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Abstract:

The quality of water used for injuring bacteria affeccted the degree of injury, the rate of damage, and
the survival properties of the cells. Low resistance and periodic stirring of water in the injury vessel
increased the rate and degree of injury while high cell populations prolonged the exposure time
necessary for damage.

Lag time, percent spheroplast formation and the percent injury increased as aquatic exposure of E. coli
increased. Salmonella typhimurium was sensitive to lysozyme before stress so that the spheroplast
formation did not increase with exposure time, although the lag time, as calculated by the slide culture
technique did increase.

Cell envelope damage appeared to be the primary site of aquatic injury as evidenced by the extreme
sensitivities of these cells to sodium desoxycholate and lysozyme even though the bacterial particle
counts remained high. Cell envelope involvement was also indicated by blebs seen protruding from the
cell surface on electron micro-graphs. An extended lag in oxygen uptake of injured cells placed in TSY
broth was seen. No oxygen uptake when these cells were placed in TSY broth supplemented with
0.15% sodium desoxycholate indicated membrane damage, as aerobic functions are part of an intact
healthy cell membrane.

Although catalase added to DLA did not significantly improve enumeration on that selective medium,
TSYA overlayed with DLA allowed colony formation by injured cells and yet retained the selectivity
of DLA. Dilution blanks made with 1% non-fat dry milk or 1% peptone proved to be the best in terms
of keeping the differential bacterial counts between media to a minimum. Injured cells recovered in 2
3/4 hours after being placed in TSY broth.
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" ABSTRACT

The quality of water used for injuring bacteria affected the
degree of injury, the.rate of damage, and the survival properties
of the cells. Low resistance and periodic stirring of water in
the injury vessel increased the rate and degree of injury while-

high cell populatlons prolonged the exposure time necessary for
. damage.

Lag time, percent spheroplast formation and the percent injury
increased as aquatic exposure of E. coli increased. Salmonella
typhimurium was sensitive to lysozyme before stress so that the
spheroplast formation did not increase with exposure time, although
the lag time, as calculated by the slide culture technique did in-
crease. ' _

Cell envelope damage appeared to be the primary site of aquatic
injury as evidenced by the extreme sensitivities of these cells to
sodium desoxycholate and .lysozyme even though the bacterial particle
counts remained high.  Cell envelope involvement was also indicated
by blebs seen protruding from the cell surface on electron micro-
graphs. An extended lag in oxygen uptake of injured cells placed in
TSY broth was seen. No oxygen uptake when these cells were placed
in TSY broth supplemented with 0.157% sodium desoxycholate indicated
membrane damage, as aerobic functions are part of an intact healthy
cell membrane.

Although catalase added -to DLA did not 81gn1f1cantly improve
enumeration on that selective medium, TSYA overlayed with DLA allowed

~colony formation by injured cells and yet retained the selectivity.of
DLA. Dilution blanks made with 1% non~fat dry milk or 1% peptone
proved to be the best in terms of keeping the differential bacterial
counts between media to a minimum. Injured cells recovered in 2 3/4
hours after being placed in TSY broth.




INTRODUCTION

Bacterial "injury or sublethal damage has ‘been recognized in a

large number of microbial genera including Pseudomonas, Sélmonellae,

Vibrio, Azotobacter; Aerobacter, Klebsiella and Escherichia. A growing

body of literature'including reviews by Hurst (28) and Beuchat (6)
have>expressed the importance of this ﬁhenomenon when interpreting
bacterial enumeration data. The impairmenf of bacterial metabolic or
divisional processes in damaged cells hinder the effectiveness of
common analytical methods used to qualitatively and quantitatively
detect theirvpresence (16).

In 1954, Heimmets (23) described the use of the term "kiiled" as
the loss éf viability when bacteria were incapable of multiplying.
This incapacity is now interpreted to mean that the synthetic or
metabolic processes havé not necessarily failed and that-such cells
could be resuscitated. These organisms still could be capable of
growth under suitable conditions following recovery.or repair. Return
to a normal uninjured state can occur once recovery has taken place.

The term injury is now being used to describe the temporafy condi—.
tion in which an organism has IOSf its ability to reproduce but still
has some metabolic capécities. An organism is said to be metabolically
injured when it multiplies in a ponselective complete medium but not
in minimal media and struéturally injured when 1t divides in nonselec-.

tive but not in selective media (6).




Many stress factors have been studied as sources of bacterial
injury. They include heat, (5,11,16,22,30,50), cold (46),:exposure to
sanitizers (58,59), starvation (20,35,37,47,48,57,66), freezing (54),
freeze-drying (53,61),.chlorination (9),.and aquatic systems (12,37).
Bissonnette et al. (4) have shown varying degrees-of injury fromAex—
posure of indicator bacteria to different natural waters.

Bacteria in the injured state have been identified by a number
of unique characteristics. An increased lag time and unusual sensi-
tivities to éelective or surface active agents, such as sodium desoxy-
cholate, sodium chloride and lysozyme are found in damaged célls. In
addition, injured organisms are frequentiy sensitive to antimicrobial
drugs and develop increased permeability characteristics, loss of
enzyme activity; an increased rate of glucose uptake, degradation of
RNA and single and double;stfand breakage of DNA (16).

The effect of injur& upon enumeration of stressed indicator
organisms has public health significance. The failure to detect sig-
nificant numbers of stressed but viable indicator-organisms in an
aquatic system is a problem since it has been dgmonstrated (3) that
approximately 90% of_thé indicator bacteria present in natural waters
were ﬁot detected on selective media.

Since there is a problem with enumeration of indicator bacteria

- one must consider the possibility of similar problems in the detection
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of entefic bathoééns ana determine if their pathogéﬁicity.has been
altered because of injury. .Sorrells et al. (Gé) have -found that dif-
ferences between healthy and freeze injured populafion‘of_Saimbnelia
gallinarum in terms of tﬁeir‘viability were very smallrindeed‘and .
metabolic'injury‘did not alter their pathogenicity. Evidently repair_
took piacé within the peritoheal cavity following introduction of the:
stressed bacterium into susceptible chicks; This phénomenon.coﬁld
also take place in aquatic systems as Schillinger and Stﬁart (60)
hypétheéize a "regrowth" downstréam from a sewage plant. They beligve
organismé used nutrienés in sewage to regain their metabolic and -
reprqductive capacities. Short'fiow‘time and cold water made multi-
plication'ﬁnlikelyf |

Little work has been completed to determine the phfsiological
consequences of aquatic stress. Further studies to characferizeuthis
injury need to be accomplished so that better-fecovery méthods.for

detecting these water-borne organisms can be implemented.

Statemenf of purposé

Because of tﬁe\importahce of injurea indicafor érgahisms té public
health,.a_characterization and stﬁdy of the physiological aspects of
aquatic injury was deemed worthy of further investigation:. One of the-
primary objectives of this ;tudy is to characterize aquétic injuryvinx

terms of metabolic and/or structural features. . The cause of this_
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injury along with the mechanisms of recovéry‘is also important. -
Another aspect of -this study 1s to comﬁare the:charééterisfiCS‘of

injury in indicator bacteria to potential enteric pathogens.




MATERIALS AND METHODS.

Experimental Organisms

A fecal coliform (Eschérichia‘coli) from the culture collection
at‘ﬁonténé State Unive?sity was used in these séudiés ;nd was ori-
ginaliy a stream isoiafe from the East Gallatin River. It had a +——
IMViC reaction and produced gas at 44.5 C in FC medium (Difco).' Cgl—
tures were streaked periodically on Levine eosin methylene blue (EMB)
agar (bifboj and colonies with a metalic shegn were picked‘to maintain :
cultural purity. Stock slants were maintained on Trypfic SOy yeast
agar (TSYA) (Difco) and transferred each month to insﬁre a healthy
viable population.

Salmonella typhimurium number 14028 from the American Type Cul-

tﬁre Collection, with a —+—+ IMViC reaction was the pathogen used for.

laboratory injury studies.
Media used for the Determination of Injury

TSYA, which was preﬁared with Tryptic soy agar (Difco), was
supplemented with 0.5% glucose (Difco) and 0.37%7 yeast extract (BBL).
This rich medium was used to determine the total viable population.
Minimal égar (MA), which was used to indicaté metabolic injury, was

prepared according to Scheusner, et al. (58). This medium fequired




thrée separate solutions which were made ahead of ‘time, tﬁe agar was
melted prior to_uée and the solutions were temﬁered before combining.
The sample was alsoAplated on TSYA supplemented with 0.15% sodium

désoxygholate (Difco), desoxycholaté lactosg agar (DLA), aﬁd MA supple%
mented with 0.15% sodium desox&choiate. The 15%'sél§tion of sodium
‘desoxycholate was made'and 1 ml was adaed to 99 ml of molten agar

prior to pouring plates.’ These media were used as an indication of

the very healthy non-injured population of cells, sincé only those
cells which were qot structurally damaged were capable of growth.

Because Salmonella typhimurium does not ferment lactose, glucose was

substituted for lactose in desoxycholate lactose agar., This agar was

used only for Salmonella typhimurium.

Samples were surface plated and épread for about 15 seconds on
each medium. These spreaéed plates were then overlayed with a small‘
amount of the same called medium té,insure that no furthe£ injury to
fhe cells would occur. In this way surface spreading of poloﬁies was
also eliminated so that accurate counting could take place. At least

three replicates were placed for each dilution.
Preparation of Cells and Determination of Injury

Cells were grown in TSY broth for all experiments. Eighteen hour

stationary phase organisms were harvested at 3000 X G in the refri-




gerated Sorvall RC2-B centrifuge and washed two-times with sterile
reagent grade water (Milli~-Q Reagént Grade Water Systems, Millipore).
The cells were resuspended in sterile Milli-Q water and placed in
acid washed 2 1 cfystallization dishes. The resistance of this Milli-
Q wéter.was carefully monitored and the cartridges changed periodiéally
when the ¥esistance of the water decreased and thé conductivity in-
creased,. signalling an increase of free ions.’_Unleés specified all
work was carfied ouf dsing approximately 106 Bacteria/ml suspended
in reagent grade water which had a resigtance of 16 Megohms—Cm.
Aliquots from the injury vessel were removed at ihtervais'dnd
plated direétly or secondaril& stressed with hydfogen‘peroxide.
Sterile Milli—-Q water was used as the diluent.unless otherwise

noted. Percent injury was assessed as the TSYA count — DLA count X 100%
' TSYA count o

Diluents:

Sterile‘Milli—Q water was used for all dilutions unless experi-
ments to examine the effect of différent diluents were being conduc-
ted. In those experiments 17 solutions of peptone, non-fat dry milk
and MgS0,°7Hy0 were used. Phosphate buffer, prepared éccording ?o'
Standard Methods (1) was also used as one of these diluenté. Thé
bacteria were placed in these solutions for a total of 15 minutes

before 0.1 or 0.2 ml aliquots were spread on DLA and TSYA.




Preparation of Hydrogen Peroxide used for'Secondary Stfess

One hundred mg/l of hydrogen peroxide (H202) was used for all
sécondary stress experiments. H202 solutions were made with standard

PO

4 buffer (1).

A one ml aliquét of cells was takeﬁ.from the injury vessél and
placed in 8 ml of the H202'solution. After 20 minﬁteg, 260 units/ml
of catalase (Sigma)‘was addgd to neutralize the H202. Since cataiaée
is aﬁ enzyme that is inactivated by an excess of the substfate (80)
the amount of catalase used here was.calculéted to decompose ghe
amount of H202 present. Catalase was ieft in the bacterial suspen-
sion for 10 minutes. Further dilutions were made and the cells

plated. Standard P04 buffer, to which catalase was added after.20

minutes, served as the control.
Membrane Filter Chambers

In qrder to examine the bacterial'suspensions iﬁ a natural
situation, membrane chambers, which werg developed by MéFeteré'and
Stuart (41), were positioned in Rocky Creek 2 miles east of Bgzeman,
MT. Large chambers which hold up to 150 ml of sample were modified
using 12 bolts instead of 6 to hold the pieces tightiy together.

Stop—-cock grease was applied to portions of the chamber which came




in contact with the membrane so that a water~tight seal was formed.
Tear-resistant microweb membranes with a pore size of 0.45 um (WHWP
304, F1 Millipore) were used as féces of the chamber to allow a flow .
of water through the sample. Chambers were assembled, steamed and the .
bolts retightened before loading with bacterial suspensibnsf ‘Loading o
of the sample was done in the laboratory and'£he'chambers.caffied"

to .the creek in a bucket of single distilled water. The caps wére

held ;ecurely in plaée with plastic tape so that'qo leakage into the
chamber would occur. Chambers were ;ied to a flogt or anchored with

a rock and:immersed in water. A recording thermograph was also

placed in the creek beside the.chambers. A chamber was sacrificed

for each day of sampling.
Preparation of Spheroplasts

After 40 ml of cells were centrifuged for 10 minutes at 3000 X G,
the supérnatant was poured off and 2 ml of lysozyme ( 1 ug/ml) (Sigma)
was used to resuspend the organisms.' Resuspended gells were then
.placed on a shaker for 1 hour and 45 minutes after which they were
again centrifuged‘af 3000 X G for 15 minutés iﬁ a -small plaStié éentri—
fuge tube. Most of‘the supernatant wasg poured off leaving a small
drop of liquid in which to resuspend the cells; A drop of thig maﬁeri—

al was- placed on a slide and observed with phase contrast microscopy. .
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Viewing took plécé 45 minutes after shaking, thus 23 hours .after
lysozyme was added. Percentages of spheroplasts were estimated after

looking at several fields and approximatély 20-80 cells were counted.
Slide Culture

Two sterile microscope slides were immersed in molten TSA at

45 C three times to obtain a thin layer of agar. These slides were

then placed in a dessicator for one hout. Cells were concentrated
by centrifugation and resuspended in a small amount of.Milli-Q water

after which 0.05 ml of the concentrate was placed on the dried slides

with a micropipette and later spread. The slides were allowed to dry

for 10 additional minutes before being dipped once more in molten TSA
at-45 C. Once the overlay medium had hardened a sterile covérslip
was placed over the agar so that no air bubgleéjcould be seen. One
dfvthese slides was sééled with agar and allowed to incubate at 37 C.

until the first divisions were observed. This. lag period was recorded

'and.compared with the 7 injury. Another slide was sealed with molten

paraffin (32), incubated at 37 C, and observed 24 hours later.
Colonies and single cells were counted and the index of % viability

deternined by the following equation: Colonies X 100%
Total Cells
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Bacterial Particle Counts

Bacterial particle cpunts were used to determine the total number
of bacteria. .These studiés we;é done using black Nuclepdre nitro—-
cellulose membranes and epi-fluorescent microscopy. A 0.1% acridine
orange stock solution was:prepared which contained 2% glutaraldehyde.
This was done as recommended by Hobbie, et-al. (25) to prevent daily
filtration. Celi dilutions of 9 ml were treated with a 9:1 toluene:
acetone solution and stained for five minutes with one ml of the acri-
dine orange stock solutioﬁ. Thus, thg final acridine orangé solutioﬁ‘
was 0:01%Z. - For a better yécuuﬁ distribution the 0.45 um pore size
cellulose filter was placed on a thick glass fiber membrane pad in
a stainless steel filter head. This membrane was then washea with at
least 10 ml of filtered reagent grade water (33). At least 10 ml of
the stained bacterial solﬁtion was then filtered with a vacuum of five
inches of mercury. A small section of the filter was cut out and
placed in oil on a clean microscope slide. 0il was then spread on
top of the piece of filte? followed by a coverslip and additional oil.
The slide was viewed under oil phase with a fluorescent vertical
illuminator (Ploemopak 2.3, Leitz). At least 20 fields éf bacteria

per filter were counted gpd the number of total  bacteria/ml was

established according to the following equation:
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‘62475’X average number of organisms/field X dilution féctor
pumber of ml filtered ’

’ll - ) :
The constant (62475) was found by calculating the area of the field, .

the total area of the filter on which bacteria were deposited, and-

i

. the number of fields per ﬁilter.

Protein Determination

Liter portions of injured bacteria samples were centrifuged at
3000 X G for 10 minutes and the supernatant was poured off into an

acid washed flash evaporator vessel. The supernatant was then eva-

4
\

porated Qith the Buchi Roéavapor R7 to approximately 20 ml and brought
up to 25 ml with sterile ﬁilli—Q water. This insured that an equal ‘
volume from each samplingfday was recorded. The A260/A280 of the
supernatant was taken as a measure of the protein/nucleic acid coﬁ—

tent and the Lowry protein procedure (39) was also used to determine

the protein content.
Respirometry Experiménts

Cells used in these experiments were harvested after 18 hours of
growth in TSY broth by ceéﬁrifugation at 3000 X G, washed two times and .
resuspended in equal volgmes of sterile reagent érade water. Injure&
cells were harvested froﬁémeﬁbrane filter chambers and resuspended_in

sterile reagent grade water. These cells were enumerated and the per-
3
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- cent 1njury calculated by plating on TSYA and DLA. Flasks prepared

and the respirometer operated aerobically according to Doékinsfahd

McFeters (14). i
Electron Microscopy

The Zeiss EM 9542 electron microscope was used‘to view the ﬁor—
phology of iﬁjured'cells. Cultures of_E;.ggli, which were gfown in
TSY broth, weré harvested after 18 hours of incubation. These cells
were washed three times iﬁ sterile Milli-Q water ana resuspended to
approximately 106,organisqs/ml in a large glass acid washed carboy
filled With‘Milli—Q water: These containers were then placed at
room temperature for several days to insure bacterial injury. The
water was stirred, sampled and plated on TSYA and DLA at timed inter- .
vals to monitor.injury. énce injury had occurred the ceils were
harvested‘with the aid_of‘the continuous flow centrifuge assembly
(Sorvali).
| The pellet was fixed for one hour at 4 C wiéh 3% glutaraldehyde

(Polysciences, Inc.) in 0.1 M PO4 buffer, pH 7.2 to kill the cells and

stabilize the protéin. The sample was then vacuum infiltrated for an -

¥

additional 20 minutes and -washed three times, for 10 minutes each,
with 0.1 M PO4 buffer,.pHi7.2. These stéps were followed by 3~4 hours

of further fixation with 1-2% 0504 (Pdlysciences, Inc.) in 0.1M PO,

1
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"buffer, pH 7.2 a£ room temperature.

Since Spurr's, thé,éﬁ%edding medium, was not miscigle ﬁith water
the spgcimén‘was dehydratéd with a series of increasing coﬁcenf?atibﬁs
of acetone. The progregsibe dehydratioﬁ series cqnsisted of washing
the sample two times, for'? minutes eacﬁ, with 36%, 50%, 70%, 85%, 95%
and then 100% acetone.  Propylene oxide (P.0.) (Eastman) was then used
as a transitional solven£ and the speciman was washed in it'two times,
for 10 minufe; each.

Infiltration was carriealout on a shaker'with a sélution 6f_
P.0.:Spurr's (2:1) for 15 minutes, 1l:1 P.O.:Spurr's for 1% houré,
pure Spurr's under vacuum for 15 minutes and finally with pure Spurr's
on the shaker for 1 hpur; ‘The-sample was held in pure Spurr's ovef;
night and then'positioned }n a polyefhylene capsule (BEEM) which was
-filléd.with pure.Spurr's. ‘The capsule was then set in a.70 C oven for
‘9—12 hours while polymerization to&k plaée;

When the Spurr's hardéned; the polyethyleqe capsule was rémoved.
The block was then trimmedgprior to thick and then thin sectioning on
a Reichert ultramicrotoﬁe Qith glaés knives, which were made with an
LKB Knifemaker.

Thin sections were positioned on an uncoated grid and post-section.

stained in uranyl acetate (Matheson Colemann and Bell). Grids were.

immersed in saturated uranyl acetate in absolute methanol fbr_five

%
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minutes and rinsed with ab§oiuté methénol. To prevent the sections
from curling, the grids were rinsed with-100%, 90%, 70%, 50%, 30% and
15% mefhgnol followed Ey distilled water. Grids were further stained
wiﬁh Reynold's lead citrage for 2-3 minutes‘and rinsed with 6.02 N
NaOH followed by distilledlwater.

Negatives taken with the Zeiss EM 95-2 were enléfged, printed on

Kodak ektamatic paper via an ektamatic processor, fixed, Washed‘and,

dried.,

Recovery Experiments

Injured cells were diluted 1/10 in TSY broth, TSY.broth'supﬁle—
mented with 0.2% sodium citrate (J.T. Baker Chemical Co.) and TSY

broth supplemented with pantoyl lactone (ICN Pharmaceuticals, Inc.).

v

~Recovery of the cells or the converging differential enumeration

between TSYA and DLA was monitored atvintefvals by plating on both
media. |

Since.i£ would be.convenient for injured cells to recover and
grow on some type of seledpive agar without being transferred from
preenrichment broth in which division must be monitored, the effects
of cataiase added to DLA %nd TSYA overlayed with the selective medium
were observed. A small a#iquot of catalése, 0.1 ml, which contained

400 units of active ingredient; was spféad on DLA along with thé
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bacterial inoculum and the same amount of catalase was also added to

1

TSYA éo.détermine if the number of édloﬁies on this médium'couid be .. .
incfeaséd. TSYA piates wefe alsofspfead with the bacterial Séhple

.'andvoverlayéd with DLA. Aﬁb.l ml aliqpot of-lysozyme which contained
5 ug was spread-én TSYA albng with tﬁe miﬁrobialhinoculum'to deﬁermine'

if it would prevent recovery and growth of the damaged cells.




RESULTS
The Effect of Population Size and Water Characteristics on- Injury

Wafef with different Fharaéteristigs gnd &arioqs cell population
sizes was placed in Qessg}s to observe the effect of these variagles
on cellular damage. The éffeét-of constant or periodic stirring,
priof fo.sampling, on cell debilita£ion was also of interest. Higher
cell populations showed very little ipjury ﬁhroughout.the'expérimental
period, and the time fequired to achievé this damage was lengthy '
as can.be seen in Fig. lﬂ ‘These two Vesselé were stirred constantlf
with magnetic stifrers over wﬁich sfyrofqaﬁ pads were situatgd to
protect the sample from additional damage due to heat released from
the stirrers. New Miili—Q water,‘with a resistance of 18 Megghms—Cm,
was used as the medium of injury. |

Reagent grade water with resistances of 18 and 7 Megohms—Cm were
also compared as sources 6% debilitation. Thé difference between the
tﬁo can be seen in Fig. 2. Water With_lowér resistance caused a
quicker and more dramatic increase in injury. A very rapid dec;ease
in the viable population occurred ;fte;'fhe third déy of aquatic |
exfosure. Cells iﬁ'new Miili—Q'water, which had the higher resistance,
showed a muéh.lower peféenfage of injury. and a gpeatey viability
throughout the experimentéi period. Both of these vessels &ere_
stirred donsténtly with thg'maghetic étirrer and were protecte&_froﬁ'

heat.
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Figure 1. Effect of population size on injury of E. coli
Cell population sizes of 108 bacteria/ml (W)
and 107 bacteria/ml ( @ ) were enumerated over
a twelve day period using TSYA ( ) and DLA

().
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Figure 2. Effect of resistance and constant stirring on
E. coli injury. Cells placed in reagent grade
water with resistances of 18 Megohms-Cm ( M)
and 7 Megohms-Cm ( @ ) were enumerated over a
twelve day period using TSYA ( ) and DLA

(-——=-).
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Fig. 3 shows gellular iqjury when'standard.P:O4 buffer made with
new Milli-Q water was'used‘to induce damage. 'Tﬁis'figure alsa éhows
extensive ceiluiar debili?;;ioﬁ after three days of exposure-&héﬁ higﬁ
qua;ity reagent grade Wafé; was used. This water was stirfed pfior.
to sampling only. Of the £wo iﬁjury vessels which'coﬁtained feaéent
grade water with high resigténces; the vessel which was étirred con-
stantly had a greater popu?ation of viéble cells and fewer damaged
cellé than did the vessgllwhich was stirred only before éampling.

The percentage of injury in these cell populations can be seen and

i

compared in Fig. 4.

Rocky Creek water was brought into the labdratory and used as

- another source of debilitation for the‘bééterial cells. One batch of

;his‘water Was‘autéclaved while another wés filter stefilizedAﬁsing a
0.22 ﬁm membrane filter. No measurable bacterial damage occurred in
autoclaved water after six days of exposﬁre but there was a loss.of
viability and considerable injury in the filter sterilized creek
water (Fig. 5). Preliminary tests to deterﬁine the presence of virus
in the filtered water ﬁere.negative;' The extent of this injdry is
shown in‘Fig. 6.

Cell volumes méa;ured,during aquatic laboratory exposure dropped
one cubic micrometer in thé initial three days of injury and then

3

remained stable with a ranée‘of 2.66-1.89 ﬁm throughout the next
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Figure 3.

Effect of periodic stirring and PO, buffer on E. coli
damage. Organisms placed in periodically stirred
reagent grade water with a resistance of 18 Megohms—Cm
( W ) and others placed in periodically stirred P04
buffer ( @ ) were enumerated using TSYA ( ) and
DLA (==--).
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Figure 4.

Percent injury of E. coli exposed to an aquatic
environment. The percent injury was calculated for
constantly stirred cell population sizes of 108
bacteria/ml ( ® ), 107 bacteria/ml ( A ), and
106 bacteria/ml ( @ ) placed in reagent grade
water with a resistance of 18 Megohms-Cm. This
injury was also calculated for 106 bacteria/ml
population sizes that were placed in constantly
stirred reagent grade water with a resistance of
7 Megohms-Cm ( ‘. ) and periodically stirred
reagent grade water with a resistance of 18
Megohms-Cm ( O ).
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Figure 5.

Effect of natural water on cellular injury. Cells
placed in autoclaved Rocky Creek water ( @ ) and
filter sterilized Rocky Creek water ( @ ) were
enumerated using TSYA ( ) and DLA (——--).
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Fugure 6.

Percent injury of cells exposed to autoclaved
Rocky Creek water ( @ ), filter sterilized
Rocky Creek water ( ) and periodically
stirred PO, buffer ( ) It
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three‘days. The temperature during the time of exposure ranged from
20~23.3 C and the pH of these waters were seen to vary from 5.4-7.8
with a pH of 6.2 in the Rpcky Creek water. Cohductivity, measured
after the last sample was fakén, was 330 umhbs/cm énd 430 umhoé]cm

in creek water and the Milli-Q waters ranged from 2.4-5.9 pmhos/cm.
Laboratory Injury Studies

Characterization of cells stressed in vessels of water was cﬁmr
pletéd.' Plate counts, fluorescenf counts, percentage of spheré—.
plasts formed during exposure to lysozyme, recovery or lag time, and :
cellular protein leékége were monitoréd as indices of injury. Fig. 7.
shows that the fluorescent counts remained constant and on the fourth
day of injury were actually 427 above the TSYA counts. The most in-
jurious medium was the TSYA supplemented with 0.15% sodipm desoxy- -
cholate, followed by DLA and MA supplemented with 0.15% sodium deéoxy—
cholate. These three media had similar counts thrbughéut the span of
exposure (Fig. 7). The percent injury as deterﬁined with these media
varied from 96-987 én day thfee and all showed 100% injﬁry by day.four.
Hydrogen‘peroxide (H2Q2) agd MA counts remaiﬁed near the TSYA cpunts
until the third aay, after which they diverged; énd injuries of 78%
and 65% reépectively reéulted, Lag time, as determined by slide cul-

ture, percent injury, and the percentage of spheroplasts formed
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Figure 7.

Enumeration of E. coli stressed in vessels of reagent
grade water. Stressed cells were enumerated using
TSYA and Hy0, controls (—F—) fluorescent particle
counts (—l—%, MA counts (-@—), MA supplemented with
0.15% sodium desoxycholate ¢-@--), TSYA supplemented
with 0.15% sodium desoxycholate ¢-ili--), DLA (¢-[J--),
and Hy0, counts CA-).

\.
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following lysozyme treatment increased in a linear manner with expo-—
sure time as shown -in Fig. 8. As the injury, percent spheroplasts,’
and lag time increased thé.viability decreased to 12% (Fig. 8,

Table 1). VA plunge in the’viability was noted during the initial
threg days of starvation stress. The temperature remained stablé.

throughout the experimental period ranging from 22.5-24 C. "The |

‘absorbance at 260/280 nmfstaYed relatively constant with a range of

1.06-1.20. The protein-level determined by the Lowry procedufe (39)-
was very low.

Salmonella typhimurium was also studied in the laboratory to

determine if a pathogen reacted to aqﬁatic stress in the same manner

. as observed in E. coli. The viability of these organisms decreased

to a greater extent than did E. coli and after three days a one and a

“half log drop in viability'was observed although the fluorescent

counts remained high (Fig. 9). TSYA and MA ﬁoth suppleménted With
0.15% sodium desoxycholate were-détriﬁental and resulted in injuries

of 84% and 80%. DLA ranked third in this group of damaging media with
a maximum injury of 727 on day three. MA and H,0, showed impéiring‘.'
influences of damaged organisms and iﬁjuries of 42% and 56% respective~
ly were noted. Lag time and percent injury increased in propéftion'to'
the time of aquatic eiposufe but the percentage of spheroplasts began

at 407 and remained constant for'the entire six days of exposure
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Figure 8.

Comparison of the percent injury, percent spheroplast
formation, and percent viability versus the time of
aquatic laboratory exposure obtained using E. coli.
Lag vs exposure (@—) % spheroplasts vs exposure
(—&—), % injury vs exposure (—{f}—), and 7 viability
vs exposure (--) were calculated and graphed.
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Table 1. Characteristics of aquatic laboratory stress using E. coli

Absorbance of

Protein

Slide

Concentration Culture

Days of Temperature - supernatant of supernatant Lag % Sphero; 7 yA .
Exposure (°C) 260 280 260/280 (ug/ml) . (minutes) plasts . Viability Injury
0 2 0.10 0.09 1.11 7.2 60-70 >5 98 0 -
3 23 - 0.165 0.1551.06 5.2. lOO—liO 40-50 37 97
4 0.075 0.063 1.19 1.2 125=135 85-90 25 ‘100
. ' <
5 22.5 0.138 0.115 1.20 - 12 230-250 95-99 12
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Figure 9.

Enumeration of Salmonella typhimurium stressed in
vessels of reagent grade water. Stressed cells

were enumerated using TSYA and Hy0y controls G%IE—),
fluorescent particle counts (), MA counts 9.
MA supplemented with 0.15% sodium desoxycholate -9-),
TSYA supplemented with 0.15% sodium desoxycholate
-4-), DLA counts ¢-[J--), and Hp0p counts (—*--):
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(Fig. 10, Table 2).

Electron Microscopy

Samples were prepared for electron microscop& when cells had
reached 100%. inJury as. determined by differential enumeration between
TSY and DLA. Numerous blebs protruded from the outer membrane as
seen in Figs. 11 and 12." Some of these blebs-appear to have double'
membranes while some were recognized as-smallrspheres. The. interior
of the cells 1ooked quite normal and no unusual. granules of cytoples—
mic constrictions uere noted. The plasma membrene seemed to be
separated from the cell wall and the outer membrane. This phenomenon
was also observed in undamaged control cells which were centrifuged
and prepatred for electron microscopy. " Control cells showed no blebs

and a continuous cell envelope.
Injury in Rocky Creek

_ Workksimilar:to that done in tne laboratory was performed with
organisms that were placed in the chambers and immersed.in Rocky Creek.
léYA supplemented with 0.15% sodium desoxycholate was again the most
harmful agar in terms of injury and MA supplemented with"O.lSZ'sOdiun
desoxycholate and bLA followed close behind (Fig.‘lB). The injuries

defined by these media were approximately 76% on day thrée and rose to
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Figure 10. Comparison of the percent injury, percent spheroplast
formation and percent viability versus the time of
aquatic laboratory exposure obtained using Salmonella
typhimurium. Lag vs exposure (-@—), % spheroplasts
vs exposure (—&—), % injury vs exposure -, and
% viability vs exposure ¢-@--) were calculated and
graphed.

\;
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Table 2. Characteristics of aquatic laboratory stress using S. typhimurium

Days of Slide Culture ]
Exposure lag (minutes) % Spheroplasts % Viability % Injury
0 , 50 41 . 94 None

6 100 : 40 - 2 . 39

£y
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'Figufe' 11. '].;ransmission”eiéétrdn microgtraphs of ‘1(1)07, injured .
E. coli magnified 78,300X (bar = 0.4 um).
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Figure 12. Transmission electron m:i_.cr'ogfaph of 100% ‘_ir;ﬁured
E. coli showing numerous blebs, magnified
43,500X (bar = 0.5 um).- )
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Figure 13. Enumeration of E. coli stressed in Rocky Creek.

Stressed cells were enumerated using TSYA and
Hy0y controls ( ), fluorescent particle

counts (), counts (—@—), MA supplemented
with 0.15% sodium desoxycholate @--), TSYA

supplemented with 0.15% sodium desoxycholate
-f--, DLA counts ¢-3F--), and }1202 counts (—A——)\.
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100% by the seventh day. Minimal agar counts’showed very little
difference in comparison with TSYA counts until the se@enth'day when
58% injury was observed. Hydrogen peroxide showed 1i£tie,effect onl
these~organisms throughout the injur? pefiod and only a 25% iﬁjury

- was demonstrated in this manner. The microScopic cell counts‘reﬁained
approximately 25% above the TSYA couﬁts through the fifth day of |
exposure. In this case, as in the laboratory stressed cells, the
percentage of.spheroplasts increased as the injury and lag time in- |
~creased (Fig. 14) but the viability remained quite high and there
were 82% viable cells on the last day of.samﬁling (Table 351 The
temperature continued to be low because of'c§ld weather during the
experimental period.and varied from about 4—10'0 each day due to
diurnal fluctuatioms.

Heévy snowfall followed byla warming trent in the weather occurred
jﬁst before the next series of field experiments, as a consequence,
the cfeek received a large amount of runoff from the surrounding area
and the water appeared murky. The exﬁerimentaliresults were much the
same during this series of experiments as in the previous trials in—:
cluding MA, MA + 0.15% soéium desoxycholate, TSYA + 0.157% sodium deso-
xycholate and DLA counts as seen in Fig. 157 The level of debilita—
tion, as determined with MA, was 53% and with the other media it

ranged from 96-1007 by the third day of the experimental period. The.
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Figure 14.

Comparison of the percent injury, percent spheroplast
formation, and percent viability versus the time of
exposure for E. coli immersed in Rocky Creek. La

vs exposure (—@—), % spheroplasts vs exposure ( ) o
% injury vs exposure (—ilH, and % viability vs expo-
sure (-@--) were calculated and graphed.
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Table 3. Characteristics of aquatic stress in Rocky Creek using E. coli

Slide Culture

Days of Temperature ] ) )
Exposure (°C) Lag (minutes) 7 Spheroplasts 7 Viability Z Injury
0 8-10 45 <5 " 99 "~ 0
3 5410 65 21,9 80 76
5 6-10 s 28.8 . sz 82
7 6-10 " 70 . | '106

€S
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Figure 15.

Enumeration of E. coli stressed in Rocky Creek during

a period of high runoff. Stressed cells were enumerated
using TSYA and H70, controls (—35—9, fluorescent counts
>, MA counts %—‘—), MA supplemented with 0.157%
sodium desoxycholate ¢-@--, TSYA supplemented with
0.15% sodium desoxycholate -{}-), DLA counts &{}-),
and Hp0, counts ¢-J.

®»
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lég time increased with injury and the viability deéreased sharply |
-duriﬁg the first few .days of aquatic exposure (Fig. 16,‘fabie 4):

An interesting differeﬁce between, this and prior experiments was the
'effect of hydrogen peroxide on injury. After the third day of expo- '
' sure in water a much’ greater diﬁfefence between TéYA-counts'ana ﬁﬁe
HZOZ treated cell counés were found (Fig. 15). A 947 injury was
observed after three days of exposure-and the fluorescent paftiple"
counts which wefe ihitiélly comparéble-td the TSYA counts ipéreaéed'

to 60% and 647% above the TSYA counts by day'5.,
Oxygen Uptake

It-was of interest to determine if oxygen.of its.radicals had a
detrimental éffect on injured cells and if this,influencg could be -
seen by plate counts, especially since it has Beeﬁ reporte& that . :
anaerobic conditions enhance the.growth of cell wall defective E. coli
(27): Cells plated aerobically and anagfobicaily both shoWéd'éb.éz
injury.

Oxygen uptake rates were determined with a noﬁ—injﬁred héalthy

9 pacteria/ml and can be seen in Fig. 17.

cell population of 1.0 X 10
A greater lag in oxygen uptake was seen when TSY + 0.15% sodimm deso-

xycholate was used as the susbending medium.

Cells with 93.87% injury and a population of 7.9 X 108 bacteria/ml
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Figure 16.

Comparison of the percent injury, percent spheroplast
formation and percent viability versus the time of
exposure for E. coli immersed in Rocky Creek during

a period of high runoff. Lag vs exposure -9-),

% spheroplasts vs exposure (—&—), % injury vs expo-
sure ), and % viability vs exposure (-‘--) were
calculated and graphed for E. coli.

\.
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Table 4. Characteristics of aquatic stress in Rocky Creek during a period of

high runoff using E. coli.

Days of. Temperature Slide Culture
Exposure (o) Lag (minutes)

% Spheroplasts 7 Viability % Injury

0. 7 - 11.5 40
3 9 - 13 85
5 - 105

7 ' 300

<5 .9 38

17 - 19 100

19.3 - 17 99
.

66
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Figure 17. Oxygen uptake _reifeé in Ai.;ijﬁr'e;d‘-a-nd healthy __Ei g_o_l_:l;
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can also be seen'on Fig. 17. A greater lag in oxygen uptake ﬁas seen
when damaged. cells were placed in TSY broth. These same damaged cells
showed no oxygen uptake at all during 18 hours of incubation‘when

placed in TSY broth + 0,15% sodium desoxycholafe.
Effect of Diluent and Media on the Evaluation of Injury

Studies were conducted to idenfify the éffect of various diluents
on the assessment of injury. Samples démagea with reagent grade water
in the laboratory were placed in these diluents for a total time of
15 minutes and plated.. Thé fesults argv presented on Fig. 18 and
Table 5. Injury was greatest when 1% MgSO4-7H20 was used as the
diluent. Damage was first observed on tﬁe éhird day of exposure and
increased to 97% on day six. Results with standard PO4 buffer and
Milli-Q water were much the same and the damage obtained was not as
dramatic but reacted 947% by daf six. Peptone (1%) and 1% non—fat dry
milk wére the best diluents in terms- of the least injury qbtéined. The
debilitation seen when peptone buffer was used began on day four and
reachéd 637% by day six. The non-fat dry-milk exhibited very little
injury until the sixth day of the experimental pefiod. On that day

the injury was not excessive and reached only 37%. The pH of the

., diluents ranged from approximately 6.0-7.3.

 Experiments using TSYA and DLA plus additives were completed to
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Figure 18. Effect of a fifteen minute exposure to various diluents
| on injured E. coli. Cells were enumerated with all

‘ diluents plated on TSYA (-%—), 1% peptone -,

1% non-fat dry milk ¢@--, 1% Milli-Q -{}-, and

1% MgSO4-7H20 (4 -) plated on DLA.
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Table 5. The effect of non-fat dry milk, pebtone, Milli-Q (reagent grade) wvater
and MgSO4-7H20 diluents on injury-.

Days of i

Exposure Diluent pH _ Z Injury

) 1% peptone . 7.1 7

1% non-fat dry milk 6.9 18

Milli-Q water 6.1 15

1% MgS0,* 7H,0 5.9 14

3 1% peptone 7.1 13

1% non-fat dry milk 7.0 18

Milli-Q water 7.3 63

1% MgS0,,- 7TH0 6.0 68

4 1% peptone 45

1% non—-fat dry milk .0

Milli-Q water 87

1% MgSO,-7Hy0 97

6 1% -peptone 63

1% non-fat dry milk 37

Miili-Q water 94

99

1% MgS0y, 7H,0

S9
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detgrminelthéir effect on injured cells aﬁd their influence on re-
covery. The effects of a DLA overlay on fSY Plate counts and catalase.
added to fSY and’DLA can be éeen on Fig.‘19. The percent injufy
reached its ﬁighest point on day four when 76% injury was notéd 6n
DLA. Injuries of 167, 35%; and 52% were found on day four Qith

TSYA_+ catalase, TSYA + lysozyie, and DLA + catalase respectively.

The counts from TSYA, which were overlayed with DLA remained as high

as the TSYA counts throughout the experimental period.
Recovery

The time frame for recovery of damaged cells with 86% injury was -
followed and presented graphically on Fig. 20. The.recoﬁery period
ended when the counts on DLA and TSYA were equal. This occurred |
between 2 and 2 3/4 houfs after fhe:initial incubation of damaged
cells in TSY broth, TSY broth supplemented with.0.2% pantoyl lactone

and 0.27% sodium citrate.




67




Figure 19.

Enumeration of E. coli using catalase, lysozyme, and
DLA overlays to affect injury. Cells were enumerated
using TSYA (—-@—), DLA €-{}-), TSYA + DLA overlay
(—4&—), DLA + catalase (—@—), TSYA + lysozyme @ -,
and TSYA + catalase (—¢—).
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Figure 20.

Recovery of injured E. coli placed in TSY broth ( W ),
TSY broth supplemented with an additional 0.2% sodium
citrate ( A ), and TSY broth supplemented with 0.27
pantoyl lactone ( A\ ) plated on TSYA ( ) and DLA
(@
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DISCUSSION

Numerous studies have been reported which demonstrated degrada-
tion of RNA in célls undergoing carbon star&ation (13,15,35,36). Dawes
and Ribboms (13) have found immediate decomposition of RNA with an
accompanying oxidation of ribose and the release of UV absorbing ma-
terial. Other researchers (15) have discovered that rapid degfada—,v
tion of polyribosomes to single 70S ribosomes, as well as the loss of
_ mRNA, contributed to a decréased capacity for protein synthesis. The
ﬁost acti&e adaptation was found to take place in the first 24 hours

of nutrient starvation by Scherer and Boylen (57) who studied

‘Arthrobacter. By the end of 28 days 75% of the RNA in the.ceil re-

mained, and Arthrobacter was éapable of maintaining a high energy

level which, presumably lengthened its activity and viability.

Kaplan and Apirion. (35) have examined cellular RNA and believed
its &ecay was dependent on the nuclease content within the ceil; the
pell's genotype in terms of ribonuclease activity, and tﬁe stress
.appligd to those particular cells. Endonucléolytic attack in éhe
degradation of RNA appeared to be the rate limiting step in the break-
down process. The attack was apparently due to the conformation of
ribosomal subunits which‘became particularly susceptible to the nuc-
lease. Ribosoﬁal subunits broke apart and were decomposed to nucleo—
tides by the exonuclease, RNase II, and the polynqcleotide phos-

phorylase; PNPase. They have discovered the greatest RNA degradation




72

in strains which contained a periplasmic enzyme, RNase I, and suggest
this enzyme entered the cell following membrane damage (36). ‘Obiﬁatav
and Mizuno (49) have also identifiéd nucleases situated near the cell
envelope that were released upon cell surface damage. Most of éhe
decomposition occurred within organisms during tﬁe starvation for
carbon and least in phosphate deprivation. Their viability studies

have implied a correlationlbetween the ability of .cells to recover from

‘'starvation and their efficiency in decomposing RNA. Organisms which -

degraded RNA rapidly survived better during starvation sttress than
those which degraded the nucleic acid more slowly.

Scherer and Boylen (57) have observed a relatively stable proteiﬁ

concentration in Arthrobacter which underwent starvation stress for
one déy. A siow continuous proteolysis began after this périod and in
28 days of starvation this organism lost 20-30% of its total protein
composition.® In E. coli a slow contiﬁuous degrading gtroup of-proteiﬁs
was aléo identified by Nath and Koch (44,45) along with a limited'
amouht of rapidly degrading protein whose synthesis increased as
érowth rafe decreased. Up to 40% of the cellular.prbtein’was degraded
during the first.day of starvation. Intracellular. proteolysis in

E. coli is postulated by Pine (51) to be primériiy regulated by ac~
tive ribosomal function. Anmmonium (NHﬁ+)'appeared to be the most

effective regulator of this sytem and its depletion progressively
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increased the basal proteolytic rate to a maximum when .the doubling
time was twb hours. Although individual amino acids-inhibited protein
degradation wheﬁ tﬁey'were present or stimulated it when they were
absént, proteolysis increased by a factor of.two or less during star~

vation. Fan and Rodwell (17) studied Pseudomonas putida and dis-

covered a type of proteolysis tﬁat required a divalent metal ion.
Transport and dehydrogenase activities remained unchanged in

starved_gf putida, but the oxidase, decarboxylase and hydrolase acti;

vitiesmdecreased (17).. The activity loss in inducible enzymes and

the decomposition of bulk protein seemed to be heterogeneous, al-

though protein labeled during starvation was degraded at a faster

rate than. that labeled during log phase gfowth. Daubner (12) re-
po¥ted that oxygen consumption and dehydrogenase activity immediately
decreased when E. coli were placed in an‘aquatic environment.

Studies conducted in our lab showed little protein leakage during
aquatic injury. Becaﬁse it was necessary to use a low cell density |
to achieve an accéptible level of cellular damage, flash .evaporation
was used to concentrate the cellular supernatant. The pfotein present
in the supgrnatant may have been too limited in quantity and thus be;ow
the sensitivity limit of the Lowry technique (39) in determining the
amount actually present. The A260/A280 ratio did not appréciably

change throughout the experimental period indicating minimal protein
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leakage (Table 1).

Intracellular polyglucose compounds (e.g; glycogen and poiy—B—
hydrox&butyrate) that are similar to animal glycogen could ﬁroﬁide
energy reserves fé; organisms in an unfavorable enviromment (64).
Those cells rich iﬁ carbohydrate should survive better than cells with
little reserve maferial, and it is believed that only microbes with
comparably large amount of endogenous carbohydrate have long term
survival characteristics. Dawes and Ribbons (13) found glyéOgén was
rapidly utilized during starvation, and amménia was released only
after a lag period that paralleled the time needed for cellulér gly-
cogen to be nearly utilized. Proteolysis con;inued at a linear rate
throughout glycogen consumption. They concluded that the presence of
giycogen prevented.net deccmposition of>nitrogenous material but did-
not hinder protein turnover. There was‘ho significant lipid utiliza-
tion during this_starvation period and no loss of viability in 12
hours under aerobic or anaerobic conditions. A more rapid death
rate appeared after 12 hours.

Although the_E;.EQLL s£udied in our lab did not undergo a drastic
reduction in size like Ant 300, a psychrophillic marine vibrio (48),

a decrease in volﬁme’during the initial few days of starvation was

observed. This may have been due to consumption of some endogenous

reserve materials. Daubner (12) found cell shrinkasge inlgm coli after
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15-20 houré when the cells were placed in an aquatic environment.
After 1-4 weeks the cell éapsule and cytoﬁlasm became reduced. -In
the electron micrographs processed in the present Study,.ﬁo cyto-
plasmic altefations were observed in E. coli which showed 100%
injury. E.coli which are normally resistant to surfacé active agents
and lysozyme become sensitive to these cﬁemicals when their cell |
walls or surface structures are damaged or disofganiZed'(7,38,68).
LPS déficient mutants are extremely sensitive to lysozyme, ‘and phos;
phate or glugose residues present in the polysaccharide portion'9f>
LPS were closely correlated ﬁith the se@sitivityiqf ceilé'to 1y§o—:
zyme (68).l It was suggested (55,68) tﬁat part of the LPS on the céllv
surface forms a structure which make cells resistant to penéetration
by 1ysozyme as well as to low molecular weight antibiotids and sur-—
face active agents. Stréins with redﬁced amounts of phosphate and
glucose in LPS residues were more sensitive to ljsozyme. Knox (38)‘

; .
reported that after treatment with lysozyme, these damaged cells
éould be identified by an excessive amount of extracellular material .
in the form of spheres and globules. Mutants defective in the .

structure of murein lipoprotein have also been characterized by

‘numerous blebs (77). Circular regions of low electron density were

also noticed along with abnormal permeability properties.,

An autotroph which had been_depleted of leucine for two hours (42)
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was also burst bf 10 ug/ml of lysozyme which suggested surface de~
fects. Masses of stacked leaflets and globules, which may have been
lipoplysaccharide (LPS), sufrouﬁded the organisms. Outer membraﬁe |
blebs, which were sometimés still conneéted with that mgmbrane,.were
‘diStinguished as well as large aggregatés and fiberous material within
fhé cells, Normal appearaﬁce,»whiéh‘inéluded a fibe?qus nuclear
region and a multilayered cell wall recurred after addition of leucine.

The E. coli used in the present stuéy were not seﬁsiti&e to

lysozyme in the inifiai stages of each experiment then heglthy cglls-
with a highleprcentgge of viability were used (Figs. 8;14,16, Tablés .
1,3,4). As the time of aquatic exposure and injury progressed these
cells became increasingly sensifive to lysozyme and a greatér percéﬁ—
tége of spheroplasts-was observed. Cell wall damage or its dis-
organization became increasingly apparent as time of_exposure contipﬁéd
and the possibility of LPS‘défigiency due to the release.of this com—-
ponent from the cell’exists. This coﬁld result in the fbrmation of
spheroplasts when such celis are'treated with lysozyme.

Membrane blebé protruding from the injured E. coli were seen
frequently in the electron microscopy preparation. Some of these
blebs appeared as if they were bdund by a doublé membrane and seemed
to be shed from the cell, as may be evidenced by the numerous bleb

structures seen throughout the preparation (Figs. 11,12). Although -
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no definite dété'éhiLPS release from the cell was coilécted because .
of the extreme delicacy of the lymulus lysate test (34,73), these
blebs may have contained a large amount of-LPS and periplasmic
enzymes; These blebs may be feleased and result in lesions of‘the ,
céllular envelope or erosioﬁ of its structure. On the other hand{‘it
has been demonstrated that E. coli also release 1ipopolysa¢chafides,
phospholipids, and pféﬁeins during nqrmal growth (26,43), although
probably not to the great extént they are released in stressedJcells;
These compounds seemed to be released as vesicles and membrane frag—v
ments that were practically unaltered outér‘ﬁembrane.

Regions of cells with less dense areas gave the bacteria and some-
times spheroplasts a mottled appearance latg in the experimental period

when the extent of injﬁry was at its greatest. This phenomenon was

also observed with Salmonella typhimurium, aithough its sensitivity
to lysozyme was moderate even when healthy cells were examined (Fig.
10, Table-2). | -

Cells treated with EDTA 1qse LPS as well as some protein and
phospholipid although no visible changes in cytoldgy following obser-
vation by electron microscopy were detec£ed by Bayer and Leive (2). |
Their treated coliforms became more sensitive to certain metabolites
and developed an abnormal sensitivity to certain drugs. Ray et a;f

(54) whose freeze-dried cells weré extremely senéitive to EDTA, also
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indicated that freeze—drying'may affect the LPS.

Hill (24) has indica;ed that some bile salts, such as desoxycho-
late, will partially digsolve cell walls of all strains he testgd.i
Although there aﬁpeared to be some variation in the dissolvability
of the cell wall which ﬁas dependent on the culture medium used for
growth, there were no variations due to age. Mﬁramic‘écid an&.muqo—
peptide were not solubilized to any detected level but teichoié acid
and polysacchéride components were dissolved. Ribi ét al. (56) have
found endotoxin from three species of Gram-negative bacteria to be
dissociated into nontoxic §hbunité by sﬁdihm desoxﬁchqlate while
Woldringh (75) has treated organisms with O.l%‘sodium'desoxycholate
in distilled water and discovered large areas of plasma membrané had
dissolved as well as other structural alterations within the cell.
The nucleoplasm was no longer distributed wiﬁhin the cell but had
~ contracted to the center. ‘Burman et al.'(7) have fﬁund'that cholate
sensitivity of the outer membrané is an index of the damage of that
membrane.

Growth on TSYA was used throughout the present study as an ihdex
of healthy and injured cells. Injury due to aquatic stress was seen
earlier using media which were supplemented with sodium desoxycholate
(Figsf 7,9,13,15). Sodium desoxyéholate was probably harmful to' the

membrane since little injury was seen with MA until later in the
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experimental periods. Therefore, damage to metabolic aspects of the

"cell occurred later and were not primarily involvéd in Lhe‘first phase

of cellular injury.

Hurst et él (30) have heated S. .aureus to 52 C for 15 minutes in
pdtassium ﬁhosphatg'and found a loss of éalf tolerancé whiéh is
usually used as ‘an indication of injury. They used the'K/Na ratio
as an index of membrane damage as ion transport is geﬁerally accepted
as a membrane fuﬁction. 'Thig ratio was 12.6 in the control cells and
3.4 in damaged cells. The aspartate uptake was only 10% of the con-
trol after.injury had taken place. Once the cell hadireco§ered, salt
tolerance was regained, but a number of membrape fuﬁctions such as .
aspartate uptake were still Impaired. This suggests that salt‘ﬁole—
rance was not a membrane function, although different damages may
be repaired at different rates and the return of salt tolerance may:
be one of the early events. Hurst and Hughes (29) foﬁnd £hat riboéqme
decomposition was not the iﬁitial effect of sublethal heating and had
no correlation with the loss of salt tolerance.

According to the data presenteﬂ, (Figs. 8,10,14,16) indices of
injury including the difference in plate couﬁts between TSY and DLA
can be used to determine the extent of damage in stressed organisms.
The lag time, percent sphéroﬁlasts,-and:percent injury increased gs

aquatic exposure time of E. coll increased. This was seen in cells
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which were stressed in the laboratory as well as thase stressed in
stream environments. Although_g. typhimurium did not show incfeésed
spheroplast formation, since its cell wall was quite sensitive to
lysozyme even before stress, the lag time did increase as exposﬁre
time increased. The lag time calculated by thehslidé culture tech-
‘nique was an accurate and rapid‘déteimihétion of'the_extént of cell’
injury. |

Daubner (12) has found that waters of different qualities do
exert an inflﬁence'upon.indicator bacteria, not onl& on their regula-
tory mechanismé but also their basié phyéical properties and mor-
phology. Cells became so altered that E. coli was observed to ﬁtilize
citrate. 1In this case the membrane may havé been damaged to the
extent that leakage of citrate into the cell could occur. E. coli
suspended in river water or distilled ﬁater for 24-48 hours had
granules within the cytoplasm (possibly ribosomal degradation material),
the cytoplasm becamé m&re dense and uniform,. and the membrane éepé;
rated from the cell wall.

"In the present study dramatic changes in the interior of E. coli
suspended in reagent grade water did not occur. Thesg cells»looked
finely granular with intact cellular membranes (Figs. 11,12). Aftér
examinidg the cytology of these cells one would expect little metabo-

lic damage and this was born out by the comparable counts on TSYA and
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MA. The high counts that were observed with MA confirm that little
metaboli¢ injury occurred until later in ;he exposure period. MA

is an index of the metabolic damage because the cells must produce
necessary macromolecules not supplied in the medium,.indicating iittlé
enzyme damage.

The characteristics of the water in which cells were injured

‘have a great impact on .the degree of injury and the survival rates

(Fig. 2,3,5). Water with a lowef resistance and thus a greéter ion
concentration consistantly'showed an increased‘death and injury rate
for cells placed in it. The ions present may act to destafilize
the membrane as it is being damaged during aquatic stress and thus
act to increase cellular damage. Periddically stirred vessels also
resulted in a greater iﬁjury for cells than when placed in‘constantly
stirred vessels (Fig. 4). Less injury was seen in autoclaved Rocky
Creek water than when filter sterilized water from the same source
was_ used (Figs. 5,6). Autoclaving may have changed the organic
materials in the water énd inactivated or preéipitated harmful mgterial.
Microbes previously éxposed to water are especlally susceptible
to the stress of warm agar used in pour plates and starvation can
increase this sensitivity (37,76). This caused significantly reduced
recoveries when pour plates were compared with spread plates. Higher

detection rates were found when selective agar was surface plated or
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surface overlay plate@ and these techniqueshgave'more reproducible -

_results than MPN (54,72). The sample varience was numerically larger

for spread plates than that for pour platés as foﬁnd by VanSoestbérgen
and Lee (72), but the numerical value for the mean was significantly
higher for spread plates than for pour plafes.

The .present experiments required thap extreme é;rg be taken in
plating the injured orgaﬁisms since little further stress due to
warm agar c&uld be toieréted. Spfead plates were used rather than
pour plates. A small amourt of overlay was-necessaty to prevent the
spread of surface colonies, but agar was cooled almost to the poiﬂf
of solidification before it w;s poured. The plates wererspread for
15 seconds and the inoculum was allowed to absorb into the medium 6r .
evaporate. Clark (10) found that the volume of inoculum and a post—
ponement ip spreading plates had no measurable effect oﬁ the enumera-
tion or distribution of colonies. His tests showed less than 4% of
the total colony formers remaining on the spreader after 15 seconds
of use. | |

Survival characteristics depend on many things including the
medium used for growth (65). It was reported by Strange et al. (65)
that cells grown .in tryptic meat bfothhor tryptone glucosé'remained
viable for longer periods of time than when grown in a simple'medium

with a limiting carbon source. Population density affected the
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survival of cells and cryptic growth occurred at high population
densities (65,67). According to the present studies ﬁopulation.den—
sities of 107,bacteria/ml énd above showed no iﬁjury during aqﬁatic‘
laboratory stress. It is-concluded that no ipjury occu?red over a

long ﬁeriod of time in this closed vessel because of cryptic growth
and related phenomena. In populations of these sizes-o£ganic material,
death and lysis, as well as a shielding population effect (i.e. aggre;
éatién) could buffer the cellé from é ha?mful aquatic: environment. .

Harrison .(20) proposed that slow growing log-phase cultures of

Enterobacter survive better than normal log-phase cultures and that
stationary-phase cells survive the best of all. The constant use of
18 ‘hour stationary-phase populationé in‘thé preseﬁt study insured
minimal injury variation due to population age. Better survival oc-
curred at suboptimal temperatures only when the growth rate was re-
duced by a limiting nutrient. Therefore, the concentration‘of
nufrieﬁt at the time of harvest influenced the subsequent response to

starvation more than the growth rate.

Scheusner et al. k58).have injured Stapﬁz}ococcus, Sfreptocébcﬁs;
and E. coli by exposure to a quaternary ammonium compound. Injury
was measured by the inability of the cells to grow on a selective .
medium, metabolic injury was determined by plating on MA, and the

number of injured organisms was the difference between counts on MA
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and TSA. The number of dead organisms was determined by the.diffef—‘
~enée in counts on TSA before and after treatment. A simiiar studi
by Scheusner et al. (59) showed that bile salts éloﬁe prg&ented as
many injured cells fro@ growth as did any combination of seigétive
.,agenté and that sodium desoxycholate was the bile salt mosf inhibi~
tory to damaged cells. Those cells exposed to the quaternafy'ammonium-
'compound and untreatéd cells both grew equally &ell\on minimal media l
and thus no indication.of metabolic_injhry was seen. Bile salts
inhibited 65% of the surviving treated cells and similar_inhibition
was foﬁnd using violet red bile agar. The number of bacteria that -
grew on the various media depended on the type of medium, on the tréat—
" ment given to those microbes and their condition befére plating. This
group also studied thé inhibitory properfies of Varioﬁs dyes such as
Eosin Y, brilliant green, neutral red and crfstai violet. Varying
results were found in this type of secondary injury. ‘
Clark and Ordal (115 stresséd §. typhimurium at 48 C for 30 min-
utes and found greatef than 907 of these cells were unable to repro-
'dﬁce on EMB with 2% NaCl. Cells plated on desoxycholate agar also
showed . an extended lag period following the heat treatment, but re-
recovered in a suitable medium such as nutrient broth or Tryptic soy

broth. Variations in thermal inactivation rates were due to several

factors such as the age of the organism at the time of heating, its

-
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chemical makeup, and the pHvdf the heatihg mediam (22).

Whén Aeromonas and E,.ggii;were studied under starvation con-
ditions by klein and Wu (37) both of these organisms showed low
basgl endégenous oxygen uptake rates, but the addition of glucose at :
concentrations as low as 1 mg/1l, increased oxygen consumption in E.
coli: A slight increase in oxygen uptake which returned to alloﬁer
lével within 10 minutes waé pbéerved in Aeromonas. E. ggli, on the
other hand, did not return to its original low level of oxygen éon4
sumption. They suggested that.g;.égli may be ihéapable of avoiding
the utilization of substrate for respiration under conditions of
nutrient limitation. It was further concluded that tﬁese cells must’
commit their energy and reserves to catabolism even though the
energy released can not be utilized fof growth under,stressfﬁl star-
vation environments. Aeromoﬁas, on the other hand, is endoéépous
to Qater‘and may have ,the selective advantage in'tgat it has adépted

to low nutrient conditions and can avoid the additional catabolism

brought upon by the presence of glucose.

A psychrophilic marine vibrio studied by‘Novitsky and Morifa (47)
reduced its endogenous respiration rate over 807 during the'first~few
days of survival and after £h¢ first week-its respiration had been
reduced té 0,0071% total carbon respifed/hoqr. This lower respiration'

rate may prevent macromolecular decomposition and promote the long
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term survival of.these organisms which have successfully adapted to
low nutrient concentrations. A ﬁype of ehdqgendus dorméncy'or resting
s£age like that proposed by Stevenson (63) méf héve developed because
thié.organism had prolqnged'exposure'to SfarVation'conditions.

' In the pfesent study, oxygen uﬁtaké:rgtes of healfhyug; coli
sﬁowéd a slight lag wﬁen.0;15% sodium desoxycholate was usea as a
sﬁpplement in TSY broth, while dinjured cells showed no oxygen uptake
in the same supplemented broth (Fig. 17). Allag was-seen'eﬁen_when
_these injuréd cells were placed in TSY broth. For a.éhort pgriod of.
time during this lag, cells must have been undergoing a repalr pro-
cess which could begin with little oxygen uptake. Cell membrane
damage, which is apparently afféc;ed by sodium desoxycholate, can be
related to the oxygen uptake, since many aerobic metaboiic pathways .
are a function of an intact membrane. éince no oxygen uptake Waé’
seen, membranes.may have been highly damagéd and yet some cells were
capable of growth on TSYA + 0.15% sodium desoxycholate. -The number
of cells capable of growth on this medium after several days of ex-
posure is probably very small and the cells are able tb grow anaero—
bically. Cells can recover on TSY anaerobically as evidenced by the
data which show equal enumeration on TSYA and DLA both aerobically’
and anaerobically. Thus, oxygen radicals or the accumulation of ﬁéoz

due to catalase inactivation does not seem to be an important aspect
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of aquatic injury, at least during non—runoff conditions'and'when
cells are plated.

ATP measurements,'as well as energy charge llz<%2§;i+}§D£?I§iTP])’ :_‘y"‘

have been used as 1nd1ces of cellular viabllity (8 71) The energy )
charge during growth is estimated to be above 0.8 by Chapman et al
'(8), and although Walker—Simmons and Atkinson (71) believe that growth‘ '
_ ceases at 0.8-0. 9, both report that E. coli can maintain viability,‘ :'>
ability to synthes1ze protein, and can also adapt to new substrates
‘at that energy ‘level and above.. Ghapman et al (8) suggest‘starved
cells aré still capable sf maintaining viability £rom 0.5—0.8 Both
of these investigators propose that the loss of functional activities
and death occur at energy,charge values 1ess than 0.5. |

An indication of viability by some method other'thaniplate counts
and the determination of the length of time\required for‘division to
occur was.used'to complete:thesé studies. 'Viability_WasAcalculated‘:
with the.proportion.ot cells that were capable of division under
optimal growth conditions.’ Postgate's slide'culture technique (52) -
was modified and used'to achieve the yA viability. Postgate (52) ‘
found that in a population which contained a high percentage of
viable cells all organisms that were capable of d1vision had dorne so
by the time the first dividers had undergone 2 or 3 divis1ons. Dying

' populations needed a 1onger incubation time’ and the 1oss of these
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cells due to lysis with this particular method was rare. When large
populations were used for these studies microcolonies tended to over-

grow non-dividing members. A population size that gave approximafely

" 100 cells/field using phase contrast microscopy prevented gioss

colony spréading when ﬁhe slide was dipped in cool molfen’agaf;
Since populations in this study were oféeﬁ very debilitated, twenty
four hoﬁrs was used as-an appropriate endpoint for an.indeg of Viable.
cells (i.e. if nb microcolony formation wéé observed by tﬁié time,
the cells were considered non-viable). T6 prevent the agar frém
drying during tﬁe twenty four hour incubation period, a further modi-
fication of Postgateis slide culture technique (52) was madé-by the |
use of molten parafilm around the outside of the coverslip. |
Many factors seem to influence the catalase level in_g..ggli'iﬁjl
cluding the culturelmédium, growth phase, and temperature to which
the cells are-subjectgd (78), Flowers et al. (18) have added cata-

lase to selective media and increased the enumeration of stressed cells

with the most beneficial effect on the least efficient enumeration

medium. The effects of catalase appeared to be due to the inability
of stressed organisms to repair cellular damage in the absence of an.
exogenous decomposer of HZOZ' Théy proposed that the intracellular -

cataiase activity was reduced by stress which resulted in peroxide

] accumulation. The problem of deficient amounts of catalase was
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resolved by addition of éatalase to the agar plates. Tt had little
effect on the non—stiessed cells but éreatly increasgd the.enﬁmera—
tion of stressed cells ﬁith no effect on fhé selectivity of the medium.
Martin et al. (40) have also added catalase to the surface of a growth
- medium and increased the enumeration of phyéically or chémicélly |
injured cells. They found that heated cells had decreased catalase
‘activity. Catalase when attached to the infracellular membrane was ..~
in én active form and became inacﬁive wheﬁ released from the meﬁbfané.
It is probable that the decrease in catalase activity an&‘thé'corres—
ponding injury, as found on TSAS were_greatly different.l .
| Brewer et al. (5) have added catalase or p&ruvate to trypti-

case broth + 10% NaCl and have .studied its effect on the MPN techniqﬁe,'
which ié:considered a more efficient tecﬁnique in the énﬁmeration‘of
1low numbers of cells and is an estimate of the population rathetr .that
a‘precisé enumeration. They have found increased enumeration’of
heat-stressed and unstressed cells w;th the addition of'tthe chemi-
cals, . This is a practicgl technique and allows for recovery and. growth
in a selective. medium.

Since catalase appeared to increase the enumeration of’étreséed
microbes it was of interest to determine its effect on aquatically--
. stressed cells, Various additions to media an& overlays afe.;isted

according to their effectiyeness in allowing.gfeater enumeration:
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TSY=TSY + DLA overlay > TSY + cﬁtalase >'TSY + lysozyme > DLA +
catalase > DLA (Fig. 19). Although catalase did'incregsg the enumer-
ation of cells somewhat on DLA, the incfease was very little and’ |
sugggsted tﬁat the presence ovaZO2 or reduced catélase'activity‘ﬁad;
little efféct-on the growth of colonies fromlinjﬁred orgéﬂiéms. .
Lysozyme had little effect on the growth 6f éells on.TSYA,>and evi~
dently cells on this rich me&iuﬁ.can rééover from the effects of
lysozyme and form colénies. From the results presented:here, TSYA
with DLA overlay may be a solution to the problem of injured>bac—
teria growth. Injured bacteria are plated on a rich médium which

. promotes the growth of damagéd organisﬁs and the overlay.is selec~

tive enough to prevent the growth of non~coliforms.

In studies with -Staphylococcus aureus, Gray (19) found é medium
made with egg yolk was generally less inhibigory to injured cells but
was usqally less efficient as a Selective medium. All média tﬁat
were ﬁsed'wére equally capable of normal cell enumeration, but.as,
the heating time progressed variations in media productivity bécame_
.more pronounced. A

Depending upon the system used for damaging organisms, resear—
chers (16,21,22,53,54,69) have found‘the need for cells to s&nthesize
p;otein, ribonucleiC'acid, DNA,‘aﬁd membrane components for -recovery.

Energy also seems to be required as ATP facilitates the repair of
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debilitated cells (53). Apparently large amounts of enzymes and
structural proteins do not need to be synthesized for repéir (iG)L
Magnesium taken'ub during heating indicated the possible increased °

requirément for Mgt to the  system has lead to a reduded_lag time

for injured cells. Potassium was found to have little effect on

unheated cells and may be detrimental to heat injured organisms (22).
Heinmets et al. (23) plated heat or chemically treated cells with
0.2% metabolites such as oxaloaéetate, pyruvate, sodium éitraté,

and lactic acid. They observed an incrgége in viable cell counts

"only on occasions when treated samples were preincubated with metabo-"

lites.

Cells exposed to ;n aquatic stress recovered, as indicated by
the convefging pléte counts using TSYA and DLA when the cells_wefe
incubated in TSY broth plus supplements for 105-165 ﬁinutes (Fig.. 20).

Wu and Klein have reported thé increased survivai éf stressed;”
ofgénisms which have been placed in peptone for one hour befére
plating. Improved détection has been fognd by using such diluents as
1% nonfat milk solids, i% peptone, 1% MgSQA~7H20, and 0.1% trypticasew
(55,74). These dilution blanks were also used in the present study
to determine their effects on organisms stressed in an aduatic envir-

onment. Each of these diluents, including milli-Q water apd s;andard

phosbhate buffer, performed equally well on nonstressed cells (Fig. 18,
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- Table 5). As the time of-exposure progreSSed greatérfenuneration-on:"

DLA was found when using l/ nonfat dry milk and l/ peptone dilution

blanks.. The order of diluents in terms of greater enumeration were

"as follows ) l/ nonfat dry milk > peptone > milli—Q > phosphate buffer.

> 1% MgSO «7H O. These 1nJured organisms were placed 1n the" dilution'
4 M2

" blanks for a period of only 15 minutes so it is unlikely that cell

division occurred. Perhaps the protein and buffering action of the

nonfat dry milk and peptone helped facilitate repair of the cellular.”'

membrane, so. that when confronted with the sodium desoxycholate in -

N

DLA the‘bile'salt was no longer harmful._ It.would he}interesting
¥~to determine if DLA supplemented with these substances would allow

damaged cells to divide ‘and. form colonies. It is unknown why- MgSO4

had such a detrimental effect on injured cells since Mg should - -
. help to stabiliae the cell membrane.. Perhaps additional buffering

capacity was needed;




- SUMMARY

The quality of water used for 1njur1ng organisms affected the
'degree of injury, the rate of that damage, and the survival properties
of thé cells. Low resistance and periodic stirring of water in the
_injury vessel increased the rate and degree of 1n3ury.. High cell
_populations buffered the cells from 1njury and very little death or.

’ damage was found.over 1ong periods of time.‘ .

Indices of injury other than the difference in plate counts be—:
- tween TSY and DIA can be used to determine the extent of injury in

. 'auuatic stressed-bacteria. ' Lag time and percent spheroplast forma—
.tion, as well as the percent injury increased as exposure of E; coli
increasedf This " occurred in the laboratory stressed cells and in the-
stream environmentsm typhimurium was sensitive to lysozyme before
stress so that the spheroplast formation did not increase with
exposure time, although the lag time, as calculated by the slide
culture technique did increase.

Little metabolic damage occurred in the early stages of aqUatic
stress and only after several days did the cells show this type of
injary by failing to. grow on minimal agar.: Cell'envelope'damage-
appeared to be the primary site of- aquatic injury as. evidenced by the 2
extreme sensitivities of these cells to sodium desoxycholate and
-‘1ysozyme even though the bacterial particle counts remained high.

Disruption of the cell envelope was'als0‘evidenced by electron ficro— }
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graphs in which blebs are seen to pxqtrﬁde from the cell sﬁrface;

Oxygen uptake of injuréd cells placed iﬁ TSY broth Bad an ex-—
tended lag'and no oxygen uptake was found when these cells were
placed in fSY broth suppiémented with 0.15% sodium desoxychoiate.
This also indicated membrane damage as aerobic funcfions are part of
an intact healthy cell membrane.

' Although catalase added to DLA did not signifiéantly-imprqve '
enumeration on that seiective medium; TSYA overla&ed with DLA may
allow the growth and colony formation of damaged cells and yet rétain
the selectivity of the medium. | |

Dilution blaﬂks made with .17 noﬁfat dry milk of 1% peptone prd&ed
to'be the best in terms of minimizing the differential bacterial

counts between media.

¥
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