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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.



CHARACTERIZATION OF AQUATIC INJURY IN ESCHERICHIA COLI
AND . SALMONELLA TYPHIMURIUM

by

SUSAN KAY ZASKE

' A thesis submitted in partial fulfillment -
of the requirements for the degree

of
MASTER OF SCIENCE
in

Microbiology

Approved:

M#M‘im/;”ﬂw

Chairperson, Graduate Committee

Head Major Department

%/;fﬁ

Graduate Dean

. MONTANA STATE UNIVERSITY
Bozeman, Montana

December, 1978




STATEMENT OF PERMISSION TO COPY

In presemting this thesis in partial fulfillment of the
requirements for an advanced degree at Momtaﬁa State University,
I agree that the Library shall make it freely available for
inspection. I further agree that permission for extemsive copying
of this thesis for s;holarly purposes may be granted by my major
professor, or, in his absence, by the Director of Libraries. It
is understood that any copying or publication of this thesis for

financial gain shall not be allowed without my written permission.

Signature_VM ;ﬁa//ézj

Date ¢€>//2;/€>§£:/




iii

ACKNOWLEDGEMENTS

The author would like to thank Dr; Gordon A. McFeters for
ﬂi? gpidancé“in the laboratory and help in preparation oflthis
manuscript. Special thanks to William S. Doékins and John E.
Schillinger for thelr assistance and.new ideas of looking at
aquatic injufy. Siﬁcere thanks to Dr. T. Carroll for the'uSe
of the transmission electron microécopy faéilities.

Thanks to Marie Martin.for ensuring a éonstant supply of
clean glassware, Sandra I. Dunkel for helé in drawing g;aphs,
qnd Jerrie Beyrodt for typing. A‘speciai thanks are due to the‘

work -study students for spreading plates and making media.




TABLE OF CONTENTS

ﬁITA.....T...,... ........ e, e,
ACKNOWLEDGEMENTS s e st veetencnennscencossasscncsovasansacens
- TABLE OF CONTENTS............,.....;......;.........;.;u..
LIST OF TABLES........... e
LIST OF FIGURES..[;..................;.............;;....;
.ABSTRACT......t.....,...}..u........;;................a...
CHAPTER |
1. Iﬁtroduction.....:..............;............. ..... ..
Statemént of Pprpoée......................;.......
2. Materials and MethodS...eeseirieeiitsnsnnecoonnnnnnns
Experimental’Orgénisms............................

Media used for the Determination of'Injury........

Preparation of Cells and Determination of Injury...

| _ _ D UEMES ¢ v v v s e eseeeroroansenensoncsososesnnsesesas

! Preparation of Hydrogen Peroxide used for
i SecoNdary StreSS..eeeesteenssooosvossossnnassons
i : .

Membrane’Filter Chambers..;..,.............;......
'Preparation of Spheroplasts......,.............;..
Slidé Culture.seeeeses ;.........'.........1......,
Bacterial'Particle Counté.........,........f......
Protein Determiﬁation...............;..........{..

Respirometry ExperimentsS..ccerecececescnnnososcsns

iii
iv
vi

vii

xi

.10
- 11
12

12




Electron Microscopy...........:....;}.....i;.....u - 13
‘Recovery Expériménts..............{..;...,....{... o 15
3. RESULES.evevrneenenn. et e ettt 17

The Effect of Population Size and Water Charac-
teristics on INJuUIYeeecesseecerescnonsonnanccasss ' 17

Laboratory Injury StudieS...ceieeecesevenscraaccses 31
Electron MIiCTOSCOPY.:vererenesncscncrocsncancenans 40
Injury in Rocky CTEEKeeueoensaneneatocsansesansans 40
Oxygen Uptaké...;..,.t.............;............a.. . 56

Effects of Diluent and Media on the Evaluation -
Of INjUTYeeceeereeseneensosnasensssnncesascocassns .62

Recovery...... eseees G S 66
4, Discussion...veeeve.. R R R R 71
5. Summary.l.....m...................u.J.....w......... ‘ 93

LITERATURE .CTTED. « s e vt suenrsnensonssncnsensnansonansonssns © 95 -




Table

vi
LIST OF TABLES

Characteristics of_équétic 1abofatory stress

"using E. coli........;.............ﬂ.r........,...u.'

. Characteristics of aduatic laboratory stress

using S. typhimurium........ccc0eiuanen. tesecssraans

Characteristics of aquatic stress in Rocky
Creek using E. coli.ueiiecnneiiienennennnncnnnnnansn

Characteristics of aquatic stress in Rocky‘
Creek during a period of high runoff using

E. coli...... Nt e seenasasesesacot s e st eeeseaanen weesen

The effect of non-fat dry milk, peptone, Milli-Q
(reagent grade) water and Mg804'7H20 diluents
0N 1N JULY.eeeneeneerneninreeensonssasonnsennacosonnen

43

53
59

- 65




vii

LIST OF FIGURES

Figure

1. Effect of population size on. injury of E. coli.
Cell population sizes of 108 bacteria/ml ( B
and 107 bacteria/ml (@ ) were enumerated over
a twelve day period using TSYA ( ) and DLA
(—=Yeials Giaieinie o alals SR 41850 1 eaiteate e oo Te A o ahe st el feba e Vilae, 00 5

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

3. Effect of periodic stirring and PO4, buffer on E.
coli damage. Organisms placed in periodically
stirred reagent grade water with a resistance
of 18 Megohms—-Cm ( M ) and others placed in
periodically stirred PO, buffer (@ ) were

enumerated using TSYA ( ) and DLA (———=)...... b

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 ( M) placed in reagent
grade water with a resistance of 18 Megohms-Cm.
This injury was also calculated for 10° bacteria/
ml population sizes that were placed in constantly
stirred reagent grade water with a resistance of
7 Megohms-Cm (4 ) and periodically stirred re-
agent grade water with a resistance of 18 Megohms-—
ChNGCEI )G e b s e A R e e At e e T

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




Rocky Creek water (@ ), filter sterilized
Rocky Creek water (.) and periodically
stirred POy, buffer (B )...... SIS L v s b A Ao a5 e e 30

7. Enumeration of E. coli stressed in vessels of
reagent grade water. Stressed cells were
enumerated using TSYA and Hy0, controls (&)
fluorescent particle counts (i.F‘ MA counts
(~@-), MA supplemented with 0.15% sodium
desoxycholate (-@—), TSYA supplemented with
| 0.15% sodium desoxycholate ¢{i§9, DLA €L+,
and H90s counts Eullm)cusioassusiesssisasns 33

viii
Page
6. Percent injury of cells exposed to autoclaved

8. Comparison of the percent injury, percent sphero-
plast formation, and percent viability versus
the time of aquatic laboratory exposure obtained
using E. coli. Lag vs exposure (~@=) % sphero-
plasts vs exposure ¢k, 7 injury vs exposure
), and % viability vs exposure @) were
calculatedivand: graphed s e o ilasia aps s sroraiototoronalntes n aie e i 36

9. Enumeration of Salmonella typhimurium stressed in
vessels of reagent grade water. Stressed cells
were enumerated using TSYA and H90, controls &F),
fluorescent particle counts ), MA counts (-@-),
MA supplemented with 0.15% sodium desoxycholate
@), TSYA supplemented with 0.157% sodium desoxy-
cholate ¢, DLA counts (-{F9, and Hy0, counts
(S ' P ShR e a tiaterereiasla S G O S G 39

10. Comparison of the percent injury, percent sphero-
plast formation and percent viability versus
the time of aquatic laboratory exposure obtained
using Salmonella typhimurium. Lag vs exposure
(@), 7 spheroplasts vs exposure (-#), % injury
VS exposure 8-, and % viability vs exposure
~4@-- were calculated and graphed....cceveveuruanns 42

11. Transmission electron micrographs of 1007 injured
E. coli magnified 78,300X (bar = 0.4 pm)...... e el A 45




125

13

14.

15/

16.

Qide

i =g

Transmission electron micrograph of 100%
injured E. coli showing numerous blebs,
magnified 43:4500X= (bay mLQsS UMYl el cal o wiets s ot des b

Enumeration of E. coli stressed in Rocky Creek.
Stressed cells were enumerated using TSYA and
Hy0, controls (=E), fluorescent particle
counts (M), MA counts (@), MA supple-
mented with 0.157% sodium desoxycholate ¢@-9),
TSYA supplemented with 0.15% sodium desoxy-
cholate ¢#-), DLA counts €{3}), and H,0,
counts Ffd...euennn Mo Tt g A

Comparison of the percent injury, percent sphero-
plast formation, and percent viability versus
the time of exposure for E. coli immersed in
Rocky Creek. Lag vs exposure (—@-), 7% sphero-
plasts vs exposure (), % injury vs exposure
(@), and 7 viability vs exposure (@--) were
calculated. and graphedi e it o e ¢ aatoriatieass sivs s o

Enumeration of E. coli stressed in Rocky Creek
during a period of high runoff. Stressed cells
were enumerated using TSYA and H,0, controls
(), fluorescent counts (-, MA counts (@),
MA supplemented with 0.15% sodium desoxycholate
-®-, TSYA supplemented with 0.15% sodium desoxy-
chxlate ¢8>, DLA counts E-LF9, and Hy0, counts
CA..... S Lais e SaNE ateei n ey aitey S S NG O TG T CR I TL

Comparison of the percent injury, percent sphero-
plast 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 (-@-), 7 spheroplasts vs exposure
(&), % injury vs exposure ( ), and 7 viability
vs exposure (@) were calculated and graphed for
B CONTI els tis/arerort exsts s atoinrs wiehe /3o o5ty PR e I sl .

Oxygen uptake rates in injured and healthy E. coli....

Page

47

49

D

55

58

60




18.

19:.

| 20.

Effect of a fifteen minute exposure to various
diluents on injured E. coli. Cells were
enumerated with all diluents plated on TSYA
F), 1% peptone ¢, 1% non-fat dry milk
@), 1% Milli-Q €£F), and 1% MgSO,*7H,0

C&>) plated ot DLA o vstssh e s bnvs ar b

Enumeration of E. coli using catalase, lysozyme, and
DLA overlays to affect injury. Cells were enu-
merated using TSYA (-@-), DLA ¢iF), TSYA + DLA
overlay (-‘r-), DLA + catalase (8-, TSYA + lyso-

zyme ¢@-, and TSYA + catalase (’—) ............

Recovery of injured E. coli placed in TSY broth
(), TSY broth supplemented with an additional
0.2% sodium citrate (4 ), and TSY broth supple-
nented with 0.2% pantoyl lactone ( A ) plated
on TSYA (——) and DLA (—==).cceeessconnncnss s sers 8l

Page

64

68

70




I'xi
" 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_




4

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

().




19

jw/Vvid310ve

108

DAYS




{1}

20




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 (==--).







































































































































































































































































































