wtlvol) 
glucose and 0.05% (wt/vol) yeast extract . the 
effects of specific ions on the growth of \I . 
eholerae were tested, and , at the lower NaCl 
concentrations (i.e .. < 0.01 M). the time required 
before growth occurred increased (Table 8) . 
Also, in the absence of added NaCl. no growth 
of V. eholerae occurred. In systems with 1% 
(wtlvol) tryptone as the substrate , growth oc­
curred in the presence or absence of added 
NaCl , indicating that a sufficient quantity of 
Na + is available in tryptone to support growth of 
V. ehoferae. A quantitative analysis of tryptone 
(8) demonstrates that. by weight . tryptone con­
tains approximately 2.7% Na+. Thus. sufficient 
Na + is present in a medium prepared with 1 % 
(wtlvol) tryptone (ca . 0.0012 M Na ' ) to support 
growth of V. cllOlerae (Table 8) . Since tryptone 
alone supported growth of V. choferae and glu­
cose had to be supplemented with yeast extract 
to support growth. we concluded that \I . cllO­
fera e requires one or more vitamins or other 
factors for growth , in addition to Na ·. As indi­
cated by survival at 10°C (Table 3), V. eholeme 
has the capability to survive for extended peri­
ods under adverse conditions of low tempera­
ture and reduced nutrient concentrations. When 
conditions become favorable, growth is initiat­
ed . Thus. V. cholerae possesses an ecological 
advantage expected and characteristic of an 
aquatic organism , especially one inhabiting a 
brackish or estuarine environment. 

Growth patterns obtained under condition s 
simulating those typical of estuarine and marine 
habitats indicate a preference of' V. c!/Olerae for 
moderate salinity, i.e ., between 15 and 25°/00 

(between freshwater and seawater). Also, up­
take of 14C-amino acids by V. cholerae under 
different salinity regimes and within a given 
temperature range demonstrates an unequivocal 
effect of salinity on the metabolic state of V. 
eholerae (Table 2). When uptake rates per cuI ­
turable cell at 20 and 25°C were compared. 
greater uptake was observed at 5°/00 salinilY. 
Since the uptake rate per culturable cell at 5°/ou 
salinity was greater than the uptake rates at 15 
and 25°/00 salinities, more substrate was re­
quired to be metabolized in systems of subopti­
mum salinity to maintain viability. Such condi­
tions suggest a physiological stress on the cells 
(D. Kushner, personal communication) . 

An analysis of the respiration-to-incorpo­
ration ratios obtained at different ionic concen­
trations demonstrated that lotal salinity , as well 
as concentration of specific ions , could stress 
cells physiologically, as indicated by ratios 
greater than 1.0 (12; Kushner, personal commu­
nication ; (Tables 4 through 7). 

Taking into account the salinity and tempera-
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especially human pathogens, from an aquatic 
system. However, as indicated by results ob­
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time at low temperatures. although often below 
detectable levels, as measured by plating or by 
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cells , i.e., surviving cells, possibly adsorb to 
surfaces of the container in the laboratory or to 
natural substrates in the environment (29) and 
remain viable until favorable growth conditions 
return. It is also possible that viable organisms 
simply do not grow on any of the plating media 
used without pretreatment of the sample, as has 
been previously suggested for V. cho/erae (27) . 

The influence of salinity on survival of V. 
cho/erae in microcosms incubated at lOoC is 
unequivocal: it survived for up to 42 days at a 
salinity of 25°/00 but not 5°/00 , In the latter case, 
the bacteria were not detected by culturing 
within 4 days of the start of incubation (Table 3). 
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is known to be present. a seasonal distribution of 
this organism can be explained by "overwinter­
ing" in waters with a salinity range that is 
optimal for V. cho/erae. In an estuary or area of 
brackish water. these requirements can easily be 
met. 
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be met by addition of K + or Li +, demonstrating 
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The requirement for Na f- demonstrated by 
many marine bacteria has been well established, 
notably by the elegant research of MacLeod and 
co-workers (12, 19-21). The obligate require­
ment for Na + is considered to be a differentiat­
ing characteristic useful in separating marine 
and estuarine bacteria from freshwater bacteria 
(19) . In a recertt report on the effect of Na + on 
growth patterns of a marine bacterium, Gow et 
al. (12) demonstrated that as the Na " concentra­
tion was decreased to near the minimum re­
quired to support growth, the major influence 
observed on growth was an extended lag period 
before growth. Also, when no Na + was added . 
no growth occurred. 

In this study, V. cho/erae was found to re­
spond to various concentrations of NaCI in a 
manner similar to that of the marine bacterium, 
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A/feromonas ha/op/ankfis 216. studied by Gow 
et al. (12) . In a substrate containing 1 % (wt/vol) 
glucose and 0.05% (wt/vol) yeast extract , the 
effects of specific ions on the growth of \'. 
cho/erae were tested, and, at the lower NaCI 
concentrations (i.e .. < 0.01 M). the time required 
before growth occurred increased (Table 8) . 
Also , in the absence of added NaCI. no growth 
of V. clio/erae occurred. [n systems with 1% 
(wUvol) tryptone as the substrate, growth oc­
curred in the presence or absence of added 
NaCI , indicating that a sufficient quantity of 
Na + is available in tryptone to support growth of 
V. cllo/erae. A quantitative analysis of tryptone 
(8) demonstrates that . by weight. tryptone con­
tains approximately 2.7% Na +. Thus. sufficient 
Na + is present in a medium prepared with 1 % 
(wUvol) tryptone (ca . 0.0012 M Na I) to support 
growth of V . cllO/erae (Table 8) . Since tryptone 
alone supported growth of V . clio/erae and glu­
cose had to be supplemented with yeas t extract 
to support growth. we concluded that V. clIO­
fera e requires one or more vitamins or other 
factors for growth , in addition to Na + . As indi ­
cated by survival at 10°C (Table 3). V . ello/eme 
has the capability to survive for extended peri­
ods under adverse conditions of low tempera­
ture and reduced nutrient concentrations. When 
conditions become favorable, growth is initiat ­
ed . Thus, V cllolerae possesses an ecological 
advantage expected and characteristic of an 
aquatic organism, especially one inhabiting a 
brackish or estuarine environment. 

Growth patterns obtained under conditions 
simulating those typical of estuarine and marine 
habitats indicate a preference of V . cllOlerae for 
moderate salinit y , i.e ., between 15 and 25°/00 
(between freshwater and seawater). Also, up­
take of '4C-amino acids by V. cllo/erae under 
different salinity regimes and within a given 
temperature range demonstrates an unequivocal 
effect of salinity on the metabolic state of V. 
cho/eme (Table 2) . When uptake rates per cui­
turable cell at 20 and 25°C were compared. 
greater uptake was observed at 5"/00 salinity . 
Since the uptake rate per culturable cell at 5%
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salinity was greater than the uptake rates at 15 
and 25°/00 salinities , more substrate was re­
quired to be metabolized in systems of subopti· 
mum salinity to maintain viability. Such condi­
tions suggest a physiological stress on the cells 
(D. Kushner, personal communication) . 

An analysis of the respiration-to-incorpo­
ration ratios obtained at different ionic concen­
trations demonstrated that total salinity , as well 
as concentration of specific ions , could stress 
cells physiologically . as indicated by ratios 
greater than 1.0 (12; Kushner, personal commu­
nication ; (Tables 4 through 7). 

Taking into account the salinity and tempera-



VOL. 44, 1982 ESTUARINE CHARACTERISTICS OF V. CHOLERAE 1057 

ture data for V. cholerae and considering the 
organism to be an indigenous member of the 
bacterial community of estuarine systems with a 
capabi lity for surviving for extended periods 
under adverse conditions, we can now account 
for many of the sporadic outbreaks of cholera in 
geographic areas without a known focus or 
source of infection . Recent outbreaks of cholera 
in Louisiana (2) and Texas (4) have been associ­
ated with or related to consumption of shellfi sh. 
Shellfi sh may indeed serve as an effective envi­
ronmental reservoir for V. cholerae, either 
through a nonspecific association, or, as has 
been hypothesized (6), by interaction with V. 
cholerae in a commensal relationship. Further­
more, the enterotoxin of V. choferae may playa 
role in salt tolerance, osmoregulation, or both , 
most probably in crustacea (6), A possible eco­
logical role of V. choferae enterotoxin is the 
sequestering of Na + from its commensal host for 
growth of the bacterium. When cholera toxin 
binds to the cell receptors of human intestinal 
epithelial cell s, adenylate cyclase activity in­
creases, which causes the leve l of cyclic AMP to 
increase. The increase in cyc lic AMP activ it y 
results in an efflux of Na· and other electrolytes 
from epithelial cells, along with an efflux of 
quantities of water, producing the symptoms 
associated with cholera (15, 17, 25, 26). Should 
cholera toxin affect epithe li al cells of crustacea 
similarly but less drastically, V. choferae, in 
association with crustacea, would provide for 
it se lf a means for obtaining sufficient quantities 
of Na+ from its host shou ld the salinity of the 
environment fall below that required for its 
survival and growth. 

On the basis of results reported here, we 
conclude that V. choferae is, as hypothesized by 
Colwell et at. (6), an indigenous member of the 
bacterial community of estuarine systems, a 
conclusion ev ident not only from the require­
ment of Na I for growth but a lso from the 
obvious preference of the organisms for a salini­
ty typical of a brackish water estuary. Distribu ­
tion of V. cholerae in the environment is not 
necessarily limited to estuaries, however, since 
the requirement for an optimum salinit y can be 
sat isfied by a sufficiently high nutrient concen­
tration (27). Epidemiological surveys for V. cho­
ferae would be more effect ive if they were 
combined with laboratory-controlled microcosm 
stud ies, which would permit a more complete 
understanding of the role and function of V. 
choferae in the natural environment. 
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ture data for V. cho/erae and considering the 
organism to be an indigenous member of the 
bacterial community of estuarine systems with a 
capability for surviving for extended periods 
under adverse conditions, we can now account 
for many of the sporadic outbreaks of cholera in 
geographic areas without a known focus or 
source of infection . Recent outbreaks of cholera 
in Louisiana (2) and Texas (4) have been associ­
ated with or related to consumption of shellfi sh. 
Shellfi sh may indeed serve as an effective envi ­
ronmental reservoir for V. ch()/erae, either 
through a nonspecific association, or, as has 
been hypothesized (6), by interaction with V. 
cho/erae in a commensal relationship . Further­
more, the enterotoxin of V . cho/erae may playa 
role in salt tolerance, osmoregulation, or both. 
most probably in crustacea (6), A possible eco­
logical role of V. cho/erae enterotoxin is the 
sequestering of Na + from its commensal host for 
growth of the bacterium . When cholera toxin 
binds to the ce ll receptors of human intestinal 
epithelial cells. adenylate cyclase activity in­
creases, which causes the level of cyclic AMP to 
increase . The increase in cyc lic AMP activity 
results in an efflux ofNa + and other electrolytes 
from epithelia l ce ll s, a long with an efflux of 
quantities of water, producing the symptoms 
associated with cholera (15, 17, 25, 26). Should 
cholera toxin affect epithelial cells of crustacea 
similarly but less drastically, V. cho/erae, in 
association with crustacea, wou ld provide for 
itself a means for obtaining sufficient quantities 
of Na+ from its host shou ld the salinit y of the 
environment fall below that required for its 
survival and growth . 

On the basis of results reported here. we 
conclude that V. cho/erae is, as hypothesized by 
Colwell et al. (6), an indigenous member of the 
bacterial community of estuarine systems. a 
conclusion evident not only from the require­
ment of Na' for growth but a lso from the 
obvious preference of the organisms for a salini ­
ty typical of a brackish water estuary, Distribu­
tion of V. ch()/erae in the environment is not 
necessarily limited to estuaries, however, since 
the requirement for an optimum salinity can be 
satisfied by a suffic ient ly high nutrient concen­
tration (27) . Epidemiological surveys for V. cho­
ferae would be more effect ive if they were 
combined with laboratory-controlled microcosm 
stud ies, which would permit a more complete 
understanding of the role and function of V. 
cho/erae in the natural environment. 
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