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CHAPTER I

INTRODUCTION

Aeromonas hydrophila is a primary pathogen of marine and

fresh water animals. It is the cause of red leg disease in

frogs and has been isolated from food, soil, and water [9].

This organism has a wide natural distribution and has been

established as a cause of disease in marine and warm blooded

animals [11]. It was once thought to be nonpathogenic for

man, and cases of human disease reported were considered

rare. Only recently has this highly proteolytic bacterium

been recognized as a human pathogen.

In the past two decades there have been increased reports of

infection with A. hydrophila. It may cause severe and seri-

ous illnesses, even fatalities. Those with depressed host

defenses and debilitating disease are the most susceptible

to infection. Septicemia, pneumonia, and enteritis are com-

mon manifestations of this organism [301. Principally it

affects humans in three ways; enteric infection, focal infec-

tion, and septicemic illness [9]. However, this organism

has been recovered from patients with diarrhea, severe gas-

troenteritis, metastatic myositis, cellulitis, gangrene,

peritonitis, osteomylitis, pneumonitis, bronchopneumonia and

meningitis [21]. It has also been isolated from a patient
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with carcinoma of the ovaries and uterus [21]. There has

even been a report of the ability of this organism to invade

and destroy cardiac valvular tissue [10]. The occurance of

this organism has also been noted in patients with leukemia,

diabetes, and healthy persons with severe wound infections

especially those associated with a water injury. The fre-

quency of reports of acute diarrheal disease by this organ-

ism in healthy individuals is also increasing. In these

cases the pathogenicity of the organism is attributed to

the production of an enterotoxin [231.

Miles and Halan isolated the organism in 1937 from the feces

of a patient with colitis, but failed to establish a causal

relationship [16]. Perhaps one reason for the increased

reports of A. hydrophila infections in humans is that lab-

oratories are implicating it in more disease processes as

they become increasingly aware of the cultural characteris-

tics of the organism. Failure of the clinical laboratory

to use appropriate techniques may give an inaccurate ident-

ification of the organism. A. hydrophila is often mistakenly

identified as a member of the family Enterobacteriaceae be-

cause of cultural and biochemical similarities. Character-

istics of A. hydrophila that distinguish it most from members

of the Enterobacteriaceae are a positive oxidase reaction

and polar flagellation.
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Another reason for an increased incidence might be clarifi-

cation of prior taxonomic confusion. The first edition of

Bergey's Manual in 1923 incorrectly described the organism

named Proteus hydrophilus as having peritrichous flagella-

tion even though it had been previously described as posses-

sing polar flagellation by Russell in 1898 [17]. This mis-

take was not corrected until the sixth edition of Bergey's

Manual when it was described as being monotrichous and placed

in the genus Pseudomonas [17]. In 1936, Kluyver and van Neil

proposed the genus Aeromonas for those rod-shaped bacteria

with general properties of the enteric group, but motility

by means of polar flagella and a positive oxidase react-

ion [20]. Stanier recommended in 1943 that Pseudomonas

hydrophilus be placed in the genus Aeromonas [31]. Not

until 1951 when Miles and Miles reviewed the characteristics

of Proteus melanovogenes, the cause of black rot in eggs,

and decided it was synonymous with Proteus hydrophilus was

this organism placed in the genus Aeromonas and named Aero-

monas hydrophila [17]. In the seventh edition of Bergey's

Manual in 1964 the genus Aeromonas was placed in the family

Pseudomonadaceae [3]. It was changed to the family Vibrio-

naceae in the 1975 eighth edition of Bergey's Manual [4]

and is in the Vibrionaceae family in the 1984 Bergey's Man-

ual of Systematic Bacteriology [5].

The production of exoproteases by this organism has been
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well established. Even though the pathogenic properties of

A. hydrophila have not yet been fully determined, it is

thought that proteases may be associated with the virulence

of A._ hydrophila since they have been implicated with viru-

lence in a variety of other species of bacteria such as Pseu-

domonas aeruginosa [12] and Vibrio cholerae [27]. A. hydro-
phila produces a multiplicity of extracellular enzymes and

toxins which have the potential to contribute to the patho-

genicity of this bacterium [32]. Clinical isolates of A.

hydrophila have been described as cytotoxic [9]. A.. hydro-
phila has been shown to be enterotoxigenic using ligated

ileal loops of rabbits, causing a fluid accumulation of 1-2

ml/cm of gut length [24]. Factors which stimulate or inhibit

the accumulation of bacterial toxins in the host could be

important determinants of health and disease [22].

Production of protease enzymes by a microorganism is often

dependent on the composition of the culture medium. Divalent

cations and specific reagents such as ammonium sulfate and

some amino acids may affect the proteolytic activity of a

microorganism [35]. Limited progress in the development of

a chemically defined medium for the growth of A. hydrophila

has made it difficult for the study of those factors which

affect toxin production [22]. A chemically defined medium

would possibly provide the availability of high titer prep-
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arations of exotoxins, free of contaminating proteins from

complex media. Better cultural conditions for the production

of exotoxins might improve attempts to define the; 1) mecha-

nisms of pathogenicity of A. hydrophila, 2) functional struct-

ural variations among biotypes and the subsequent contribu-

tion of these variations to disease processes in the ecto-

thermic animal, and 3) approaches for the control of disease

caused by A. hydrophila in the commercially cultured ecto-

thermic animal [23]. It has been suggested that extracellular

virulence substances from bacterial pathogens may be of sig-
nificance as immunogens [32]. To standardize such prepara-

tions for vaccine trials, it is important to know the nature

of the substances and the conditions of culture and handling

which will ensure optimal production and activity [321. A
chemically defined medium would possibly provide a means

for the production of these substances.

A chemically defined medium for the accumulation of exocel-
lular proteases has been developed by Jensen et al. for clin-

ical isolates of P. aeruginosa [12]. Using their chemically

defined medium which is similar to the medium described in
this study, they found that both iron and zinc were required

for optimal protease production. Production of alpha toxin

by Clostridium perfringens was affected in a synthetic medium

and the concentrations of iron and zinc divalent cations had

- -i 4 , W"Wwvp " Wqw-- - -
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to be strictly controlled [25]. Growth and production of

protease by A. hydrophila in relation to time were demon-

strated by Stevenson and Allan [32]. They also examined

the effect on protease production when glucose and ammonium

sulfate were used as the carbon and nitrogen source.

Wretlind, Heden, and Wadstrom found ammonium sulfate to be

inhibitory for the formation of Oxtracellular protease in

A hydrophila grown in Brain Heart Infusion medium [35].

They demonstrated by manipulating the iron and zinc content

within their medium that it is possible to differentially

affect the accumulation of hemolysin and protease by A.

hydrophila grown in batch culture [23]. Further manipula-

tion of the composition of this medium was done in the pre-

sent study to determine the effect of other components on

the production of protease. The purpose of this study was

to determine the factors affecting the level of A. hydrophila

protease produced in a chemically defined medium.

Wpm



CHAPTER II

MATERIALS AND METHODS

Cultures and Culture Media

Test Cultures

Aeromonas hydrophila isolates used in this study were from

two sources. One strain, FHM #2, was obtained from a patient

with a case of diarrhea in Cook Children's Hospital, Fort
Worth, Texas. The other strain, FHM #3, was isolated from

a patient with a knee wound in Harris Hospital, Fort Worth,

Texas. Cultures used in this study were identified as A.
hydrophila by way of the following tests [7]:

utilization of: Esculin

Glucose

L-Arabinose

L-Inositol

D-Mannitol

Salicin

Sucrose

production of: Phenylalanine Deaminase

Urease

L--Arginine Dihydrolase

7
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Preparation of the Inoculum

The cultures were streaked on Trypticase Soy agar (TSA) plates

(BBL) and incubated at 250 C for 18 to 24 hours. After incuba-

tion, a typical well-isolated colony was selected and trans-

ferred to a TSA slant. After incubation for 18 to 24 hours,

cultures were stored in the refrigerator at approximately 40 C

and used as stock cultures. This procedure was repeated at

three to four week intervals. The cultures in each experi-

ment were taken from the stock cultures and streaked on Brain

Heart Infusion agar (BHI) slants or put in Trypticase Soy

broth (TSB) then incubated 18 to 24 hours prior to use.

Inocula were prepared from 18 to 24 hour cultures in TSB or

from BHI agar slants. TSB cultures were centrifuged and

washed three times on 0.85% sterile saline to remove any of

the remaining TSB medium. Cells from the BHI slants were

suspended in sterile 0.85% saline or distilled water. In

both instances inocula were standardized to an optical density

of 0.4 at 600 nm in a model 20 Bausch and Lomb Spectropho-

tometer.

Culture Medium

The water used in the preparation of the chemically defined

medium was deionized water from a Corning Megapure distil-

lation apparatus.

The chemically defined medium used in this investigation was
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prepared from A.C.S. reagent grade chemicals of the highest

purity obtainable from commercial sources. Wherever pos-

sible lot numbers of chemicals were changed only when neces-

sary. The medium used as a basis of this research was a

chemically defined minimal medium (MM) of Riddle et al. [23]

of the following composition:

g/L

NaCl 6.0

KH2 PO4  3.0

K2 HPO4  9.12

MgSO4  0.1

(NH4 ) 2 SO4  0.78

L-Glutamic Acid 1.0

L-Histidine HCl 1.0

Glycerol 4.2 ml

The basal medium was sterilized by autoclaving. Trace metals

were filter sterilized and added from individual stock solu-

tions of CaC12-2H20, FeSO4 -7H2 0, and ZnSO4 -7H20 to give the

desired concentrations of the divalent cations:

PM

Ca 29.60

Fe 0.02

Zn 1.40

The final pH of the medium was adjusted to 7.2 with 1 M NaOH.

The chemically defined medium of Riddle et al. [23] was mod-
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ified for use in this study. MM was supplemented with other

cations (MMWAS) and contained:

g/L

NaCl 6.0

KH2 PO4  3.0

K2 HPO4  8.265

MgSO4 -7H2 0 0.205

(NH4 )2SO4  0.78

L-Glutamic Acid 1.0

L-Histidine 1.0

Glycerol 4.2 ml

To allow for molecular H20 in the reagents, calculations

were made and the composition of the medium was adjusted

to maintain comparable ratios with those of MM. The basal

medium was sterilized by autoclaving. The stock solutions

of CaCI2 -2H2 0, FeSO4 -7H 20, CoSO4 -7H2 0, CuSO4 -5H2 0, MnSO4 -H2 0,

and MoO3 were filter sterilized and added to the medium to

give the desired concentrations of the divalent cations:

Ca 40.700

Fe 6.400

Zn 2.500

Co 0.013

Cu 0.016

Mn 0.021

Mo 0.005

01' a - -, - " i , - , , "' , i" -- - 4sk ,4
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The final pH of the medium was adjusted to 7.2 with 1 M NaOH.

Preparation of Glassware

All glassware was washed with non-ionic powder detergent in

an automatic dishwasher or with liquid detergent by hand.

The glassware was then rinsed with tap water and a final rinse

with deionized water with a resistance of less than 10 milli-

ohms from a Millipore deionizer. All glassware used in this

study was sterilized at 121*C in an autoclave.

Viable Cell Counts

Standard inocula at an optical density of 0.4 were diluted

ten fold by serial dilution in TSB and the dilutions spread

plated on TSA plates in duplicate. The plates were incubated

for 72 hours at 25'C. The number of colony forming units per

plate was determined. The average of duplicate plates was

multiplied by the dilution factor and used in all instances

where colony forming units were required. Time interval sam-

ples were aseptically removed from incubating (25'C) shake

flask cultures of the chemically defined medium. These sam-

ples were diluted ten fold by serial dilution in TSB, spread

plated on TSA plates, and incubated at 25'C for 72 hours.

The colony forming units on each plate were counted and multi-

plied by the dilution factor. The Bradford Protein Assay [8]

and the dimethyl casein assay [151 were performed on the sup-

ernatant samples.
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Preparation of Culture Supernatant Exoprotease

Erlenmeyer flasks (1,000 ml) containing 100 ml of complete

medium were inoculated with 0.1 ml of cell suspension and

incubated at 25'C for 72 hours with shaking at 150 rpm on

a gyratory shaker. Supernatants were collected by centrifu-

gation in a Beckman J-21C refrigerated centrifuge at 10,000

x g, filter sterilized with a Millipore membrane filter of

0.4 pM porosity, and the final pH determined with a Corning

125 pH meter. The supernatant was concentrated in an Amicon

DC-2 hollow fiber filter device with a molecular weight cut

off of 10,000 daltons to 1/20 of the original volume.

Isolation and Purification of Exoprotease

The concentrated supernatant was precipitated with a solution

of saturated (NH4)2 SO4 at 40 C overnight. The precipitate was

collected by centrifugation in a Beckman model J-21C refrig-

erated centrifuge using a JA-10 rotor at 10,000 x g for 45

minutes at 40C. The resuspended pellet was ultrawashed in

0.01 M Tris-HCl, pH 7.4 and conductivity was determined to

be 750 microhms using a Markson ElectroMark Analyzer. The

sample (25 ml) was applied on a DEAE-Sephacel Anion exchange

column equilibrated with 0.01 M Tris-HCl (pH 7.4). Frac-

tions (2.5 ml) were collected in 16mm x 100mm tubes in an

LKB fraction collector. Samples were assayed for protein

using the dimethyl casein assay [15]. Conductivity of the

fraction was also determined. The enzymatically active
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fractions were pooled, desalted in an Amicon Stirred Ultra-

filtration Cell, and lyophilized.

Proteolytic Assay

Protease activity was determined by the method of Lin, Means,

and Feeney, using dimethyl casein to produce N,N-dimethyl

proteins by reductive methylation of their amino groups [15].

Proteolysis of these alkylated proteins was measured directly

from the appearance of new terminal amino groups when the pep-

tide bonds were cleaved. Absorbance of the substrate at 340

nm in a model 250 Guilford Spectrophotometer was determined

relative to a blank incubated with all of the components

present in the sample except active enzyme. The average ex-

tinction coefficient (1.3 x 104 moles~ 1cm 2) was used to cal-

culate the concentration of free amino groups. This allows

direct expression of proteolytic activity in terms of the

number of bonds split. The molar concentration of cleaved

peptide bonds can therefore be calculated from the relation-

ship: [NH2 terminal]= A3 4 0 /1-3 x 104. The proteolytic act-

ivity was then converted to International units of enzymatic

activity per ml per minute by dividing the moles of bonds

cleaved by 1 x 10-6 mole.

Assay of Proteins

Protein in the culture supernatants was determined using the

reagent developed by Bradford [8]. This reagent contains
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Coomassie Brilliant Blue G-250 which binds to protein caus-

ing a color change which can be measured in a Spectrophoto-

meter. Bradford Reagent was added to 0.1 ml of sample and

to 0.1 ml of sterile medium for a control. Absorbance of

the blank control and the sample was compared at 595 nm in

a model 250 Guilford Spectrophotometer. Absorbance of the

sample was then applied in the following formula [8] to de-

termine protein in mg protein/ml:

mg protein/ml = A595 - 0.05/1.5

Molecular Weight Determination of Proteases

The partially purified proteases were applied to electro-

phoresis tubes of polyacrylamide gel. The Laemmli System,

a sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE), was used to seperate proteins on the basis of

molecular weight [14]. A Pharmacia Low Molecular Weight

Kit was used as a standard. The kit contained phosphorylase

b (MW 94,000), albumin (MW 67,000), ovalbumin (MW 43,000),

carbonic anhydrase (MW 30,000), trypsin inhibitor (MW 20,100),

and a-lactalbumin (MW 14,400). The electrophoretic mobility

of the sample was compared with that of the protein stand-

ards of known molecular weights. The LKB power supply was

set at constant current and started at 10 mA with 29 volts.

After 30 minutes the current was changed to 20 mA and 56

volts. The samples were run for 4 hours and stopped at 20

mA with 139 volts.
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Hemolytic Assay

A. hydrophila inocula with a density of 0.4 at 600 nm were

streaked on sheep blood agar plates and incubated at 25*C

for 24 hours. Gram stains of colonies showing 0-hemolysis

were performed.

Hemolytic activity was measured using defibrinated sheep

red blood cells (RBC). The RBC were washed three times in

sterile phosphate buffered saline (PBS) [13]. A standard

erythrocyte suspension was prepared using 0.5 ml distilled

water to 0.5 ml RBC to give 100% lysis. Sterile PBS (0.5 ml)

and RBC (0.5 ml) were used for a 0% hemolysis control. The

lyophilized proteases (0.5 mg) were reconstituted in 0.5 ml

sterile PBS. Hemolysin (0.5 ml) was titered by twofold di-

lution in 0.5 ml PBS in duplicate and 0.5 ml RBC were added

to the dilutions [131. The cell suspensions were incubated

for 1 hour and for 17 hours at 250 C [231. The cultures were

centrifuged for 5 minutes and absorbance of the supernatant

was determined at 540 nm in a model 250 Guilford Spectropho-

tometer [23]. The amount of hemolysis in each dilution was

determined relative to the absorbance of the positive and

negative controls.

Statistical Analysis

The pooled t-test was used to test the significance of the

difference between two means (ta/2=0.025).
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RESULTS

Initial Studies on Protease Activity in Minimal Medium

Initially studies were conducted to determine the maximum

levels of protease accumulation when the concentration of

divalent cations was manipulated in the chemically defined

minimal medium (MM) of Riddle et al. [23]. The data pre-

sented represent a numerical average of multiple replica-

tions unless otherwise noted. Protease accumulation is ex-

pressed as enzyme activity per ml per minute (IU).

A. hydrophila strain FHM #2 was first grown in the complete

medium of Riddle et all. [23]. Replicate samples were inoc-

ulated with 0.1 ml or 1.0 ml of a 24 hour culture, incubat-

ed, and assayed for enzyme activity. The results of the

replicate samples (Table I) were inconsistent and not repro-

ducible when cultured and assayed under the same conditions.

The inoculum size was not statistically significant.

Effect of Cations in Minimal Medium

The effect of calcium on protease accumulation by the organ-

ism in MM was studied. The addition of calcium to MM in-

creased protease production as measured by enzyme activity

with a maximum obtained in this study at 7.4 yM (Table II).

The difference of the means at 0.0 pM and 7.4 pM were

16



TABLE I

PROTEASE ACTIVITY OF REPLICATE CULTURES OF AEROMONASHYDROPHILA IN THE CHEMICALLY DEFINED MEDIUM OFRIDDLE ET AL. USING TWO DIFFERENT INOCULA

NUMBER
OF REPLICATE

INTERNATIONAL UNITS
ENZYME ACTIVITY/ml/min

0.1-mia

1

2

3

4

5

6

7

11.540

2.280

0.192

11.540

20.250

41.153

0.000

2.820

13.080

0.000

2.690

0.127

0.000

0.000

AVERAGE 12.422 + 14.692 2.674 4.765

aSize of inoculum - 0.1 ml/100 ml medium
Size of inoculum - 1.0 ml/100 ml medium

100 ml/500 ml flasks
Time of incubation - 72 hours
Temperature of incubation - 25 0C
Strain - FHM #2

17
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TABLE II

THE EFFECT OF CALCIUM ON THE PRODUCTION
OF PROTEASE IN THE MINIMAL MEDIUM

Ca CONCENTRATION

PM
INTERNATIONAL UNITS

ENZYME ACTIVITY/ml/mina

0.0 3.674 6.146

7.4 34.425 16.228

14.8 15.040 19.387
*

29.6 12.422 14.692

Concentration used by Riddle et al.

"Jata represent numerical average of 3 replicate cul-
tures

Protein levels were not measurable by the Bradford
Assay

Time of incubation - 72 hours
Temperature of incubation - 25 0C
Inoculum size - 0.1 ml/100 ml medium
Strain - FHM #2

18
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significant. The level of enzyme activity decreased as the

concentration of calcium was increased past 7.4 pM; however,

the level of activity at the highest concentration tested

was higher than the level observed when no calcium was ad-

ded to the medium.

Another group of experiments was designed to show the ef-

fect of varying the concentration of zinc on protease pro-

duction. As shown in Table III, maximum activity was noted

at a concentration of 0.35 yM. The difference of the means

at 0.0 pM and 0.35 pM is significant. The protease activ-

ity decreased as the concentration of zinc was increased

beyond 0.35 pM. The level of enzyme activity shown at the

highest concentration tested was higher than the activity

exhibited when no zinc was added.

The iron concentration was manipulated in MM to determine

the effect of iron on protease production. Iron was appar-

ently suboptimal or inhibitory to enzyme activity at a con-

centration of 0.005 pM as shown in Table IV. The highest

level of activity observed was at 0.020 pM, the highest iron

concentration tested.

The effect of ammonium sulfate on protease activity in MM

was also tested. MM with 0.78 g/L ammonium sulfate is the

same medium composition as that used by Ridle et al. [23].

This medium was compared to the same medium without ammonium

i, 1



TABLE III

THE EFFECT OF ZINC ON THE PRODUCTION
OF PROTEASE IN THE MINIMAL MEDIUM

Zn CONCENTRATION
pM

INTERNATIONAL UNITS
ENZYME ACTIVITY/ml/mina

0.00 6.985 9.878

0.35 30.640 4.172
*

1.40 12.422 14.692

7.00 12.755 6.442

*
Concentration used by Riddle et al.

a Data represent numerical average of 2 replicate cul-

Protein levels were not measurable by the Bradford

Time of incubation - 72 hours
Temperature of incubation - 25 C
Inoculum size - 0.1 ml/100 ml medium
Strain - FHM #2

20
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TABLE IV

THE EFFECT OF IRON ON THE PRODUCTION
OF PROTEASE IN THE MINIMAL MEDIUM

Fe CONCENTRATION INTERNATIONAL UNITS

PM ENZYME ACTIVITY/ml/mina

0.000 9.870 10.522

0.005 4.550 0.636

0.020 12.422 14.692

*

Concentration used by Riddle et al.

aData represent numerical average of 2 replicate cul-
tures

Protein levels were not measurable by the Bradford
Assay

Time of incubation - 72 hours
Temperature of. incubation - 25 0C
Inoculum size - 0.1 ml/100 ml medium
Strain - FHM #2

21
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sulfate. The enzyme activity noted when the organism was

cultured in the medium without ammonium sulfate was 2.885

IU and 12.422 IU was noted when the medium had ammonium

sulfate. Protease production appeared to be stimulated in

the medium with ammonium sulfate, but statistically there

is no significant difference between these media. Protein

levels were not measurable by the Bradford Assay in this

experiment.

The results of the enzyme activity assay were inconsistent

throughout these experiments. Replicate samples did not

give reproducible data. In order to try to reduce the

variability of the results and obtain reproducible data,

the culture inoculum was standardized to an optical density

of 0.4 at 600 nm. The assay results were still not consis-

tent in this medium.

Protein levels in the supernatant solution could not be mea-

sured in any of the experiments using the Bradford Assay.

Growth Study

The inoculum (0.4 O.D.) of the chemically defined medium

was serially diluted (1:10) in TSB and 0.1 ml plated on

TSA. After 72 hours of incubation the colony forming units

were counted. The average inoculum size was determined to

be 1.72 x 108 colony forming units.
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Growth and protein levels were monitored as shown in Figure

1. Flasks of medium were inoculated with the standard in-

oculum, incubated at 25'C, and samples removed at time in-

tervals of 11, 15, 20, 35, 39, 44, and 61.5 hours. These

samples were diluted by tenfold serial dilution and spread

plated on TSA. The colony forming units for each time in-

terval were counted and plotted in Figure 1. Bradford pro-

tein assays were performed on all of the samples and the

results plotted in Figure 1.

Studies on the Protease Activity in a Modified Minimal Medium

It was thought that the medium of Riddle et al. [23]; was

possibly nutritionally deficient. MM was then supplemented

with other cations to form MMWAS. Co, Cu, Mo, and Mn were

used because these elements are needed in trace amounts for

the nutrition of A. hydrophila, but do not affect the level

of accumulated toxin. This medium (MMWAS), but with no added

ammonium sulfate (MMNAS), was used in the next experiments.

Eight replicate samples were tested using MMNAS. The medium

(100ml) was inoculated with 1.0 ml of the standardized 24

hour culture of FHM #2. After 72 hours incubation the sup-

ernatant solution was assayed for enzyme activity. There

was still considerable inconsistency in the assay results

as shown in Table V. The average of the protease activity

in MMNAS was higher than the average of the protease act-
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Figure 1 -- Growth and protein levels in FHM #2.

Temperature of incubation - 25 0C
Medium - MMNAS

Growt h logy- Ar -1WN -
Protein mg 1 -,W



25

- -

WE

0.

I 4

40- N 0pil IO

C) 0) 00
r-I

) C.o L:\ -::- " CD C-I

c-
0 |-

(D

C/)

cx

CD

~1 ~~

v-I

- , I . I I . -- I I .0im"Umilif IM, I - - ---



TABLE V

PROTEASE ACTIVITY OF REPLICATE CULTURES OF
AEROMONAS HYDROPHILA IN MMNAS

NUMBER
OF REPLICATE

1

2

3

4

5

6

7

8

INTERNATIONAL UNITS
ENZYME ACTIVITY/ml/min

28.590

0.000

0.000

18.200

22.690

8.077

14.100

2.820

AVERAGE 11.810 10.818

Protein levels were not measurable by the BradfordAssay.

Time of incubation - 72 hours
Temperature of incubation - 250C
Size of inoculum - 1.0 ml/100 ml medium O.D. 0.4100 ml/500 ml flasks
Strain - FHM #2

26
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ivity in MM under the same culture conditions. The dif-

ference of the means of these media was not significant.

Effect of Cations in Modified Minimal Medium

Using the calcium concentration identified in MM for maximum

protease production, the effect of calcium was determined

in MMNAS. In both MM and MMNAS, the addition of calcium at

7.4 pm produced the maximum protease activity. The differ-

ence of the means at 7.4 pm and 29.6 pm in MMNAS was statis-

tically significant. The level of enzyme activity decreased

in MMNAS as the concentration of calcium was increased beyond

7.4 pm (Table VI).

The addition of zinc to both MM and MMNAS stimulated protease

production. In both media the zinc concentration that yielded

the highest protease levels was 0.35 pm. The protease act-

ivity decreased in MMNAS as the concentration of zinc was

increased above 0.35 pm as shown in Table VII. The decrease

in protease activity noted using 0.35 pm and 1.40 pm was not

significant. The difference in protease activity at 1.40 pm

and 1.75 pm was significant.

A set of cultures were tested using MMNAS and both calcium

(7.4 pm) and zinc (0.35pm) at their maximum protease pro-

ducing concentrations when used separately. When the two

trace metals were combined in MMNAS at their respective

optimal concentrations, protease activity was reduced to



TABLE VI

THE EFFECT OF CALCIUM ON THE PRODUCTION
OF PROTEASE IN MMNAS

Ca CONCENTRATION INTERNATIONAL UNITS
PM ENZYME ACTIVITY/ml/mina

7.4 14.730 + 6.516

29.6 11.810 + 10.818

37.0 7.520 + 15.634

44.4 0.094 + 0.061

aData represent numerical average of 8 replicate cul-tures

Protein levels were not measurable by the BradfordAssay

Time of incubation - 72 hours
Temperature of incubation - 25'C
Inoculum size - 1.0 ml/100 ml medium O.D. 0.4Strain - FHM #2
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TABLE VII

THE EFFECT OF ZINC ON THE PRODUCTION
OF PROTEASE IN MMNAS

Zn CONCENTRATION 
INTERNATIONAL UNITS

pM ENZYME ACTIVITY/ml/mina

0.35 19.580 + 13.041

1.40 11.810 + 10.818

1.75 1.630 + 4.313

2.10 0.110 0.153

aData represent numerical average of 8 replicate cul-tures

Protein levels were not measurable by the BradfordAssay

Time of incubation - 72 hours
Temperature of incubaton - 25 0C
Size of inoculum - 1.0 ml/100 ml medium O.D. 0.4Strain - FHM #2

29
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4.912 IU, but this reduction in protease activity is not

significant using ta/2=0.025.

Protein levels in the supernatant of MMNAS cultures were

not measurable in any of these experiments.

Further Studies and Modifications of the Minimal Medium

The results of the enzyme assay in the MMNAS experiments

were also inconsistent and not reproducible; therefore, fur-

ther modifications were made on MMNAS. Ammonium sulfate

at a concentration equal to that used by Riddle et al. (0.78

g/L) [23] was added to MMNAS to produce MMWAS. MMWAS (100

ml) was inoculated with 1.0 ml of the standardized 24 hour

culture of FHM #2. The enzyme activity of the supernatant

solution was assayed after 72 hours incubation. The results

of the assay were more consistent than those in the previ-

ous experiments, but the average activity levels were great-

ly reduced (Table VIII). The difference of the means of

MMNAS and MMWAS was significant using the t-test. The pro-

tein level in the medium remained unmeasurable by the Brad-

ford Assay.

In an effort to maintain the consistency and raise the en-

zyme activity level in MMWAS, the concentrations of calcium,

zinc, and ammonium sulfate were doubled. Replicate samples

assayed from this medium exhibited consistent results with

low enzyme activity levels as shown in Table IX. Aeration



TABLE VIII

PROTEASE ACTIVITY OF REPLICATE CULTURES OFAEROMONAS HYDROPHILA IN MMWAS

NUMBER
OF REPLICATE

1

2

3

4

5

6

7

8

INTERNATIONAL UNITS
ENZYME ACTIVITY/ml/min

0.000

0.283

0.697

0.000

0.183

0.143

0.603

0.577

AVERAGE 0.311 0.332

Protein levels were not measurable by the BradfordAssay.

Time of incubation - 72 hours
Temperature of incubation - 25'C
Size of inoculum - 1.0 ml/100 ml medium O.D. 0.4Strain - FHM #2
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TABLE IX

PROTEASE ACTIVITY OF REPLICATE CULTURES OF AEROMONAS
HYDROPHILA IN MMWAS WITH INCREASED CALCIUM,

ZINC, AND AMMONIUM SULFATE

NUMBER
OF REPLICATE

1

2

3

4

5

6

7

8

INTERNATIONAL UNITS
ENZYME ACTIVITY/ml/min

0.047

0.137

0.000

0.443

0.000

0.250

0.347

0.000

AVERAGE 0.153 0.174

Protein levels were not measurable by the BradfordAssay.

Time of incubation - 72 hours
Temperature of incubation - 250C
Size of inoculum - 1.0 ml/100 ml
100 ml/500 ml flasks
Calcium concentration - 81.4 jM
Zinc concentration - 5.0 pM
Ammonium sulfate concentration -

medium O.D. 0.4

1.56 g/L

32



33

has been noted to increase protease production in A. hydro-

phila. To increase aeration, 100 ml of MMWAS with the in-

creased concentration of calcium, zinc, and ammonium sulfate

was cultured in 1,000 ml flasks. The results of the enzyme
activity assay of the supernatant solutions is shown in
Table X. The increase in enzyme activity using 100 ml of
medium in 1,000 ml flasks instead of 500 ml flasks was sig-

nificant.

To further increase aeration and increase protease produc-

tion, 4L baffled flasks with 1L of culture medium were used.
Enzyme activity was found to increase when the medium was
cultured in these flasks (1.457 IU).

Effect of Cations in MMWAS

MMWAS with 1.56 g/L ammonium sulfate, 5.0 pM zinc, and no
added calcium was inoculated with 10.0 ml/L of the standard-

ized FHM #3 inoculum and incubated at 25'C. The enzyme ac-
tivity noted using the medium without calcium was 2.530 IU
and the medium with 81.4 yM of calcium was 2.832 IU. Prote-
ase activity was not significantly (toa/2=0.025) reduced in
the absence of calcium in this experiment.

The effect of zinc on protease production was tested using

the same medium with 81.4 pM calcium and no added zinc.

The enzyme activity was not significantly lower in the med-

ium without zinc (2.007 IU) when compared to the medium con-

- -- 4 iakwAsAgi. ON"



TABLE X

PROTEASE ACTIVITY OF REPLICATE CULTURES OF AEROMONASHYDROPHILA IN MMWAS WITH INCREASED CALCIUM, ZINC,
AND AMMONIUM SULFATE AND INCREASED AERATION

NUMBER INTERNATIONAL UNITSOF REPLICATE ENZYME ACTIVITY/ml/min

1 0.086

2 0.673

3 0.883

4 0.960

5 1.003

6 1.053

AVERAGE 0.776 0.363

Protein levels were not measurable by the BradfordAssay.

Time of incubation - 72 hours
Temperature of incubation - 25 0 CSize of inoculum - 1.0 ml/100 ml medium O.D. 0.4100 ml/l,000 ml flasks
Strain - FHM #2
Calcium concentration - 81.4 yM
Zinc concentration - 5.0 yM
Ammonium sulfate concentration - 1.56 g/L
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training 5.0 pM zinc (2.832 IU).

When no zinc or calcium were added to MMWAS with 1.56 g/L

ammonium sulfate the enzyme activity was less than one half

the activity noted when zinc (5.0 PM) and calcium (81.4 PM)

were present (Figure 2).

The medium with 1.56 g/L ammonium sulfate, 81.4 pM calcium,

and 5.0 pM zinc added to MMWAS was used to determine the ef-

fect of added iron on protease production. There was a

small reduction in protease activity in the medium without

added iron as shown in Figure 2, but this drop in activity

was not as dramatic as that seen when both calcium and zinc

were removed from the medium (Figure 2). There was also a

protein level of 0.017 mg/ml in the supernatant solution of

the medium with no added iron.

When calcium, zinc, and iron were all removed from MMWAS

with 1.56 g/L ammonium sulfate the protease activity was re-

duced as shown in Figure 2 with a protein level of 0.36 mg/ml

noted in the supernatant solution.

MMWAS with the increased concentrations of ammonium sulfate

(1.56 g/L) and zinc (5.0 PM) was used to determine the ef-

fect of a high concentration of calcium on the production

of protease. The calcium concentration was doubled to

162.8 pM. The enzyme activity when the medium contained
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Figure 2 -- The effect of calcium, zinc, and iron

on the production of protease and protein levels by FHM #3

in MMWAS.

Time of incubation - 72 hours

Temperature of incubation - 25 0C

Size of inoculum - 10.0 ml/L O.D. 0.4

1,000 ml/4,000 ml baffled flasks

Ammonium sulfate concentration - 1.56 g/L

Enzyme activity (IU) - U
Protein mg/ml - 0
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81.4 PM calcium was 0.776 IU and at 162.8 M calcium it was

0.657 IU. Calcium at the higher concentration in MMWAS has
little or no significant effect on the enzyme activity.

Serine has been noted to increase protease production by
some bacteria. To the same medium with the same concentra-
tion of calcium (162.8 M), serine was added at 1.0 g/L.
The enzyme activity of the culture supernatant was 0.665 IU.
Serine did not have a significant effect on protease produc-
tion under these conditions.

Studies Using Other Minimal Media

According to Stevenson and Allan [321 optimal production of
protease by A. hydrophila occurs with a complex carbon and/
or nitrogen source because protease activity is significant-
ly reduced when glucose and ammonium sulfate replace cas-
amino acids in the growth medium. When the minimal medium
of Stevenson and Allan [32) was used in the present study
and culture samples were removed at 44.5 hours and 64.5
hours no enzyme activity was exhibited in the assay. Also
protein levels were not measurable in the supernatant solu-
tion.

Another experiment was performed using casamino acids as
the sole source of carbon and nitrogen. MMWAS containing

0.5% casamino acids (5.0 g/L), 81.4 pM calcium, 5.0 aM zinc,
and without ammonium sulfate, histidine, glutamic acid, and
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glycerol was inoculated with 5.0 ml/500 ml of the standard

inoculum in a 2L flask. Culture samples were removed at

11, 15, 20, 35, 39, 44, and 61.5 hour time intervals during

incubation. The supernatant solution exhibited no enzyme

activity in any of the samples. The protein levels ranged

from 0.026 mg/ml at 11 hours with a steady increase to the

maximum levels of 0.107 mg/ml at 35 hours then decreasing

to 0.070 mg/ml at 44 hours (Figure 3). No protein was mea-

surable in the 61.5 hour culture supernatant.

MMWAS with 1.56 g/L ammonium sulfate, 5.0 1M zinc, 81.4 pM

calcium, and 1% (10 g/L ) casamino acids was inoculated with

1.0 ml/100 ml of the standard inoculum in a 1L flask. Sam-

ples were removed at 8, 12, 17, 32, 37, 41, and 59 hours of

incubation. No enzyme activity was noted in any of the sam-

ples. Protein levels were 0.027 mg/ml at 8 hours increasing

to 0.216 mg/ml at 32 hours and 37 hours and decreasing to

0.184 mg/ml at 41 hours (Figure 4). The 59 hour sample pro-

tein level was not measurable by the Bradford Assay.

Another medium using MMWAS with 1.56 g/L ammonium sulfate,

81.4 pM calcium, 5.0 pM zinc, and 1 g/L dextrose was inocu-

lated with 5.0 ml/500 ml of the standard inoculum and incu-

bated in a 2L flask. Culture samples were removed after

11, 16, 20, 35.5, 39.5, 44, and 62 hours of incubation.

There was no enzyme activity detected in the culture super-
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Figure 3 -- Enzyme activity and protein levels ofFHM #2 in MMWAS using 0.5% casamino acids as the solesource of carbon and nitrogen.

Temperature of incubation - 25'C
Size of inoculum - 5.0 ml/500 ml O.D. 0.4
500 ml/2,000 ml flasks

Calcium concentration - 81.4 VM
Zinc concentration - 5.0 VM
No ammonium sulfate
No histidine
No glutamic acid
No glycerol

Enzyme activity (IU) -
Protein mg/ml -
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Figure 4 -- Enzyme activity and protein levels ofFHM #2 in MMWAS with 1% casamino acids added.

Temperature of incubation - 25'C
Size of inoculum - 1.0 ml/100 ml
100 ml/1,000 ml flasks

Ammonium sulfate concentration - 1.56 g/L
Calcium concentration - 81.4 yM
Zinc concentration - 5.0 pM

Enzyme activity (IU) -AM
Protein mg/ml - 4--
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natant of any of the samples except at 35.5 and 39.5 hours

(Figure 5). The protein level at 11 hours was 0.003 mg/ml

and increased to 0.058 mg/ml at 35.5 hours then decreased

to 0.037 mg/ml at 44 hours (Figure 5). There was no measur-

able protein in the supernatant solution at 62 hours.

Studies of Minimal Medium Using FHM #3

FHM #2 had been subcultured for one year in these studies.

It was thought that it might be losing its ability to pro-

duce protease so the change was made to FHM #3. Protease

production can also vary in different isolates of A. hydro-
phila. The two isolates, FHM #2 from a case of diarrhea

and FHM #3 from a knee wound, were compared in MMWAS. The

proteolytic activity of FHM #3 was twice that of FHM #2 (Fig-

ure 6).

Effect of Temperature

A standard 10.0 ml/L inoculum of FHM #3 was used in MMWAS

with 1.56 g/L ammonium sulfate, 81.4 aM calcium, and 5.0 yM
zinc in a 4L baffled flask. The cultures were incubated

at 25 C and 370 C. The enzyme activity at 250 C was 2.832 IU

and at 37'C was 1.984 IU. Enzyme activity was significant-

ly (t(1/2=0.025) higher in the culture incubated at 250 C.

Concentration of Supernatant in MMWAS

Since the protein and enzyme activity levels were low in

MMWAS, it was thought that the assay samples might be too

Ow
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Figure 5 -- Enzyme activity and protein levels ofFHM #2 in MMWAS with dextrose.

Temperature of incubation - 25 0 C
Size of inoculum - 5.0 ml/500 ml O.D. 0.4
500 ml/2,000 ml flasks

Ammonium sulfate concentration - 1.56 g/L
Calcium concentration - 81.4 pM
Zinc concentration - 5.0 pM
Dextrose concentration - 1 g/L

Enzyme activity (IU) -- r, 4r---4
Protein mg/ml - w
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Figure 6 Enzyme activity of FHM #2 and FHM #3 inMMWAS.

Time of incubation - 72 hours
Temperature of incubation - 25'C
Size of inoculum - 1.0 ml/100 ml O.D. 0.4100 ml/1,000 ml flasks

Ammonium sulfate concentration - 1.56 g/LCalcium concentration - 81.4 1aM
Zinc concentration - 5.0 yM

Assay
Protein levels were not measurable by the Bradford
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dilute. The supernatant solution was concentrated to 1/20

its original volume in an Amicon DC-2 hollow fiber filter

device. The protein level was higher in the concentrated

sample, but the enzyme activity was noted to be lower in

the concentrated sample as shown in Figure 7.

As a result of the lower enzyme activity levels in the con-

centrate, a series of experiments were performed on the sam-

ple supernatants. A 100 ml sample of the supernatant sol-

ution was removed for assay prior to concentration. The

portion of supernatant solution that was removed from the

concentrate as discard was also assayed. Another assay was

performed on a mixture of 50 ml concentrated and 50 ml dis-

carded supernatant solution. The results of these assays

with varying ionic concentrations in MMWAS are shown in

Table XI.

In all of the supernatant portions tested that showed a

protein level, the lowest protein reading was in the discard

supernatant solution followed by the unconcentrated super-

natant solution. The concentrated supernatant solution had

the highest protein level. Mixed supernatant solutions ex-

hibited protein levels between the discard and concentrate.

There was an inconsistency in the results of the enzyme ac-

tivity. The highest activity was shown in the unconcentrat-

ed supernatant solution using 81.4 }M calcium, 5.0 pM zinc,
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Figure 7 -- The effect of concentrating the super-natant on enzyme activity in MMWAS using FHM #3.

Time of incubation - 72 hours
Temperature of incubation - 250 C
Size of inoculum - 10.0 ml/L medium O.D. 0.41,000 ml/4,000 ml baffled flasks

Ammonium sulfate concentration - 1.56 g/L

Enzyme activity (IU) -
Protein mg/ml - 0
U - unconcentrated sample
C - concentrated sample
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and 6.4 yM iron. The concentrated sample with higher enzyme

activity than the unconcentrated sample was only seen when

the iron concentration was 6.4 VtM and calcium and zinc were

removed from the medium. The enzyme activity of the discard

was higher than that of the concentrate except in the exper-

iment using 81.4 pM calcium, 6.4 pM iron, and no zinc and

in the experiment using 6.4 pM iron and no calcium or zinc.

In the experiment with no added calcium, zinc, or iron in

MMWAS the mixed supernatant solution had the highest enzyme

activity; the same was true of the experiment using 81.4 pM

calcium, 6.4 pM iron, and no added zinc.

Elution Profile

It was thought that there might be more than one protease

in the substrate due to the inconsistent results in the un-

concentrated, concentrated, mixed, and discard supernatant

samples. The bacterial proteins were purified by chromato-

graphy on an anion exchange column of DEAE-Sephacel. Enzyme

activity assays were performed on all fractions collected

and plotted in Figure 8. The enzyme activity eluted as two

peaks. The pooled protease fractions were called protease

I and protease II according to the order of elution.

Molecular Weights

The molecular weights of protease I and protease II were

determined by SDS-polyacrylamide electrophoresis. Mobility

WAMOR i-mo I . WPM WIWIMIR,
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Figure 8 -- Elution pattern of protease from DEAE-

Sephacel.

Conductivity in microhms -
Enzyme activity (IU) - *01--++ -
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was calculated as the ratio of distance of migration of

test material to that of the dye front (R ). The mobili-

ties of each standard protein were plotted against the log 0
of its molecular weight. The unknown molecular weight of
the protease was determined by finding its R on the stand-

ard curve and reading the log1 0 of its molecular weight

from the ordinate. The antilog of this number is the mo-

lecular weight of the protease. Protease I had five faint-

ly staining bands and one heavy staining band in the gel.

The molecular weights of the faint bands were 43,700; 26,900;

25,700; 21,400; and 14,800. The heavy band had a molecular

weight of 18,600 (Figure 9). The molecular weight of pro-

tease II was 19,500 (Figure 10).

Hemolytic Assay

The hemolytic activity of protease II was higher than pro-

tease I when both were incubated for 1 hour (Figure 11 and

12). Protease II had a maximum hemolytic activity at the

1:128 dilution when the assay was incubated for 1 hour.

There is only a small amount of hemolytic activity noted in
protease I (Figure 11).



57

Figure 9 -- Molecular weight of protease I.

Protease I MW - 43,700; 26,900; 25,700; 21,400;
18,600; 14,800 - - A- --

Standards - MW - - -
Phosphorylase b - 94,000
Albumin - 67,000
Ovalbumin -- 43,000
Carbonic anhydrase - 30,000
Trypsin inhibitor - 20,100
a-lactalbumin - 14,400

: , - , , ,I -,- , " i W400 4, , . - . , - , - - , ,
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Figure 10 -- Molecular weight of protease II.

Protease II MW - 19,500- --- r--

Standards - MW -@----
Phosphorylase b - 94,000
Albumin - 67,000
Ovalbumin - 43,000
Carbonic anhydrase - 30,000
Trypsin inhibitor - 20,100
a -lactalbumin - 14,400
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Figure 11 -- Hemolytic activity of protease I.

1 hour incubation -4-
17 hour incubation -
Absorbance 540 nm
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Figure 12 Hemolytic activity of protease II.

1 hour incubation - - -
17 hour incubation -WNW-sn-

Absorbance 540 nm
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CHAPTER IV

DISCUSSION

All of the chemically defined media in this study supported

good growth of A. hydrophila. O'Reilly and Day found A.

hydrophila to grow slowly in a chemically defined medium,

but showed higher levels of protease production, compared

with growth and production on complex undefined media [18].

They also found proteolytic activity in the culture super-

natant but not the cells throughout most of the growth per-

iod; however, an increase in activity did not directly par-

allel cell growth [18]. Protease production was variable

in the chemically defined media used in this study.

Although the medium of Riddle et al. [23] exhibited high

protease production, the results were not reproducible un-

der the same cultural conditions with the enzyme assay used

in this study. Protease activity was determined in the

study by Riddle et al. using urea-denatured hemoglobin and

0.02 M Tris-HCl [23]. The assay used by Riddle et al. is a

modification of the assay described by Kunitz [15]. This

assay is most suited for many different enzymes from the

use of protein substrates having many different potentially

susceptible bonds [15]. This assay does not measure all of

the bonds cleaved [15]. Also, this assay measures soluble

peptides from their absorbance at 280 nm and absorbance

65
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varies from one peptide to the next [15]. Protease activ-

ity was determined in the present study by the method of

Lin et al. using dimethyl casein. This assay was developed

for proteolytic enzymes and is considered to be more sensi-

tive for low levels of proteolytic activity [15]. It mea-

sures all of the peptide bonds cleaved. Absorbance of the

substrate is measured at 340 nm by this assay procedure.

Even though the average of the enzyme activity in replicate

samples in MM appeared to be higher when compared to the

averages in the other media used with the same concentra-

tions of calcium, zinc, and iron; statistically there was

no difference in the means. Standardizing the inoculum

size reduced the fluctuation in the number of bacterial

cells introduced into the medium and probably reduced vari-

able medium carry over. This minimized one of the possible

variables and reduced the inconsistency in the results of

protease production.

The highest protease activity was found when the organism

was cultured in MMNAS with 29.6 1yM calcium and 0.35 IIM zinc

(Table VII). The next highest protease activity was also

in MMNAS when 7.4 yM calcium and 1.40 pM zinc were used

(Table VI). As a general statement, protease activity was

significantly higher in MMNAS than MMWAS, but there was

still inconsistency in the results using MMNAS. Since the
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cultures were incubated for 72 hours; this inconsistency may

have been varying degrees of self digestion by the protease.

MMWAS (1.56 g/L ammonium sulfate) with 81.4 pM calcium, and

5.0 pM zinc produced the highest protease activity for that

medium. This medium seemed to be more stable for protease

production and reproducible results could be obtained.

In all three of the media used in this study, the presence

of calcium, zinc, and iron were all needed to produce the

highest protease activity. In MMNAS iron was found to be

suboptimal of inhibitory to protease activity except when

0.02 pM was used in combination with 7.4 pM calcium and

1.40 pM zinc or 29.6 pM calcium and 0.35 pM zinc.

In a study using seven strains of Ps. aeruginosa, all of the

strains exhibited at least an 85% decrease in toxin A yields

when grown in medium containing 5.0 pg/ml iron as compared

to 0.05 pg/ml, whereas bacterial growth increased approxi-

mately twofold [6]. The mechanism(s) by which iron exerts

this control is unknown. It has been suggested that iron

affects the metabolic process of C. perfringens [25]. The

same may be true for A. hydrophila. In A. hydrophila iron

or zinc or both may affect either the rate of toxin synthe-

sis or the rate of toxin release from the cells [22].

Divalent cations are incorporated into the toxin molecule
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of C. perfringens and activate it [25]. In C. perfringens

there is a synthesis of an inactive toxin protein, even in

a medium deficient in divalent cations. The addition of

the cations activates the toxin. It has been noted that

zinc affects the metabolic process of C. perfringens, but

does not enhance alpha toxin production [251. The role of

zinc is not related to releasing the toxin presynthesized

in the cells of C. perfringens [25]. The extracellular in-

active protein of C. perfringens is converted immediately

into the active toxin upon addition of zinc [251. The ad-

dition of iron or zinc to preformed protease of A. hydro-

phila does not alter the enzymatic activity of the toxin as

reported by Riddle et al. [22].

Calcium ion has not been studied as much as iron and zinc

ions for its effect on protease production. In a chemical-

ly defined medium with C. perfringens, toxin activity ap-

peared at an early stage of growth and disappeared with

growth [26]. The toxin activity disappeared more rapidly

in a medium with calcium ion than in the same medium with-

out calcium ion. When the media in the present study were

used, A. hydrophila produced higher protease activity with

added calcium than without calcium. This indicates that

calcium is required by A. hydrophila to produce or stablize

protease.



69

It has been reported that ammonium sulfate inhibits prote-

ase accumulation. O'Reilly and Day found protease product-

tion by the strain of A. hydrophila used in their study to

be decreased in the presence of NH although it was less

sensitive to ammonium repression than other microbial pro-

teases [18]. Liu and Hsieh found that 0.5% (wt/vol) ammon-

ium sulfate (78 mM NH ) inhibits A. salmonicida and A.

liquefaciens protease production 50 and 75%, respectively

[18]. Protease activity in the present study was signifi-

cantly reduced when ammonium sulfate was added at 0.78 g/L

to MMNAS. Inhibition of protease production by ammonium

sulfate could be responsible for the lower protease activi-

ty observed in MMWAS.

Stevenson and Allan reported optimal protease production

when A. hydrophila was cultured in a growth medium using

casamino acids as the sole source of carbon and nitrogen

[32]. When FHM #2 was grown in the chemically defined med-

ium of Stevenson and Allan [321 and cultures removed at

time intervals of 44.5 and 64.5 hours, no enzyme activity

or protein was noted. The reason for these results might

be that the proteases were produced early in the growth of

the organism and degradation had occurred by the time the

first sample was tested. Another explanation might be that

protease production by FHM #2 was completely inhibited by
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this medium. Protease production by FHM #3 was twice that

of FHM #2. Since the strain of A. hydrophila used in this

study was not the same strain as that used by Stevenson and

Allan, this might account for the difference in the results.

Some strains of A. hydrophila may require additional factors

for the production of protease.

Experiments were also conducted using modified MMWAS cul-

tures with 1.0% (wt/vol) casamin? acids as the source of

nitrogen and carbon, but no protease activity was detected

in any of the time interval supernatants (Figure 3). From

the results of these experiments it appears that casamino

acids were inhibitory to protease production by FHM #2 since

protease activity could be measured in MMWAS experiments

without casamino acids. Riddle 4 al. reported that glu-

tamic acid increases protease pr duction by A. hydrophila

in their chemically defined medium [221. The differences

in protease production on different nitrogen sources may

reflect differences in amino acids that induce the protease

[18]. The concentration or composition of free amino acids

in the complex organic nitrogen might vary and may have in-

duced production of protease in the experiments of Steven-

son and Allan [32] and inhibited protease production in the

experiments of the present study. The casamino acids may

have the required amino acids present, but they might be
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in amounts insufficient to induce activity or in excessive

amounts, which would repress protease synthesis. From a

report by O'Reilly and Day enzyme production by A. hydro-

phila appeared to be modulated by an inducer catabolite re-

pression system whereby NH4+ and glucose repressed enzyme

production and complex nitrogen and nonglucose, carbon en-

ergy sources promoted it [181.

Another experiment using MMWAS with dextrose added and sam-

ples removed at time intervals was conducted. The results

showed a protein peak at 35.5 hours and enzyme activity was

noted at 35.5 and 39.5 hours only (Figure 4). The addition

of dextrose to MMWAS apparently did not stimulate protease

activity. Since dextrose is glucose it may be possible that

a catabolite repression system might be inhibiting the for-

mation of protease.

When a strain of Vibrio sp. was stressed to grow at a low

rate, protease production was abundant. It has been sug-

gested that protease production by that strain of Vibrio

sp. is under inducer catabolite repression that is reflect-

ed by the growth rate and energy status of the cell [181.

A similar study was done with a strain of A. hydrophila

stressed by limiting the carbon or nitrogen source [18].

Large amounts of protease were produced, despite the very
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sparse growth. These kinds of stresses may induce the cell

to produce a series of "scouting enzymes" (e.g. proteases,

amylases, phosphotases, etc.), the purpose of which is to

digest potential polymeric nutrient sources to provide read-

ily metabolizable substrates for microbial growth [18].

During stressful periods a commensalistic A. hydrophila may

deplete tissues of a particular nutrient. This might invoke

the production of a series of enzymes, including protease,

by the commensalistic microorganism. This inducer environ-

ment, along with an impaired immunological defense, may be

the stress-related factor that allows initiation of the

transition to the disease state [18].

Clinical specimens of Ps. aeruginosa produced high levels

of protease in the chemically defined medium of Jensen et

al. whereas non-clinical specimens produced more protease

in complex medium [12]. The accumulation of protease might

also vary with the origin of the clinical strain. In the

present study FHM #3 from a knee wound had twice the pro-

tease activity in MMWAS than did FHM #2 from a case of diar-

rhea.

Production of extracellular proteolytic activity by A._ hy_-

drophila is influenced by temperature [18]. Protease activ-

ity was approximately 1.5 times higher at 250 C than at 370 C
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in the present study. Perhaps the higher protease activi-

ty at 250 C is a reflection of a greater metabolic need at

the lower temperature, if it is assumed that 250 C is the

optimal growth temperature. Possibly this is a stress, as

seen in Vibrio sp., in which the organism is induced to a

slow growth rate. There is also a possibility that autodi-

gestion might occur at a faster rate at the higher tempera-

ture.

Exoprotease activity is also influenced by pH. An increase

in proteolytic activity has been reported to be associated

with a drop in medium pH during the active phase of growth

[18]. Both the initial and final pH values of the medium

affected the amount of protease detected [18]. O'Reilly

and Day found the highest protease activity when the final

pH of the medium was >6.9 [18]. The initial pH of the med-

ium in the present study was 7.2. There was a drop in pH

during growth of the organism in the chemically defined med-

ium. The highest protease activity was noted in those sam-

ples which had a pH of 6.7 - 6.9.

O'Reilly and Day noted that 200 ml volumes of culture in

1L flasks grown at 250 C and 300 rpm on a gyratory shaker

produced more protease than the same cultures without aera-

tion [18]. In the present study, cultures grown with in-
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creased aeration produced more protease with consistent,

reproducible results. When the flasks used for cultures

were changed from 100 ml medium/1,000 ml flasks to 1,000

ml medium/4,000 ml baffled flasks, protease activity in-

creased. The increased aeration of the culture media might

increase the rate of metabolism in the bacterial cell by

providing more 02 as the terminal electron acceptor. Under

aerobic conditions part of the substrate carbon source is

oxidized to CO2 , with oxygen as the terminal electron ac-

ceptor. This process is exergonic and allows for the for-

mation of ATP, which is required for biosynthesis of cellu-

lar constituents. Aerobic metabolism is more energy effic-

ient and produces more cellular material.

When the supernatant of MMWAS cultures was concentrated in

the Amicon-DC2 hollow fiber device with a 10,000 MW cut-off

the concentrated samples had higher protein levels than the

unconcentrated samples previously examined in this study.

The enzyme activity, however, was noted to be lower in the

concentrated samples. To determine if any of the enzyme

activity was being lost in the concentrating process the

supernatant solution was divided into portions. The cation

concentrations were manipulated in MMWAS and unconcentrat-

ed, concentrated, mixed, and discarded portions of the su-

pernatant solution were assayed for enzyme activity (Table
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XI). In only one of the experiments performed was the en-

zyme activity higher in the concentrated sample than the un-

concentrated portion. All but one of the discarded samples

had higher enzyme activity than the concentrated superna-

tant. Two experiments resulted in the mixed supernatant

solution having the highest enzyme activity. The highest

enzyme activity of all of these experiments was in an un-

concentrated sample. These inconsistencies in the enzyme

activity of the different portions occurred regardless of

the concentration of the cation. The exoproteases of A.

hydrophila are known to be unstable and it appears from

the results of the concentration experiments that there

are enzymatically active fragments of the protease. These

fragments, having a low molecular weight, may be passed out

of the concentrated supernatant solution into the discarded

portion. The concentrating process might separate the frag-

ments of the exoprotease from a required co-factor. It is

also possible that the proteases become fragmented during

the concentrating process, therefore the more enzymatically

active portion would be the unconcentrated portion.

Another possibility to explain the inconsistency in the re-

sults of the supernatant portions might be the presence of

more than one protease. After the protein was purified it

eluted off a DEAE-Sephacel column in two peaks as it had
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in a report by Sheeran and Smith [28]. The results of the

elution indicate that an active product can be obtained by

means of ammonium sulfate precipitation and Sephacel column

fractionation. The molecular weights of these proteases

were estimated to be 18,600 for the heavy staining band of

protease I and 19,500 for protease II. Since these prote-

ases have a relatively low molecular weight, fractionation

could possibly permit them to pass through the fibers of

the concentrator into the discard.

There were several faintly staining bands in the SDS-PAGE

in this study. It was assumed that these bands were due

to impurities or degradation within the proteases. Asao

et al. used sulfuric acid precipitation and quarternary

aminoethyl-Sephadex chromatography to purify a hemolysin

produced by A. hydrophila [2]. Using the acid precipita-

tion, they reported that the hemolysin migrated as a single

band in SDS-PAGE [2].

A hemolytic assay was performed to determine the degree of

hemolytic activity in the proteases. Protease II when in-

cubated in the assay for 1 hour exhibited a higher hemolyt-

ic activity. Since the hemolytic activity of protease II

was lower when the assay was incubated for 17 hours, it ap-

pears that protease degradation might be occurring with
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time. There was only a small amount of hemolytic activity

in protease I.

In summary, maximum protease production in this study oc-

curred when FHM #2 was cultured in MMNAS with 29.6 pM cal-

cium and 0.35 pM zinc. The optimal cultural conditions us-

ing this medium were 1.0 ml/100 ml of the standardized 0.4

O.D. inoculum in 500 ml flasks incubated for 72 hours at

250 C on a gyratory shaker at 150 rpm.

Development of a chemically defined medium for A. hydro-

phila would provide a useful culture system for the study

of the factors that affect toxin production. Studies on

effects of cations on various biological activities of exo-

proteases will certainly give a useful clue to resolution

of the structure-activity relationship of A. hydrophila

exoproteases.

Questions still to be considered are the extent to which

the exoproteases of A. hydrophila contribute to the viru-

lence of the organism and the extent to which these sub-

stances are produced during infections. Continued research

into the effects of stress on predisposition to infection,

enhancement of the A. hydrophila virulence, or both and the

role of protease in disease induction and lesion formation

may provide the basis for Aeromonas disease control. Stud-
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ies applicable to these problems are currently in progress.
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