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ABSTRACT

Ph.D. James Newman Bunch Micrbbiology

REPAIR OF INJURY IN ESCHERICHIA COLT
AFTER FREEZING -

The recovery of cells of Escherichia coli 451B damaged by~

£
freezing has been examined. After freezing and thawing, a proportion of

-

cells demonstrated an increased sensitivity to .55 M NaCl in the'plating
medium, were unable to form colonies in a minimal glucose-salts plating
medium, and were permeable to actinomycin D. These conditions were over-
come by preincubation of the cells in a recovery medium congisting of

P0,”%, K' and Mg"T, at pH 7.0

Mg++ was the most iﬁportant component of this medium and its
substitution by other divalent cations resulted only in a partial re-
covery of the cell population. Recovery was not affected by ehlor-
amphenicol, iodoacetate or cyanide, and the rate of recovery was retarded
but not inhibited by a decreased incubation temperature. These data

suggested that Mg++¥mediatéd recovery did not have an energy requirement

and resulted in the repair of membrane permeability.

The addition of aspartic acid to the recovery medium resulted
in cell multiplication, but only after a lag during which repair was
effected. Repair was not appreciably enhanced by aspartic acid. A
similar growth response was obtained with various other amino acids anq
citrie acid cycle intermediates, but the addition of glucose or serine
resulted in a considerably longer growth lag. Glucose did not participate

in the recovery process.
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"de sérine 1'on prolonge considérablement ce lapse de croissance.
!

~ RESUME
Ph.D. , James Newman Bunch Microbiologie
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REPARATION DU DOMMAGE DANS ESCHERICHIA COLT
APRES LA CONGELATION

La récupération de cellules Escherichia coli 451B endommagées
par le gel a été examinée. Aprés étre gelées et dégelées, une proportion

des ég&}nles ont démontré une sensibilit& accrue & 0.55 M NaCl dans le

"milieu de culture, et ne purent former de colonies dans un milieu conte-

nant un minimal de sel de glucose, et furent perméables & 1'actinomicine D.
Ces conditions furent surmontées en préincubant les cellules dans un

milieu de POq_3, Kt et Mg, au pH 7.0.

o —

Mg++ esg’le composant le plus important de ce/milieu et lé
substituer par d'autre cations divalent ne résulte qu'en une récupération
partielle de la population de cellules. La récupération n'est pas
affectée par le chloramphenicol, l'acét;te iodé ou le cyanure, et le
rythme de récupération est retardé, mais non emp@ché en décroissant la . >

température d'incubation. Ces données suggérent que la récupération par

Mg++ ne requigre aucune énergie et il en résulte la réparation de la

perm@&abilité de la membrane. -

L'addition d'acide aspartique au milieu de récupération:
résulte en une multiplication des cellules, mais seulement aprés un :
lapse de temps, pendant lequel la réparation se fait. Cette réparation
ne fut rehaussée appréciablement par 1'acide aspartique. Une croissance
semblable fut obtenue avec plusieurs autres acides aminés et les inter-

médiaires du cycle d'acide citrique, mails avec 1'addition de glucose ou
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CLAIM OF CONTRIBUTION TO KNOWLEDGE

After freezing and thawiﬂg a suspension of Es
a rapid decline in viability of a proportion

overcome by the addition of Mg++

The presence of Mg++

jherichia coli 451B,
f

-

the population was

to tié¢ suspended cells,

in a solution of phosphate and potassium salts

e

rendered the viable cells impermeable to 0.55 M NaCl and actinomycin D

during incubation in this medium.

Other divalent and monovalent cations tested could not substitute

for Mg++

suspension of cells.

Mg++-mediated recovery of salt tolerance of a frozen and thawed

suspension of cells did not require metabolic enexgy or protedn

synthesis.

Neither aspartic acid nor glucose enhanced the recoyefy of tolerance

rad

i

o

-

in the recovery of salt tolerance by a frozen and thawed

"~

to NaCl of the viable cells in a frozen and thawed suspension of cells.

r

Aspartic acid but not glucose was shown to be a more suitable
metabolic substyate to initiate the ﬁnltiplication and diviaion of
both fresh, unfrozen cells of Ebchér?cﬁta ooli 451B and the viable

celxé remaining after ffeezing and thawing.
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INTRODUCTION

Cellular damage to bacteria has been induced by a variety of

»

ktrésses. These have included freezing and thawing (Straka and|Stokes,

1956; Moss and Speck, 1966; Kuo and MacLeod, 1969%

sublethal heat treatment (Iandolo and Ordal, 1966) and freeze-drying

Ray and Speck, 1972),

) I
(Singkey and Silverman, 1970;~ Ray, Jezeski and Busta, 1971).

Freezing damage to bacterial cells has been found td rvesult

. in:death or injury characterized by an increased nutritional rlquire—

]

ment (Straka and Stqus, 1959; Moss and Qpegk, 1966) . Kuo.amnd MacLeod
(1969) increased the count of a suspension lf frozen and thawer cells
of Fscherichia coli 451B in a miniLal glucpse-salts medium ﬁy
supplementing it with aspartic acid. They proposed that asﬁaqtate
might be invelved in the replenishment ok the amino acid pool of freeze-

damaged cells or in a specific repair of the damage caused by freezing.
'/
Cellular damage .has been chafacterized by sensitivity of injured

cells to selective agents such as Na(l (Iandolo and Ordal, 1966) and

sodium deoxycholate (Sinskey and Si}verman, 1970).

In the present atudy, sengitivity of frozen and thawed cells of
Fgcherichia coli 451B to NaCl was/ established as a criteriom of cellular
damage. Using this criterion, the roles of aspartate and components of

!
}
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a minimal® glucose-salts medium (Kuo and MacLeod, 1969) in the repair

of freeze-injury were examined. .
-, |
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LITERATURE REVIEW
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Nuttitiongl Requirements of Frozen
and Thawed Suspensions of Bacteria

It has long been recognized that the freezing of a bacterial
sugpension had an adverse effect on the viability of the population.
Many microbial species demonstrating an_%ncreased nutritional requirement
after freezing have been described in the literature and inclLde:
Escherichia coli, Straka. and Stokes, 1959; Arpai, 1962; Moss‘fnd Speck,
1966; MacLeod et al., 1966, 1967; Kocka and Bretz, 1967, 1969; Kn; and

-

MacLeod, 1969; Aeroéacte} aerogenes, Postgate and, Hunter, 1963;

Macleod et al., 1966, 1967; Streptococcus lactis, Mbss and Speck, 1963;

L

Shigella sonnei,Nakéiibra and Dawson, 1962; Pseudomonas spp. , Straka

and Stokes, 1959; Kuo-and MacLeod, 1969; Salmonella spp., Sorrells,

Speck and'ﬁ&gfin, 1970; Ray, Janssen and Busta, 1972; Serratia marcescens,
Kuo and MacLeod, 1969; Vibrio succinogenes, Wolin, 1966; Saccharomyces

cerevisiae, Hansen and Nossal, 1955.

Straka and Stokes (1959), using strains of Escherichia coli
and Pseudomonas spp., first described the nonlethal effects of freezing
damage to bacterial cells and employed the term "metabolic injury”. This

was nsed to geacribe an increased putritional requirement of a proportion

\

of a frozen and thawed population. Before exposure to freezing, a

/
s
‘
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suspension of cells was capable of growth on a minimal salts—glucose agar
medium as well as on Trypticase soy agar (TSA). After fre%zing, the
various states of the bacterial cells were defined as:

1) 1Injured cells: those which grew on TSA but not on minimal
agar after exposure. They were determined quantitatively by the
difference in plate céunts on the two media.

2) Dead cells: those which failed to grow on TSA after
exposure. The difference between the 1n1§1a1 TSA count and that after
exposure indicated the number of cells killed.

3) Unharmed cells: those which grew on minimal agar after

exposure to low temperatures.

Straka and Stokes found that the addition of trypticase to the
m%nimal agar increased the count to the level of that on TSA and it was
suggested that the peptide compomnents of tgypticase, an enzymmetic dié;st
of caseln, were responsible for the 1ncreased counts. These might be
required by injured cells for resynthesis of essential proteins denatured
by the subzero temperatures. Moss and Speck (1966a), using several
strains of Escherichia coli, also demonstrated increased coeunts of a
frozen and thawed population wheén inc;bated in a minimal salts-glucose
agar medium supplemented with trypticase over those obtained in minimal
agar in the absence of trypticase. As had been the cése with Straka and
Stokes, acid-hydrolyzed ‘casein did not increase the counts. Sephadex gel

-

chromatography of trypticase demonstrated five similar small-chain

.




peptides which were as active as trypticase 1&creasing counts of a

frozen and thawed‘population and hydrolysis of these peptides resulted in
a loss of this activity. Isolation of extracellular material from the
freezing menstruum of a frozen an;l thawed p®ulation revealed similar
peptides which were judged to be a result of intracellular leakage since
no lysis of cells was observed. Appearance of peptide material in the
Bupernatant fractions paralleled losses in cell viability and these
peptides were found to possess activity in agar media for the recovery-

of cells which had been metabolically injured by freezing.

MacLeod, Smith and Gélinas (1966) supplemented the minimal
medium of Straka and Stokes with Bacto-casamino acids and increased the
count of frozen and thawed suspensions of both Aerobacter aerogenes and
Egcherighia coli. 1In these experiments, cysteine was found to beqas
effective as Casamino acids. They postulated that frozen and thawed
cells, being more permeable than unfrozen cells as a result of membrane
damage, were susceptible to toxic trace elements present in the medium.

The increased nutritional requirement of a frozem and thawed population

reflected the need for compounds such as cysteine to chelate toxic trace

. elements and allow injured cells to remain viable and grow in the plating

medium. This was confirmed by MacLeod, Kuo and Gélinas (1967) who l'fouud
a toxic level of Cu++ in the distilleé»uater used in the preparation of
the plating diluent. A degree of sensitivity of unfrozen cells to this

concentration of Cu++ in the plating diluent was demonstrated by the

g
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counts of suspensions of cells suspended in the dilwent and then plated

~on minimal medium supplemented with cysteine. These counts were higher

than those obtained in minimal medium without added cysteine. The
difference in count between the two plating media disappeared, however,
when Mgﬁ was added to the plating diluent or when this dilue:.tt was
prepared in a manner which eliminated toxic CuH. The presence of MgH
in the plating diluent did not increase the count of a frozen and thawed
suspension of cells plated on minimal medium. The increased counts of
sugspengsions of frozen and thawed cells on supplemented media over those
obtained on unsupplemented media were ascribed to the capacity of the
supplement, i.e. cysteine, to remove toxic elements which had become
bound to the cells during suspengion in the plating diluent. This
binding was presumeéd to be at loci within the cell exposed as a result of
membrane damage where MgH in the diluent would not act as an effective
antagonist. When steps were taken to reduce the content of toxic tra&e
elements in the plating diluent, the metabolic injury produced in a
suspension of cells of Aerobacter aerogencs by freezing and storage, as
evidenced by the development of differences in plate count on minimal
and supplemented media, tended to disappear. In similar experiments with
Escherichia coli 451B, a strain used by Straka and Stokea (1959) and
);;)ss and Speck (1966a) in their studies of metabolic injury, Kuo and
Macleod (1969) demonstrated a degree of sensitivity of unfrozen cells

to the laevels of CuH employed in the plating diluent, and upon freezing

and thawing, the degree of sensitivity was increased. The use of water
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redistilled in glass did not alter the counts of suspensions of frozen and
thawed cells on unsupplemented media compared to thfa counts obtained on
supplemented media. It was speculated that since the basic lesions in
cells injured by freezing and storage appeared to be membrane damage,

leading to increased penetrability, changed sensitivity of the injured ,‘r-/-'

R

cells to medium components other than toxic trace elements might be
expected. Further work by Kuo and MacLeod (1969) demonstrated the unique-
ness of various strains o‘f bacteria in their responses after freezing
to minimal media enriched with varivus supplements. Frozen and thawed
suspensions of cells of Escherichia coli 451B were found to have higher
counts on minimal medium supplemented with trypticase or aspartate than
in the absence of a supplement. ﬂ}lowevera, the count of a frozen and
thawed suspension of cells of Fdcherichia coli 451B was not increased
when plated on minimal medium supplemented with cyeteine. In contrast,
several strains of Aerobacter aerogenes did not respond to aspartate a;s
a supplement. It was concluded that if the freezing of an organism led
to membrane damage, the nature of the response of the damaged cells to

/
medium components varied from organism to organism.

.

g

Manifestations of Metabolic Injury
in Frozen and Thawed Bacteria -

C

! Besides an increased nutritional requirement, a variety of

other symptoms of injury have been noted as a result of freezing and

thawing.
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An increased growth‘lag has been noted in énriched med&a after
freezing andcthawing (Squires and Hartsell, 1955), (Postgate and Hunter,
1963). Kocka and Bretz (1969), using an enriched agar medium with a
slide-cylture technique, demonstrated that frozen and thawed cells of
Escherichia coli took up to three times as long to undergo a first cell

division as cells which had not beep frozen.

Wolin (1966) found that Viblio succinogeneg had an increased
sensitivit;.to lysozyme after freezing and thawing. He speculated that
freezing and thawing destroyed the association between the non-mucopeptide
and mucopeptide layers, making the mucopeptide susceptible to lysozyme.
This phenomenon had previously been noted in Escherichia coli by Kohn
and Szybalski (1959). They found, in addition, that incubation of a
suspension of cells in nutrient broth for sixty ménutes after freezing

an

and thawihg led to complete recovery of resistance to lysazyme. Bretz

"and Kocka (1967) , demonstrated that Escherichia coli had a sensitivity to

actinomycin D after freezing and thawing and equated this to the lysozyme
sensitivity seen by Kohn and Szybalski (1959). Similar observations were
made by Ray, Janssen, and Busta (1972), who concluded that freezing and
thawing of Salmonella anatwm resulted in an alteration of the lipopoly-
saccharide layer, rendering the cells sensitive to actinomycin D and

lysozyme.

Ray and Speck (1972) reported an inability of a frozen and

thawed suspension of Eecherichia ooli to form colonies on a medium



-

containing 0.1Z sodium deoxycholate, a surface-active agent, but otherwise

~

nutritionally adequate. Normal cells could do so. Ray, Janssen and

Busta (1972) noted a similar finding with Salmonella anatum using 0.2%
( deoxycthfrwjin the enriohed plaFing medium and attributed this sensitivity
\\to an alteéation in the cell wall and cytoplasmic membrane. Attempts to

relate this action directly to the lipoprotein of the membrane were

inconclusive.

Evidgnce of increased permeability in frozen and thawed cells
has been widely noted in the literature. Lindeberg and Lode (1963)
noted the release of UV-abso;bing materials from a suspension of frozen
and thawed cells of Egcherichia coli. This loss of material appeared
to be proportional to the logs of viability of gﬁi cells 1in the suspension.
Mazur (1963) found an increase in the concentration of solutes in the
’medium of a suspension of Epcherichia coli after freezing which was
proportional to the loss of viability. Moss and Speck (1966b) found that
freeeing and storage o} a strain of Escheriohia coli in 0.038 M phosphate
buffer resulted in a loss of cell viability and & pronounced leakage of
cellular material which had maximal absorption at 260 nm. This leakage
material contained protein in the form of peptides of relatively small
molecular weight. Direct cell counts indicated that the material was not
a reault of cell lysis. When frozen in distilled wa;er, only small amounts

of 260 nm absorbing material were detected, but the decline in viability

was greater. Kuo (1969) demonstrated a relsase of K+ and gﬁall amounts
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of malic dehydrogendse when a suspension of Aerobacter aerogenes was
frozen and thawed ;i 0.1 M KC1. There was no protein leakage and consi-
derably less K leakage whsn the suspéndiug medium was distilled water.
Ray and Speck (1972), after freezing and thawing a strain of Escherichia
coli in distilled water, found leakage of material which absorbed at

260 ands 280 nm. Direct microscopic counts discerned no evidence of lysis.

o
Kuo ti@Bgfgstudied the effect of freezing and storage on the
respiratory activity of¢derobacter aerogenes. When glucose served as the
oxldizable substrate, respiratory activity correlated well with viability
as determined by bacterial colony count on the glucose minimal m;hium of
Straka and Stokes (1§59). Where an amino acid mixture was employed as
the respiratory substrate, freezing anduatorage appeared t; decrease
viability more than respiratorylactivity, although thé‘giucoee plating
medium was again used to determine viability. HanseP and Nossal (1955)
reported that the activity of the dehydrogeﬁases of a number of substrates
(succinate, lactate, citrate, malate, fumarate, and glutamate) in extracts.
of frozen and thawed cells were about the same as with extracts from
unfrozen cells. Kuo (1969), on the other hand, found that freezing and

thawing caused decreased activity of malic dehydrogenase, ATPase and

NADH, oxidase in cells-of Aerobacter aerogenes.

Shikama (1965) observed that the ultraviolet absorbance of DNA
was not increased after freezing and thawing. He suggested that the

d&uble-stranded helical structure of pNA would not be broken down by

t
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. freezing and thawing. Empleying the replicate plating technique, Kuo |,

(1969) demonstrated that the apparent nutritional requirement for aspar-
tate of a proportion of a %fozen and thgwed population of Eacherichia coli
451B was not due to the formation of stable auxotrophic mutants. The
inability of the freezing process to act as a mutagen was also demons-~
trated by Postgate and Hunter (1963) and MacLeod, Smith and G€l1inas 61966).
Arpai a?d Tomishava ({22?) observed fhat freezing was able to enhance

the induction of strqﬁtd@ycin resistance in Fgcherichia coli by chemical \\\\\
i

¢

mutagens. This obseqigtion may be related to the findings of Sato and -
Takahashi (1970). Théy &emonstrated that cold-shocked cells of
;
Escherichia coli had more single-strand breaks in the DNA structure than
unshocked cells and attributed .this to an inability of DNA—lﬁggﬁe to

make the structure continuous. The impairment of the enzyme was speculated

to result from a loss of M£++ from the shocked cells.

e

‘ Sorrells, Speck and Warrem (1970) noted that although freezing
and)ﬁhawing of Salmonella gﬁlifnarum resulted in metabolic injury ak_

defiped by Straka and Stokes (1959), this treatment did not affect the

pathogenicity of the cells when inqqulated into six week-old chicks.

Cauges of Freeziqg,lnjury in Cells

Early studies into the causes of freezing death attributed it s

3

to the mechinical, action of ice crystals compresaingfand plercing the

cenglar membrane.

- L
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Lovelock (1957) observed freezing of human erythrocytes with

varying solutions of NaCl. Above 0.85 H,)the quantities of 1lipid lost by
the cells increased greatly and there was a selectively greater loss of
phospholﬂyid. He suggested that the high ionic strength of the -
Jsurrounding medium, as a result of water freezing out, weakened phosphg—
1ipid bound to the membrane by ionic forces and rendered the cell more
permeable to cations.

4

Mazur (1970) has suggested that freezing injury to cells occurs
w .

in two ways: (1) solution effetts are responsible for injury when
cobling is slower than optimal, and (2) intracellular freezing is
responsible for injury when ceoling is faster than optimai. Optimum
,cooling rates vary widely among different types of cells. As cells‘are
cooled, intracellular water becomes supercooled while extracellular
water forms ice; Water begins to flow out of the cell in response to the
vapour é:éésure gradient between the intracellular, supercocled water ~“
and the extracellular ice. The rate of flow of water is dependent upon
the permeability of the membtane which also prevents entry of ice
crystals above a particular temperature. If the.tfmperature of the
gystem 18 decreased further, equilibrium of thehgrgdient is achieved by

-

AN
the formation of 1ntrace11ula§ ice. i} “

"

i

Employing liposome preparations, Siminovitch and Chapman (1971)
~
3
clearly'bemonstrhfnd the dependence of *ntracellular and extracellular

ice formation on the rate of cooling ofﬁ%u-pcnding media as well as the
i

~q¢
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effect of ice formation on liposomes., Various markers were incorporated
into liposomes prepared from egg yolk lethicin. The liposomes were then
frozen at a controlled rate and thawed. Light microscope obaervations
of liposomes frozen at a slow rate (0.5°C/min) demonstrated extracellular
formation of ice with simultaneous diminution of liposome volume until
the liposomes were barely discernable among the ice crystals. Upon
thawing, liposomes swelled vigibly and reoccupied nearly the same area
as before freezing. Liposomes which had been treated in this manner
appeared to have 1oét some of the smooth and regular features of normal
liposomes and there was a pronounced increase in the release of both
ionic and nonionic markers trapped in the liposomes e.g. phosphate,
chromate, glucose and glycine. Rapid freezing (20.0°C/min) resulEed in
formation of intracellular ice. Liposomes thus frozen gave no evidence
of contraction and upon thawing, ice crystals inside and outside of the
liposomes melted without any 1n&1cation of swelling. Unfortunately,

similar observatidns of marker release from rapidly frozen liposomes

were not macfe.

0 f&
Cells cooled very rapidly achieve equilibrium by intracellular

ice formation with very little dehydration. Cells cooled slowly are
%ubjected to dehydratioh and it 1is here that solution effects occur.
Mazur (1970) listed these as: (1) concentration of intracellular and
extracellular solutes, (2) decrease of cell volume, (3) precipitation of

solutes as their solubilities are exceeded with accompanying alteration

3 1
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of pH, and (4) precipitation of all solutes below the eutectic point of

the system.

Zimmerman (1964) found that a large decline in the viability of
a suspension of Serratia marcescens occurred when saline solutions
suspending the cells were frozen below the eutectic point of the solutions.
When cells suspended in NaCl solutions with concentrations up to 203%
were frozen to a temperature which did not allow phase-tramnsition of the
solutions from liquid to solid, little effect on the viability of the
sispended cells was observed. Similarly, cells suspended in saline
solutions containing up to 207 NaCl showed little decline in viability in
the absence of freezing. This suggested that freezing and subsequent
phase—transitiqn crystallization of saline solutions was required before
injury would be\manifested in suspended cells.

Besides solution effed¢ts and intracellular freezing, Mazur has
;peculated that the recrystalltzation of small intracellular ice crystals

to larger ones during the thawing process also contributes to freezing

Anjury.

Repair ofclnjurﬁ‘in Sublethally Stressed Cells

.

In defining netabolic'injury as an increased nutritional
requirement after freezing, previous investigators chose a minimal

plating medium which would not support the growth of a proportion of a

3
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frozen and thawed population (Straka and Stokes, 1959; Moss and Speck,
1966a; Kocka and Bretz, 1969; Kuo and MacLeod, 1969). This injured
proportion of the population was supported by an enriched plating medium.

Repair of the metabolic injury was effected in the enriched medium and

1
-

resulted in an enhanced colony cgount. Injury has also been defined by
an inc:gased susceptibility to a concentration.gf salt, or a surface-~

P -
active agent such as deoxycholate,“which.is otherwise ineffective. When
a sublethally stressed population is added to an enriched piating medium
containing such an otherwise innocuous agent, the count is depressed,
thus revealing the proportion of the population which has been injured.
By incubating an injured Population in a suitgble environment before
plating, it has been possible to assess the nhture of the injury and note
recovery of the population by subsequent plating in an enriched medium
with and without a selective agent to which injured cells are sensitive.

T~ A

This technique has been employed to study damage resulting from a variety
of sublethal stresses including heat (landolo and Ordal, 1966), freeze-
drying (Sinskey and Silverman, 1970; Ray, Jezeski, and Busta, 1971), and

freezing (Ray, Janssen and Busta, 1972; Ray and Speck, 1972a, b).

Iandolo and Ordal (1966) exposed Staphylococous aureus to
gsublethal heat stress and found an increased sensitivity to 7.5X NaCl
+
in TSA plating medium. The heated menstruum contained K , free ribo-

nucleotides, and amino acids, and thig suggested an alteration of membrane

-permeability of the stressed cells. Incubation in a solution containing
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glucose, amino acids and phosphate resulted in a return of salt tolefgace
during an extended lag period. The recover& was not.afkected by chlor-
amphenicol but was completely inhibited by actinomycin D. The authors
suggested that recovery from heat damage involved membrane repair followed
by RNA synthesis and 3ybsequent growth. This was substantiated by the
rapid incorporation of labelled amino acids into RNA at a rate parallel to
the return of salt tolerance. The fact that energy-requiring reactions
were occurring in gpite of the presence of 2,4~dinitrophenol was explained
on the basis of substrate phosphorylation of glucose. Tﬁe recovery of
some enzymatic activity in the presence of chloramphenicqol was thought to
be a result of renaturation of heat-labile protein and not de novo
synthesis. This view was substantlated by Allwood and Russell (1968) who
demonstrated considerable RNA degradation and increased permeability in
Staphyloococous aqureus after sublethal heat treatment. In a continuing
study of heat injury of Staphylococcus aqureus, Sogin and Ordal (1967)
demonstrated the site of lesiom in RNA degradation to be ribosomal RNA.

] -
Rosenthal and Iandolo (1970) found that the 30s subunit of heated cells
appeared to be selectively attacked. Analysis of RNA showed that 16s RNA
'was destroyed and that the secondary structure of 23s RNA was altered.
Metabolic studies demonstrated that‘sublethal heat affected the

glycolytic pathway of thphy}oooccus aureus (Bluhm and Ordal, 1969) and

n

severely inactivated TCA cycle dehydrogenasea (Tomlins, Pierson and

7

Ordal, 1971). In general, however, th& overall metabolic activities of

4

this organism were not severely affected: “
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In a study with a Gram-negative organism, techniques similar to
those described above were employed to determine the effect of sublethal
heat on a population of Salmonella typhimuriwn (Tomlins and Ordal, 1971).
Heat-treated cells were plated on Levine Eosin Methylene Blue agar (EMB)
with 2.0% NaCl or TSA + 0.25% sodium citrate. The difference in count
represented the injured population. Treated cells incubated in a citrate-
salts medium before plating demonstrated an tﬁcreasing tolerance to
EMB-NaCl plating medium and after four hours counts on both plates were
the same (from an initial difference of about 15 fold). After four hours,
the lag ended and cells multiplied in citratd-salts medium. Recovery
was inhibited by 2,4-dinitrophenol indicating )an ‘energy requirement which
only citrate could supply, and recovery was inhibited by chinwvamphenicol,
in contrast to Staphylococcus aureus. There was little incorporation of
labelled thymidinme into recovering cells but labelled uracil was incorpo-
rated at a rapid rate in the first three hours after which time it
glateaued. After three hours there was an incorporation of labelled
leucine into protein. The later formation of protein was attributed to
rRNA newly synthesized in the firsat three hours of recovery. This satep

was assumed to be inhibited by chloramphenicol.

By fractionatign of rRNA, Tomlins and Ordal (1971) demonstrated

_that sublethal heat treatment of Salmonella typhimurium totally degraded

the 16s RNA species and partially degraded the 23s species. Sucrose

gradient analysis demonstrated that after heat injury, the 30s ribosomal

]
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subunit was destroyed and the sedimentation coefficient of the 50s
particle was decreased to 47s. During the recovery of thermally injured
cells of Salmonella typhimurium, a steady-state accumulation of ribosomal
precursor particles was observed. Recovering cells were initially unable
to synthesize protein due to the depletion of 308 ribosomes during thermal
injury. Chloramphenicol was found to effectively inhibit the maturation
of 30s subunits and, unlike Staphylococcus aureus, the rate-limiting step
in the recovery of Salmonelia typhimurium from thermal‘ihiury was the
protein synthesis involved in the maturation of the newly ;ynthesized 30s
subunits. In contrast, thermally injured Staphylococcus aureus employed

preexisting ribosomal proteins in the maturation of rRNA and consequently,

chloramphenicol was ineffective in inhibiting recovery.

Tomlins, Vaaler and Ordal (1972) reasoned that since cellular
integrity was altered by heat treatment, it was possible that 1ipid
synthesis occurred early during the recovery period as a competent
membrane would be required for the ;oncentra;ion of essential intra-
cellular pools required for other bilosynthetic processes. The lipo-
protein-lipepolysaccharide envei;pe in Salmonella contains the bulk of
the cel&ular lipid and it was determined by isotope dilution assay that
26.6% of the lipid present in recovered cells of Salmonella typhimuriQy
was synthesized during the recovery process. Since the heating

menstruum yielded almost no lipid at all, disruption of the membrane

during injury could have occurred without signification release of lipid.

E
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The concentrations of phosphatidyl ethanolamine and phosphatidyl glycerol
synthesized during growth or repair ;ere similar; however, the amount of
cardiolipin synthesized during recovery was greater than that obtained

from normal cells. The fatty acid spec{ijasynthéeized during recovery

were qualitatively similar but quantitatively dissimilar to the fatty

acid profile of normal cells. The decreased concentrations of cyclopropane
fatty acids withnconcomitant increases in their parent monoenoic acids

gaQe presumptive evidence for the partial inactivation during injury of

the enzyme cyclopropane fatty acid synthetase.

Sinskey and Silverman (1970) characterized injury incurr?d by
Escherichia coli upon freeze-dryifig by means of enriched and minimal
plating media and a selective plating medium containing deoxycholate.

By adding gelatin to the freezing menstruum and controlling the freezing
rate, injury as a result of freezing was eliminated and the majority of
the injury demonstrated was attributed to the freeze-drying operation.
An altered permeability was demonstrated by sensitivity to deoxycholate,
actinoéycin D and leakage of RNA. Rehydration and incubation of freeze-
dried cells in a minimal glycerol-salts medium for five hours demonstrated
that the cell population became insensitive to actinomycin D, regained
a capacity to ;oncentrate 1[.C-labcalled meihylthiogalactoside, and began
! L
to incorporate 3H'--labelled uracil. After an additional 2.5 hours of
incubation, protein synthesis began as measured by 140—1&bel1ed leucine

incorporation. DNA synthesis, as measured by thymidine uptake, occurred
Y

-
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approximately 100 minutes after protein synthesis was initiated. In
control cells, the same sequence of events occurred but the intervals

of time between synthesis of RNA, protein and DNA were shorter.

Analysis of ribosomal extracts of rehydrated freeze-dried cells
demonstrated the presence of appreciable degradation products. Freeze~
dried cells had a lower concentration of 70s ribosomes, and the 50s and
308 fractions were present in reduced amounts. It was concluded that,
in the first five hours of incubation, the lost RNA was replaced and
damaged ribosomes were repaired. Synthesis of RNA and replenishment
of the amino acid pools presumably took place before repair and

résumption of growth.

In a similar study with freeze-dried Salmonella anatum,'
Ray, Jezeski and Busta (1971) found somewhat conflicting results to those
of Sinskey and Silverman (1970). Repair of injury induced by freeze-
drying in non~fat milk solids occurred rapidly after r;hydration.
Injury in surviving cells was defined as the inability to form colonies
on a plating medium containing deoxycholate. Recovery of this ability
occurred after-rehydration and 1ncubatio§'in water for two hours.
Recovery was ;educed by lowering the temperature of incubation but'
appeared to be unaffected by the addition of actinomycin D or chlor-
amphenicol to the recovery medium. This suggested to the athora that
neither RNA or protein synthesis were involved in the recovery process.

They tconcluded that differences in the composition of test solutions,

7 ) v
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methods of determination of injury, and test organisms employed could
account for the results of Sinskey and Silverman. Total inhibition of
repalr of injury by DNP and partial inhibition by oN , together with ‘the
temperature dependency of the repair}yate, suggested that the recovery
process was dependent upon the formation of ATP. When fresh cells of
Salmonella anatum were treated with EDTA, the injury incurred was
neutralized by the addition of Cd++. This repair was also retarded by
DNP. This observation, together with the sensitivity of freeze-dried
cells to deoxycholate and dodecyl sulphate, led the authors to conclude
that recovery of freeze-dried Salmonella anatwm was an energy-dependent
repair of the 1lipopolysaccharide component of the cell wall. This was

in apparent agreement with the results of Bretz and Kocka (1967).

Ray, Janssen_ arfd Busta (1972) investigated the repair of
injury induced by freezing and thawing Salmonella anatum. Fast freezing
and slow thawing of cells suséended in water resulted in injury of more
than 902 of the cells that survived the treatment. Injury of cells was

defined as an inability to grow and form colonies on a selective medium

conslsting of xylose-lysine-peptone agar containing 0.22 deoxycholate,

but capable of growth on this medium in the absence of deoxycholate.
Incubation of a frozen and thawed population of cells in a minimal
glucose-salts broth resulted in recovery of tolerance to deoxycholate
plating medium within two hours. They further observed that nearly the
aame degree of recovery was achieved by using only potassium phosphate

as the recovery medium at the same concentration (0.25%) as that used 1n'

1
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the minimal glucose-salts medium. The addition of 0.01% MgSO4 to the
phosphate recovery medium increased the extent of repair. The repair
process in the presence of phosphate was not prevented by actinomycin D,
chloramphenicol, or D-cycloserine, but was prevented by cyanide and
2,4~dinitrophenol. The greatest degree of recovery occurred at pH 8.0
and 3@5 substantially reduced at pH 5.0. It was concluded that the
repair process might involve energy metabolism in the form of ATP but
that RNA, protein and mucopeptide synthesis were not involved. Frozen
and thawed’cells of Salmomella anatum demonstrated a susceptibility to
lysozyme which indicated to the authors that alteration of the lipopo-
lysaccharide layer q% the cell envelope had occurred. They proposed
that phosphate-mediated recovery of damaged cells involved an ATP-
dependent repair of the LPS layer and the enhancement by Mg++ resulted

o

from stabilization of the cross-linkages of the LPS layer.

Ray and Speck (1972a) investigated the repair of injury induced
by rapidly freezing and thawing Escherichia coli in distilled vater.
Inability of the.frozen and thawed cells to form colonies on Trypticase
soy agar containiné 0.3% yeast extract was interpreted as death. The
difference in count between this medium and the same medium supplemented
with 0.1; deoxycholate was considered to be the proportion of the popu- |
lation which had been injured. Frozen and thawed cells incubated’in a o

minimal glucose-salts broth at pH 7.0 before surface-plating demonstrated

recovery af tolerance to deoxycholate in the plating medfum within two

n~ ‘ -
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hours. Incubation in KZHPO4 (0.5%) or pyruvate (0.1%) demonstrated about
half this level of recovery. Incubation in KZHPOA + Mg++ regulted in a
level of recovery equal to that seen with the minimal glucose-salts broth.
No recovery was seen in the presence of glucose alone. In the presence
of P04—3 alone, optimum recovery occurred at a pH of 8.5 and no recovery
was seen at pH 5.5. The recovery of cells in PO4— at pH 7.0 was
temperature-dependent with no reicovery occurring below 15°C and optimal
recovery occurred in a temperature range between 25°C and 35°C. The
authors concluded that phosphate was required for some essential

enz tic acitivity, and together with pyruvate, could be utilized by
en#Z::(s) for the synthesis of energy-rich compounds which might be
;#;uired for the repair process. Mg++ migﬁt be necessary for the
activity of enzymes involved in the repair process or for maintaining
stability of the cell wall, or both. The inability of glucose to

facilitate repair was attributed to damage of some components of the

glucose transport system during the freezing process.

In a subsequent paper, Ray and Speck (1972b) further characterized
the 1’04"3 repair mechanism with specific inhibitor, studies. Repair of
freeze~injured Escherichia coli c¢ells incubated in 0.5% Kznroa at pH 7.0
and 25°C was urraffected by the addition of chloramphenicol, actinomycin D,
penicillin, D-cycloserine or hydroxyurea. They concluded, therefore;
ngt’the repair mechanism might not involve the synthesis of protein, RNA,

nmucopeptide or DNA. Phosphate repair was inhibited by the addition of
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DNP and cyanide and incubation of freeze;injuted cells in 5.0 mM ATP
resulted in repair of about half of the population of injured cells.

Incubation of freeze-injured cells in lysozyme, sodium lauryl sulphate or

- sodium deoxycholate resulted in the loss of about half of the injured

population, and .with lysozyme, lysis of the population was evidenced by
a loss of turbidity of the suspended cells. Incubation of Meeze-

injured cells in the phosphate recovery medium for one hour before

¥ 5
exposure to these agents demonstrated a greatly reduded susceptibility.
It was concluded that in the freeze-injured cells, the 11popolysaccha§%9¢

e f

layer probably undefboes some kind of change and allows lysozyme dndl the

surface-active agents to come in contact with their respective substrates.

This change in freeze—-injured cells was reversible and could be repaired
+4

in KZHPOA’ probably through the synthesis and utilization of ATP. Mg ' ,

it was felt, probably accelerated this process.

o

Involvement of Mgf+ in the Integrity

of Stressed Cells

Although the precise structural role of Mg++ remains a matter
of speculation, its involvement in the envelopes, ribosomes. and enzyme
éomplexes ofvvarious Gram-negative a;d Gram-positive cells has been well
documented. Weibull (1956) first noted that the integrity of Bacillus
megaterium protoplasts was dependent on the presence of HgH ions.

Recently, Wisdom:and Welker (1973) have found a siamilar result with

Bacillus stearothermmophilus. .
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Eagon, Simmons and Carson (1965b) demonstrated the presence of
Mg++ and Ca'' 1in the cell wall fraction of Paeudomonas 4éruginosa.
In previous work, (Eagon and Carson, 1965a), the ability of the chelating
agent, EDTA, to lyse whole cells of Pseudomonas aeruginosa was
established. The authors suggested that divalent cations formed cross-
linkages between the mucopeptide and non-mucopeptide components of the
cell wall and could bl disruptquby chelatiéh. McCl;re (1967) fraction-
ated the envelope of a Halobacterium species and found a 1:1 ratio of
Mgf+ to the major lipid of the cytoplasmic membrane, the dieéﬁer analogue
of phosphatidyl glycerophosphate. He proposed a tentative model in which
Mg++ was firmly bound between lipid and protein. 1In it, he suggested that
a tetradentate inter-molecular chelate existed between groups on the
protein, magnesium and lipid head groups. Gordon and MacLeod (1966) .-
extracted lipids from the cell envelopes qof Pgeudomonas deruginosa aid
a marine pseudomonad and found Mg++ assoclated with diphosphatidyl.
glycerol. They ;E;ggsted that a bidentate chelate complex might be
involved. In determinihg the amount of M§++ present in native and
reaggregated membranes of Mycoplasma, Kahane, Ne'eman and Razin (1973)
found that practicaliy all the membrane-bound Mg++ in Acholeplasma
laidlasii remained so bound after the.removal of over 802 olﬂthe protein
by Pronase. They suggested that this might be &ue to the high proportion
of phosphatidyl glycerol contained in the membranés. EDTA released the

a

bulk of Mg++ bound to native and reaggregﬁted membranes except for a small

but fairly constant amount which was too tightly bound and unavailable
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for chelation.

Forsberg, Co;terton and MacLeod (1970) found that successive
washings of]a marine pseudomonad with 0.5 M NaCl released a loosely-bound
outer layer by displacing the Mg++ pfesent. They suggested that tbe
components of this outer layer were cross-linked to each other and to the
underlying layer by Mg++ bridges. Subsequent fragmentation of the outer
double~track structure of the cell wall by successive washing in 0.5 M
sucrose was hastened if the cells had been previously washed with 0.5 M
NaCl. Again, 1t was suggested that the displacement of Mg++ from this
layer increased its fragility on subsequent suspension of the cells in
the absence of salts. Strange and Shon (1964) found that the washing of
Aerobacter aerogenes in 0.85% NaCl resulted in a loss of adsorbed Mg++
on the surface of the cells and increased the death-rate of cells at 47°C.
Additio; of Mg++ to the heating diluent reversed this result. Tempest
and Strange (1966) determined that up to 26%Z of the Mg++ of Aerobacter
aerogenes was loosely adsorbed to the surface of the cells. Surface-
;dsorbed Mg++ stimulated polysaccharide synthesis and increased the

resistance of bacteria to stresses including starvation, heat-accelerated

and substrate-accelerated death, and cold shock.

More recently, Sato, Suzuki, Izaki and Takahashi (1971), without

reference to the previous work of Strange, Shon and Tempest, have

L g
deacribed a saline-sensitive phenomenon in Escherivhia coli. When cells

at the logarithmic phase  of growth were washed in buffer and suspended
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in 0.15 M NaCl buffer for a period of 15 minutes,‘902 of the population
were found to have*lost their colony~forming ability on nutrient agar.h
Similar results-gere obtained when cells were suspended in Lipl,

Na SO4 10H 0, K,80, or KCl. The addition of 51(10'_2 M mégnesium acetate
or magnesium sulphate €o the suspending medium protected the cells and
allowed almost 100% viability on the plating medium. It was determined
that a five minute incubation in,leO—2 M M§++, after suspension“in
bgffered saline for sixty minutes, resulted in a complete return of
viability. Some recovery was noted with Ca++ and Mn++, but to a much
lesser extent. Leakage of Mg++ from saline-treated cells was about three

times more than the untreated cells. This suggested that the lethal

effect of the sodium chloride treatment was related to the lossdf Mg++

from the treated cells. In a subsequent paper, Sato, Izaki and

Takahashi (1972) demonstrated that the Mg++—mediated recovery from saline

tregtment was not iphibited by either chloramphenicol 2,4~ dinitrophenol

‘or sodium azide. UV-absorbing materials (260 nm) were released progress-

1vel§ during indubation in NaCl, suggesting an injury to the membrane.

-

When Mg++ was included in the incubation medium, the release of UV~
absorbing materials was suppressed almost completely. This might indicate
” G

protection of the membrane from the injurious effect of NaCl. Although

no analysis of released miaterial was® made by the authors, Tempest and

 Strange (1966) noted a similar release of material, particularly an ,

b
amino acid fractign which they suggested came from the soluble amino

acid pool of the cells.
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Scheirer and Gerhargt (1973) nq}ed that the presence of 0.01 M
magnesium chloride caused a relatively small but significant reduction
in the equivalent porosity of the protoplast membrane, but not in that of
the cell wall, in intact Ba2dillus megaterium cells. Brock (1962) noted
that Mg++ starvation in growing cells of Escherichia coli resulted in a
marked filamentation of the cells, a loss in ability to stain with
methylene blue, a drop in viability, and a marked increase in ability of
whole cells to hydrolyze a galactoside for which the s@rain lacked a
transport mechanism. These observations suggested an instability of the
membrane resulting from a Mg++ deficiency. Fiil and Branton (1969)
determined that a culture of Escherichiaq coli remained viable after
twelve hours in a Mg++ﬂfree medium but after 24 hours, only 2X of the
population retained the ability to form colonies on an agar medium. The
freeze-etching technique demonstrated that the membrane of Mg++-
supplemented, exponentially growing cells demonstrated a ﬁziform pattern
of particles in or on the membrane. The precise location of these
particles within the membrane structure could not be ascertained because
of uncertainty as to the preferred plane of fracture during cleavage.
The function and composition of these particles remain unknown but it has
been speculated that they are protein in n?ture and represent multi-
enzyme complexes or possibly specialized sites associated with transport

functions (Bayefhand Remsen, 1970).

Fiil and Branton found that when exponentially growing cells
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were transferred to a Mg++—deficient medium, a paracrystall;ne pattern
appeared on the membranes within three hours and covered increasingly
large areas with prolonged starvation. Within twelve hours after the
removal of magnesium, infoldings of the membranes and large areas devoid
of particles appeared. This response of cells to Mg++ deficiency was
irreversible and could not be observed when Ca++ wag"deficient. The
authors speculated that Mg++ deprivation affected membrane structure
indirectly, via other perturbances in cell metabolism, e.g. ribosome \\\\\
breakdown, since no decrease in the Mg++ content of éLe cell envelope

per ge was detected, even after 24 hours of Mg++ deprivation.

)

Mg++ has been demonstrated by several workers Eo prevent or
repair the deleterious effects of cold shock. Farrell and Rose (1968)
compared the effects of cold shock on a mesophile and a psychropﬁile.
Cold shock in the psychrophile appeared to be similar in many respects
to cold shock in the mesophile, particularly with regard to the kinetics
of the process and the ability of Mg++ to protect the bacteria against
loss of viability. Cells of both types were grown at 30°C, harvested
and washed in 30 mM NaCl at 30°C. Dilution of these suspensions were
rapidly chilled to -2°C and incubated at that temperature for 50 minutes
after which approximately 50% of both types remained viable. The
addition of 5.0 mM Mg++ to the incubating medium at -2°C resulted in
100 viability in both cases after fifty minutes. No correlation was

&

found between loss of viability and leakage of UV-absorbing materials and
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it was noted that the amoun;s of UV-absorbing compounds released during
washing amounted to about 50% of those that remained in the psychrophile
and about 75% of the amounts retained in the mesophile. The effect of
Mg++ upon the release of UV-absorbing compounds‘was not reported, but the
results obtained with saline washing appeared to be in 'agreement with

those of Strange and Shon (1964).

-

Farrell and Rose noted that neither the psychrophile nor the
mesophile, when grown at 10°€, showed a measurable decrease in viaﬁllity

when dilut%/suspenaions were rapidly chilled to -2°C. This indicated

“that growth of the bacteria at this temperature caused certain changes in

composition of the organisms such that they became insensitive to cold
shock. The authora proposed that an increased content of double bonds
in the fatty acids of the membrane phospholipids resulted in a decreased

melting point of these lipid chains. It was suggested that upon freezing,

channels were formed in the membrane which allowed the exit of intracellu-

lar low molecular weight solutes — a situation retarded by the presence
of unsaturated fatty acids in the phospholipids. Since no correlation
could be drawn between loss of viability and leakage of UV-absorbing
compounds, it was postulated that loss of other intracellular solutes was
moré directly responsible for death of the organisms. Leder (1972),
investigating cold shock ef Escherichia coli, similarly speculated that
it may be essential for the proper functioning of the cell membrane as a

permeability barrier that the fatty acid chains be in a liquid-like state.
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Byvcausing rapid crystallization of the membranes throuéh chilling,
sudden isocosmotic shock would create hydrophilic channels, facilitating

the escape of intracellular solutes.

Sato and Takahashi (1968) found that exponentially-growing
Escherichia coli cells suffered 80-90% loss of viabilit& when cold-shocked

2

to 3°C in 1072 M Tris buffer. The addition of 107° M Mg' ' to the

suspenditg medium protected the cells £rom cold shock. The addition of

-

10-1 M Mg++ two minutes after cold-shocking resulted in-a rapid.recovery

T

of viability (up to 100%), but upon further incubation, the'viébiiity .
declined, possibly as a result of the high level of Mg++. T%é possibility
of Mg++-mediated recovery.gradually decreased wilth incubation of-shocked
cells in chilled buffer in the absence of Mg++ ion. After an incubation
for 120 minutes, no significant ingrease in viablility was obsefyed by the
addition of Mg++. Loss of UV—;bsorbing materjial from shocked éells was
not affected by the subsequent addition of ﬁg++. Slow chilliﬁg of rhe .
cells in Tris buffer alone did not affect the viability — an observation
in agreement with Leder's postulation. Sato and Takahashi (1969) reported
;hat logarithmically-growing cells of Escherichia coli, cold-shocked by
rapid chilling to 3°C in Tris buffer, resulted in aéout 60Z loss of
viability when measured in terms of colony formation. on plates. The
addition of Mg++ to the suspending meéium before shocking prevented loss
of viability and 1its addition (5x10-3H) after sﬁocking resulted in

recovery of viability after 15 minutes at 30°C. Increased permeability
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of shocked cells was determined by penetration of a fluorescent dye.

Shocked cells demonstrated seven times as much fluorescence as untreated

" control cells. The authors concluded that the shocked cells lost their

0

viability as a result of leakage of intracellular bivalent cations, at

least in Escherichia coli. However, an involvement of- another mechanism

for the death of the cells was evident, since the ability of Escherichia |
coli to recover from cold shock gradually decreased on incubation in

cold Mg++-free Tris buffer. Mg++-med1ated recovery was 1nhibited by
2,4~dinitrophenol but not chloramphenicol; therefore sugges;ing an energy
requirement but not protein synthesis. The inhibitory effect of DNP was
overcome by NAD or ATP + nicotinamide but these agents were ineffective

in the absence of Mg++. The authors implicated DNA ligase as one of a

few Lnown enzymes requiring NAD as an energy source. In a subsequent
paper referred to previously in this review (Sato and Tah'paahi, 1970),
the authors suggested thak logarithmically growing cells contain a number
of nicks in the DNA strands which are normally joined by DNA ligase. In
shocked cells, the absence of M¢++ as a required cofactor made DNA ligase

inoperative.
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MATERIALS AND METHODS

Test Organism.

1

The organism used throughout this investigation was
Fscherichia coli ASii (Mac 614). Cultures were initially lyophilized, .
and tubes were opened at various intervals throughout the course of the
investigation. Slants of the organism were maintained on Trypticase
goy agar (BBL) and were transferred weekly. After 3-4 weeks, a new

lyophilized tube was opened.

Water Supply

. Water distilled in a copper-lined Barnstead still was
redistilled in a Corning AG-2 all-glass still. This water was used for

the preparation of media and diluents, and the rinsing of glassware.

\

Preparation of Glassware

Where defined media or diluents were employed, glassware was
first soaked in chromic acid, then in a concentrated sulphuric-nitric
acid mixture (2:1) after which it was rinsed in tap, then glass-

distilled water.
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Preparation of Cells for Freeziq&

Using a modified procedure from Kuo (1969), cells were obtained
from a 24-hour Trypticase soy agar slant and inoculated into 10 ml of
Trypticase gsoy broth in a 50 ml flask. The broth contained 1.5 Trypticase
(BBL), 0.5% Phytone (BBL), and 0.5% NaCl (Ffsher Scientific). After
8 hours at 37°C, the contents of the flask were transferred to a 2.0 litre
flask containing 250 ml of Trypticase soy broth at 37°C. The flask was
then incubated for 15 hours. When t?e culture had entered the stationary
phase at 15 hours, the culture was transferred to a 250 ml polypropylene |
centr%fuge bottle and centrifuged at 9000 x g for five minutes in a Sorval
RC2B ;efrigerated centrifuge at 4°C. The gupernatant was decanted and the
pellet washed and centrifuged three times with cold 0.85% NaCl. After the
third centrifuging, the cells were resuspended to 50% transmission at
650 nm in a Coleman Jr. colourimeter and two ml of this suspension were
added to 98 ml of 0.85Z saline in a screwcap bottle. This dilution yielded
approximately 2x107 cells/ml. Where fresh cells were required for experi-
mentation, 10 ml of this susgension were diluted to 100 ml in 0.85%

saline and 0.5 ml of this dilution were employed immediately as an inoculum

for the recovery media.

Procedure for Freezing and Thawing of Cells

>

Using a modified procedure from Kuo (1969), six ml aliquots of a

7

2x10° cells/ml suspension wete added to capped polypropylene tubes
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(75x15 mm) and frozen to -20°C in a deep freeze. After 22-24 hours, a
tube was removed, immersed in 175 ml of H,0 at 20°C in a 250 ml beaker -~
and allowed to thaw. As the last trace of ice disappeared, the tube -
was agitated and 0.5 ml aliquots were 1mmédi€te1y withdrawn to be used

as inocula for the recovery media.

@

S

Recovery Media

The term 'recovery medium' was used to describe a 99.5 ml
volume of nutrients contained im a 4 ounce screwcap bottle. Throughout -°
the course of this study, all recovery media were dispensed in a similar

fashion.

1) PKM recovery medium ~
This medium contained 0.005 M K,50,, 0.01 M NaH,PO,, and
0.001 M MgSO,°7H,0 to give the following fina11co;centtatione:
0.01 M PO,~3
0.01 MK ;

0.001 M Mgt )

The medium was prepared by mixing 0.348 g K,S0, and 0.552 g
NaHy;PO, in glass-disfilled water. The solution was adjusted to pH 7.0
with 0.1 M NaOH and diluged to 200 ml, after which it was dispensed into
two four ounce screwcap bottles. Aftef autoclajing, a Sb ml aliquot/ of
the solution was aseptically diluted to 10q ml with sterile 0.002 M

MgS0, ‘7H,0 to yield the PKM recovery medium.
L 2
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Where other {ons were substituted or added, the solutions

/
were prepared in a similar fashion, using equimolar amounts of various

ions. In the case of other divalent cations, the pH of the solution was

.
adjusted to 6.5 before autoclaving.

Where heat-labile supplements were added, the PKM recovery
medium was prepared and filter-sterilized with a 0.22y Millipore filter

(25 nm dia.).

Where other supplements were employed in addition to
phosphate, magnesium and potassium, (e.g. aspartate or glucose)
appro;riate additions were made to a 0.002 M MgS0, solution, the pH was
adjusted to 7.0, and the solution autoclaved before diluting with an

equal volume of double-strength phosphate-potassium solution described

above.

2) AKM recovery medium
In the first experiments, this medium contained 0.005 M
aspartate (disodium salt - Calbiochem) and 0.001 M MgSO, "7 H,0 and was
adjusted with KOH to pH 7.0. In later experiments, the‘medium was
prepared by adding 0.134 g of aspartate and 0.174 g of K350, to a
solution of 0.001 M MgS0,°7H,0. The solution was adjusted to a pH

of 7.0 with NaOH, diluted to 200 ml with 0.00} M MgSO,°7H,0, and

_autoclaved. This gave the following final concentrations:




0.005 M aspartate
0.01 MK

0.001 M Mg'T

~ hd i

Where other substances were substituted for aspartate, equimolar amounts

were employed and the solutiéns prepared in a similar fashion.

P -

"% 3) Minimal recovery medium
™ .
The minimal recovery medium employed was the defined medium
of Straka and Stokes (1959) and consisted (per litre) of: \

basal salts;

KzHPOl’ 7.0 g
KH,PO, 3.0
o
(NH,) ,80, 1.0 g
| sodium citrate 0.1 ¢
\ MgSo0,°7H,0 0.1 ¢g
glu%ose 2.0 g

The minimal yedium was priepared by dilution of a ten times concentrated
stock solution of the basal salts to,double strength, and 100 ml aliquots
were autoclaved in 100 ml screwcap bottles. Double strength glucose

+0.01 M aspartate, where required, was prepared in a similar fashion,

with the pH adjusted to 7.0 with 1.0 M*KOH. After cooling, 50 ml aliquots
of gl;cose with and without aspartaée were aseptically diluted to 100 ml
with the double strength basal salts sqlution. Recovery media prepared

in this manner were refrigerated until used?’

Py
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‘recovery medium with 1.5Z agar added.

Plating Media

1) Trypticase soy agar (TSA) plating medium
This medium, containing 5% Trypticase, 5% Phytone, 1.5%
agar (;11 BBL products) and 0.5% NaCl was dissolved, dispénsed in 10 ml
aliquots into clean test tubes, autoclaved, and refrigerated until used.
Before use, the tubed media were liquefied in an autoclave and cooled to

45°c.

2) Trypticase soy agar + salt (TSAS) plating medium
This medium was prepared in the same manner as TSA, but in
suspendigg the medium, sufficient 3 M NaCl was add;d to ensure a final

concentration of 0.55 M NaCl in the plating medium.

g

3) Minimal plating medium

The minimal plating medium employed consisted of the minimal
The medium was prepared by
dilution of a ten times stock solution of the basal salts to double
strength.

This was dispensed in 5 ml aliquots into acid-washed test

tubes, autoclaved, and refrigerated until used. A double strength

- glucose-agar mixture was prepared in a similar fashion.

!

Where 0.005 M aspartate was employed in the final medium,

. 0.665 g of sodium aspartate was added to the double strength glucose-

agar solution, the pH was adjusted to 7.0 with 0.1 M KOH, and the medium

was dispensed as before.
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Where required, sufficient 3.0 M NaCl was added to the basal
1§

.salts solution to ensure a final concentration in the plating medium of

0.3 M NaCl,

When plating, the content of a tube of basal salts solution
was added to a Pgtri dish together with the content of a tube containing
the organic components of the medium. This yielded the final concen—~
trations of the minimal plating ﬁedium.

\')

Plating Procedure

At the beginning of an experimept, 0.5 ml of fresh or frozen
and‘thawed inoculum was added to 99.5 % a recovery medium held in
ice, and shaken vigorously. One ml aliquots were withdrawn immediately,
diluted to 100 ml with 0.002 M MgS0, *7H,0, and.one ml aliquots of this
dilution were added to blank Petri dishes. 1In this Qanner, the
count of the recovery culture was established for zero’time. The
remaining volume of each recovery culture was then agitated in a

reciprocating waterbath shaker held at 37°C.

The one ml inocula‘'in the Petri dishes were diluted with the
appropriate plating medium and swirled to ensure even distribution of
the inoculum. One ml aliquots of the recovery culture were routinely
taken at 0.5, 1.0, 2.0, 3.0, 435, and six hours, diluted to 100 ml with
0.002 M magnesium dilution blanks held at 37°C and plated in quadrupli-

cate. Inocula were prepared in such a way as to ensure a count of

£% 3
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100-200 colonies/plate in plates of TSA or minimal medium + aspartate.
After setting, the plates were incubated in an alr convection incubator

at 37°C for three days.

After incubation, plates were counted on a New Brumswick
colony counter, the values of quadruplicagjyplates were gsummed, and
‘mean values were expressed as log number of cells/ml of recovery cultute.
All values were confirmed and the standard deviation of quadtuplicate

plates determined by means of a computér program (see Appendix A).

Respirometry

.
an

Respirometry was performed using a Gilson differential
respirometer. For these experiments, 15 ml respirometer flasks with a
centre well and one sac were acid-washed and dried. Two and one half
ml of the appropriate media were added to the outer area of the flask
and 0.5 ml of 20% KOH were added to the centre well which cont;in;d a

folded strip of Whatman's No.’l filter paper.

The flasks were held on ice while 0.5 ml of inoculum were
added to each, and the flasks were then attached to the manometers and
submerged in the water bath, whefe they were allowed to equilibrate to

37°C for 15 minutes. The inoculum was equilibrated in the presence of

‘ ~

4 £
the substrate to emsure that its“viability did not decrease as the

temperature increased as would be .the case if the cells were suspended

-

in the freezing menstruum alone. After eqﬁilibration, the manometer

i

"

"
3
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/ ! .
valves were closed and the experiment proceeded.
& ‘ .

In thése experiments, a ﬂe’;‘,\:r‘fér suspension of cells than was
used in the plating experiments was e;nployed. After washing the cells,
a suspension was prepared which gave 281 transmission of light at
650 nm. From this suspension, 2(; ml were added to 80 ml of sterile,
cold 0.85% NaCl. This suspension yielded approximately 4x10°® cells/ml.
This suspension was diluted ten fold for experiments with fresh cells, |
and after fre}ezing\, was used undiluted for experiments involving frozen
and thawed cells, .

At the same time, a normal suspension at 507 transmission was
made from the same TSB culture and diluted in the us\t;al manner. This
diluted suspensi't;_;; was frozen at the gsame time, then thawed and used as
inoculum in plating experiments which were run simultaneously with the

<

manometric measurements.

o
-
“



(oSt
;ri >
Ny

- ‘~£;
s
A M l
/
v
- ‘*:A;-
1y
f .
>
LR .
LR
{
EXPERIMENTAL ANRD RESULTS ,
. /
P
-+ Y
}
’
~ . . —
” -1
o
"‘ﬂf 4
P~ * ’ <
[}
A A
> +
¢ v
¢ S
- s et e [y N . BRI VPR TR "

~




ke

EXPERIMENTAL AND RESULTS

Introduction

In an earlier investigation by Kuo and MacLeod (1969) of
freezing and thawing damage to Fecherichia coli 451B, it was reported
that twice as many cells of a frozen and thawed suspension formed colonies
vhen plated on a minimal medium supplemented with aspartic acid as on
the minimal plating medium alone. Various othér amino acids were found
to have this capacity to increase the count of a suspension of cells
after freezing and thawing, but not to the same degree as aspartate.
Fresh (unfrozen) cel%s attained the same count on Rﬁth the minimal medium
and the aspartate-gupplemented inimal medium. Agpartate was therefore
judged to have a specific role recovery from metabolic injury due to

freezing and thawing.

If agpartate were actively involved in the repair \of membrane
d;mage, it seemed likely/that this repair would be effected)before growth
and division. To explore this possibility, frozen and thawed cells were
incubated in an aspartate recovery medium prior to plating.

N

Recovery in an Aspartate Medium

A suspension of cells was frozen using the standard procedure,

‘
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and upon thawing, an aliquot was transferred to AKM recovery medium.
Samples were removed for plating immediately and at intervals to three
hours. At each lnterval, samples were plated on minimal medium and on

minimal medium containing aspartate. The results anf seen in Figure 1B.

When 'initially plated, about twigé\as many colonies appeared
\

on the plating medium containing aspartate. \On subsequent incubation

in the AKM recovery medium, counts obtained in the minimal plating

medium increased until they were equal td)those obtained with aliquots
plated in the minimal medium + aspartate.\ In a similar experiment

conduqtgg with fresh, unfrozen cells (Figure 1A), no difference in count

4
[}

could be discerned in the presence and absence of aspartate in the

plating medium.

The results obtained in the zero time counts of these experi-

P meqts closely paralleled those obtained by Kuo and MacLeod. By

£

in#ubating the frozen and thawed suspension in the AKM medium, the
)

initial difference in plate counts noted by Kuo and MacLeod was overceome.

" During this period of incubation, the counts on ;inimal medium +
/ ’ aspartate (curve 3) remained stable while at the same time, those on
‘ninimal medium (curve 4) increased until they equalled those on minimal

'medium + aspartate.
* I

. In contrast, aliquots taken from a suspension of fresh,
! unfrozen cells incubated in AKM medium did not demonstrate an initial

!, "difference in counts ‘on minimal medium with and without aspartate.

(’ ' ’ )

{
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Figure 1

Incubation of a suspension of fresh cells of Escherichia coli
451B in AKM recovery medium.

Aliquots of the incubating suspension of cells were subse-
quently plated in minimal agar % 0.005 M aspartic acid.

Curve 1. minimal asgar + aspartate
Curve 2. minimal ggar alone
Incubation of a suspension of frozen and thawed cells of

Escherichia coli 451B in /AKM recovery medium.

Aliquots of the iﬁcubating suspension of cells were subse-
quently plated in minimal agar + 0.005 M aspartic acid.

Curve 3. minimal agar + aspartate

, Curve 4., minimal agar alome

Counts of aliquots of the incubating suspensions of cells
obtained on the plating media were plotted against the interval
of incubation in the recovery media.

.
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After one-half hour, the couﬁfs on both plating media increased rapidly

with subsequent samplings on the récqvery culture.

-~

Salt Tolerance as a Criterion -
of Metabolic Injury T

It has been noted in previous work (Macleod, kubrgnd Gélinas,
1967) that one of the effects of freezing and thawing was 1ﬂdfegsed
permeability of the cell membrane. Kuo and MacLeod (1969) had naféd¢
the effectiveness of Trypticase as a supplement to the minimal medium
and it was reassoned that the use of a bomple; plating medium would
ensure the survival of a larger proportion of a suspension of frozen
and thawed cells. The addition of NaCl to this medium would inhibit the
growth of those cells with increased permeability and therefore serve
as a criterion of metabolic damage. Following the procedure of Ordal
(1966) with heat~damaged cells, Trypticase soy agar with and without

NaCl was employed to enhance the difference in count of injured cells.

The most effective concentration of NaCl was determined by
incubating ftbze; and thawed cells in the AKM recovery medium and
plating aliquots ;? this suspension into ??A medium containing various
concentrations of NaCl.™  The results are seen in Figure 2. The most
effective concentration of\ﬁkQI was judged to be that which would

initially demonstrate a substantially lower count than the TSA control

plates, but which would approximate the TSA qounts before the end of

the lag phase in the recovery medium.
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- ’ Figure 2

i

Effect of various concentrations of NaCl in TSA plating medium on
colony formation by frogzen and thawed cells.

.
Aliquots of suspensions of frozen and thawed cells were added to
various plating med¥a after jncubation in_AEM recovery medium.

Curve Plating Medium ¢

1 TSA ]
2 TSA + 0.5 M NaCl
3 TSA + 0.55 M NaC1 i "
) 4 TSA + 0.6 M NaCl : T
| ' 5 TSA + 0.7 M NaCl '

/

4 .
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With 0.5 M NaCl in the TSA plating medium (curve 2), counts

were found to increase rapidly when frozen and thawed cells were incubated

in AKM recovery medium. At 0.7 M NaCl (curve 5), counts Fever achieved
the level of the TSA control plates up to six hours. The optimum
concentration range was judged to be 0.55 to 0.6 M NaCl and these two
concentrations were used in succeeding exp;riments. In an experiment
with fresh, unfrozen cells, no diffetgnce was seen in the counts obtained
on TSA or TSA + 0.55 M NaCl (TSAS) although the colonies on TSAS were
somewhat smaller after three days of incubation. Incubation o® frozen
and thawed cells in AKM resulted in increased salt tolerppceﬁof this
population and cpunts on the suspension were s;hg\to increase about ten

fold using TSAS as the plating medium until they ;pgfoximated those on

TSA. A similar result was obtained when a surface—pi&{}ng procedure was

employed rather than pour-plating. N
Comparison of Sensitivity to Salt in TSA or \\\\ ’
Minimal Megtum*+ Aspartate as a Criterion of Metabolic Injury ~ ~ r

s““-
The effectiveness of TSA t NaCl in establishing densitivity

to salt as a criterion q£,5ét§bolic injury was demonstrated by comparing
this medium to minimal medium + aspartate to which a final concentration
of 0.3 M NaCl had been added — a concentration whith had been found to

be optimal for assessing injury in this medium.

o In Figure 3, thé increase in salt tolerance after incubation

Y
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Figure 3

Comparison of counts obtained on TSA + 0.55 M NaCl and minimal
medium + aspartaté—t 0.3 M NaCl after incubation of frezen and
thawed cells in ARKM recovery medium.

\

Curve Plating Medium
1 - TSA r
2 "TSA + 0.55 M NaCl (TSAS)
’ / . .
w7 3 minimal medium + aspartate
A
: 4 minimal medium + aspartate
+ 0.3 M NaCl
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in AKM i{s seen in the counts of TSA + 0.55 M NaCl (curve 2) and minimal

medium + agpartate + 0.3 M NaCl (curve 4). Although the counts on all

plates were similar after six hours of incubatiom in the jrecovery medimma

an initial difference was seen between TSA and minimal medium + aspartate. -
The increase in count seen in minimal medium + aspartate suggested an

initial sensitivity to this plating Pgdigm which was overcome by
preincubatiqg/in AKM recovery mediuﬁ. TSA was seen to be a more stable

control and fo enhance the colony-forming capacity of the population in

the recovgky medium,

Substitution of Aspartate

in the AKM Medium by Glucose .

I

It had been established in previous experiments that a proportion
of a frozen and thawed suspension of cells were ungble to form colonies in
the minimal plating medium where glucose served as the sole carbon-energy
source. It was of interest, therefore, to compare the effectiveness of
aspartate and glucose in restoring salt tolerance-to such a population, Y
An‘equimolar amount of glucose was substituted for aspartate in the AKM
recovery medium, and a recovery medium consisting of 0.001 M Mg++ alone,
without a carbon source, served as a control. A frozen and thawed

suspension was added to the media with subsequent plating into TSA and

TSAS. The results are seen in Figure 4.

In the absence of aspartate, there was a gradual decline in j

the viability of the incubating population (curves 3, 5) and/n

. . !
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and thawed cells.

. Curve

1

i

Plating Medium
TSA

TSAS

TSA

TSAS

TSA

TSAS

Figure 4

»

. Recovery Medium

0.005 M glucose + 0.01 M K,S0,
+ 0.001 M MgSOy°*7H,0

0.001 M MgS0, - 7H,0 |
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appreciable degree of recovery was noted (curves 4, 6).

&

Substitution of Other Organic Substrates
in the AKM Recovery Medium

Kuo and Macleod (1969) had noted an enhanced plate count when
the minimal plating medium was supﬁiemented with other amino acids but
not to the same degree ag'with aéﬁartate. To test their effectiveness
in reatoring salt tolerance to a frozen and thawed population, a number

of substrates were substituted for aspartate in th® AKM recovery medium.

Equimolar concentrations of the sodium salts of various TCA
intermediates were substituted for aspartate in the AKM recovery medium
and aliquots of the recovery cultures were subsequently plated into TSA

and TSAS at various, intervals up to twelve hours. The results are seen

in Figure 5. In moSt cases, values at twelve hours are estimated.

AKM medium served as a control and counts on TSA (curve 1)
from this culture remained stable until cell multiplication began at
3-4 hours. Recovery of salt tolerance (curve 2) proceeded at a usual
rate. Declinihg viab¥11ty in the malate culture, as demonstrated
by TSA counts (curve 3), resulted in a reduced count on TSAS (curve 4).
However, recovery was seen and a growth rate approaching that of

the aspartate medium was obtained. Results similar to malate

were seen with succinate {(curves 7, 8). .

"
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Figure 5 (A and B)

Effect of substitution of aspartate in the AKM recovery medium by
citric acid cycle intermediates on,the recovery of salt tolerance
by a suspensgion of frozen and thawed cells.

Concentrations of K and Mgt in all recovery media were the same
as in AKM.

Curve Plating Medium Recovery Médium
1 TSA -
AKM (0.005 M aspartate +
2 1TSAS 0.01 M K* + 0.001 M Mgt
3 TSA o
0.005 M'sodium malaee
4 . TSAS Kt + Mgt ‘
!
5 'TSA - !-
0.005 M sodium citrate +
- 6 TSAS Kt + mgtt
7 - TSA

0.005 M sg)dium succinsate +
8 TSAS Kt + Mgt

. T e el

The results shown in Ffsur'e 5A and 5B are from identical suspensions

of cells incubated at the same time and are thus directly comparable.” ..
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Although the response to citrate was slower than that with succinate
or malate (curwes 5, 6), the result suggested utilization of citrate as

a carbon-energy source — a result not seen with. fresh, unfrozen cells.
.-

-
!

In a similar experiment with equimolar coricentrations of amino
acids (Figure 6), proline (curves 7, 8), and to a lesser extent, alanine
(curves 3, 4) were found to be as effective as aspartate. Recovery of
salt tolerance was similar in all cases. Serinel(S, 6), which had
previously been reported to be inhibitory to the growth of a frozen
and thawed population, and phenylalanine (9, 10), ;ere found to initiate
a much slower growth response. In the case of serine, some loss of

viability was noted, but recovery of salt tolerance proceeded in this

case and in the case of phenylalanine.

Results in these experiments suggested that a variety of

organic substrates other than aspartate, when present in the incubation

medium, could enhance the salt tolerance of a frozen and thawed population.

It appeared, however, that aspartate was the most effective of the

compounds tested in initiating division and multiplication.

'

?
N 1

Comparison of AKM and Minimal Medium
+ Aspartate as Recovery Media ;

It had previously been demonstrated that substitution of

[y A f’
aspartate in the AKM recovery medium by glucose reaﬁitedtin decreased

viability of a frozen and thawed suspension of cells withbbus :any.

&
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Figute 6 (A' and B)

A1}
" \

V

Effect on frozen and thawed cells of substitution of aspartate in
the AKM recovery medium by other amino acids. —

Concentmations of IC" and Mg'H'

as in AKM.
Curye Plating Medium
; 1 TSA
. .\
¢ 2 . TSAS
3 TSA
4 TSAS
2 :
5 TSA
6 TSAS
T 7 TSA
8 . TSAS
9+ TSA
10 TSAS

ASY

in all.recovery media were the bs:tme

LN

0.005 M serine + K* + Mg'H"

Recovery Medium

0.005 aspartate -

+0.01MK++0001MMg'H'

’

0.005 M alanine + K' + MgH

§

\

’

0.005 M proline + K+ + Mg™t

k}

0. 005 ‘M phenylalanine
+ Kt 4+ Mgt

N

. The'reaulze in Figytes 6A and 6B are directly comparable.

‘ (see legend to.Figure 5).
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increase in salt tolerance. It was of interest, therefore, to compare

e it

AKM recovery medium with the minimal fiédium + aspartate, prepared

without agar and used as recovery me¢dia. The results are seen in

Figure 7.

Incubation in all three media lgd to a recovery of salt .
tolerance of the cells. When AKM or minimal medium + aspartate was tsed
as the recovery medium;lthe cells began to increase in numbers after
recovery 05 salg tolerance. This was not the case with cells incubate&

in minimal medium without aspartate.

Rl -

Since recovery took place in the absence of aspartate, this =+~
suggested "that some component other than aspartate was responsible for-
the return of salt tolerance of cells incubated in the minimal medium.

hl

Role of Basal Salts

in Recovery of Salt Tolerance . N
¢ G- ' ) i
\\ ‘ .
Further to the prevtﬁus experimdﬂt, a frozen and thawed

e%spension was incubated in basal salts alone and the results were

compared with ;ncubation in the AKM medium. The results are seen in

il

~Figure 8.

e

. 3
In the absence of aspartate, no end was seen to the growth lag

in the basal salts medium (curve 3). However, recovery (curve 4)

N -
~

comparabie to that in the AKM medium (curve 2) did take.place and

. L
suggested that some or all of the components in the basal salts medium
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Figure 7

)

Comparison of AKM and minimal medium * aspartate as recovery media

for frozen and thawed cella.\

Curve

1

2

*
L

Plating Medium. Recgvery Medium
TSA .
AKM
TSAS
|
TSA .
minimﬁl medium without agar
TSAS -
TSA |
minimal medium + 0.005 M '
TSAS aspartate without agar
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‘Figure 8

Comparison of incubation of frozen and thawed cells in AKM and

basal salts solution.’

Curve NN?YﬁfiEg Medium

1
2

; TSA

TSAS

" TSA

" TSAS

§

e

Recovery Medium
AKM -
- T4

basal salts solution

~
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could effect a return of salt tolerance in a frozen and thawed suspension

ot Escherichia coli.

Development of PKM as a Recovery Medium

The basal salts solution used in the preparation of minimal medium

consisted of: 0.04 M K_HPO,, 0.022 M KH_PO,, 0.007 M (¥H,),S0,, 0.0003 M

2778 28
sodium citrate, and 0.0004 M MgSO

4
4'7H20). Various concentrations of each
component of this formulation were added to solutions of one or more other
components held at a constant concentration. These solutions were employed
as recovery media and when inoculated, were compared to the effectiveness
of a known recovery medium %n altering the response of a frozen and

thawed suspension of cells to NaCl in the plating medium. Extensive tests
with various combinations and concentrations of these components resulted
in a solution of NaHzPOA, KZSO4 and MgSOa'7H20, adjusted to pH 7.0 with

NaOH and comtaining 0.01 M P04_3, 0.01 M K and 0.001 M Mg'' (PKM).

These concentrations of components were based on the minimum concentration
of each component which, when present together with the other components,
would allow recovery of salt te¢lerance by a frozen and thawed suseension
of cells comparable to that obtained in basal salts solution, without

cell multiplication or loss of wviability. Sodium citrate and ammonium
‘sulphate were found not to be required. Figure 9 demonstrates the rate of
recovery of salt tolerance when frozen and thawad cells were suspended in
recovery medla having constant concentrations of POI.-3 and K+, and various

>

++ )
concentrations of Mg . No difference was seen in the rate of recovery

¢

where the concentration of Mg++ was 0.01 M (curve 2) or 0.001 M (curve 4)

< - [y .
in: the recovery mefum. A somewhat slower rate of recovery was observed when

-
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’Fig e 9
‘ ' £
Comparison of incubation of frozen and :thawed cells in recovery media
with various concentrations of Mg*t.

A

"All recovery media contained 0.03 M NaH,P0, and 0.03 M K,SO, at

pH 7.0.
Curve Plating Medium " Recovery, Medium
. !, . » 2
1- TSA
" 0.00. M Mgt
\ 2, TSAS :
~ A\ . -
3 TSA
" , 0.001 M Mg'' 3
lg ( " TSAS
~ 5 " TSA
- * 0.0001 M Mgt SRS
6 TSAS ’
7 TSA + :
no-Mg
8 , TSAS > N ¢ v o
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~Numerical values for thé”graph are gdven in Af)pendix A,

&
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Figure 14

.

A}

Plating Medium

TSA

TSAS

’

‘

minimal agar + 0.005 M aspartate

minimal agar -

minimal agar + 0.005 M aspartate

+.0.3 M NaCl

»

/

e

°t

\
Effectiveness of incubation in PKM recovery medium in increasing
the counts of frozen and thawed cells on various plating media.

</
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the AKM medium c&uld be involved in the capacity of this medium to

enhance salt tolerance. )

Sodium phosphate, magnesium sulphate and potassium sulphate
were added separately to aspartate and the resulting solutions were
compared, as recovery media, to the AKM medium,.and to aspartate alone

as a recovery medium. The results are seen in Figure 15. With

«

aspartate alone in the recovery medium, there was a decrease in
viability of the cells in suspension as measured using the TSA plating
medium (curve 3). After reaching a steady state level and remaining

there for about two hours, the cell population began to increase. .
4
Those cells which survived recovered their salt tolerance as indicated

by the increase in numbers of cells in suspension able to form tolonies

on TSAS medium (curve 4). The .addition of Pou‘3, or K+ to the aspartate

solutjon did not change this pattern significantly. The addition of Mg++,
v i M

on the other hand, preveéted the decrease 1in 'viability observed initially

and increased the rate_of recovery of salt toleranFe considerably.
! .
Mg++ appeared to be the major ionic component of the AKM medium, and

- @

its deletion resulted in a considerable loss of viability in the recovery

'

medium.

e

Effect of Deletion of Components from PKM Recovery Medium .
- Addition of Aspartate to the PKM Medium A

§
To confirm the effectiveness of PKM as a recovery medium and

Mg++ as its majpr component, PKM medium was prepared with and without

-




pd /
| °
i -
N Figure 15
Involvement of ioms in the capacity of AKM recovery medium to
enhance salt tolerance of frozen and thawed celdls.
All recovery media were adjusted to pH 7.0 with 1.0 M NaOH.
Ct-xrv.e * Platihg Medium \Recove\ry Medium
1 . TSA © AKM (0.005 M
P aspartate + 0.01 M Kt
2 - TSAS + 0.001 M Mgth)
3 ‘ TSA :
. 0.005 M aspartate
4 . TSAS
. 5 TSA -
_ aspartate + 0.001 M Mg
6 \ ‘ TSAS - . .
7 TSA )
\ ) aspartate + 0.01 M Kt
8 ) PSAS /
9 TSA
. " aspartate + 0/0> M PO,:3
10 , TSAS
@ ¢ )
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7

0.005 M aspartate. As'well, recovery media were prepared in the
concentrations of the/PKM medium with POH_3 deleted; with/P0§_3 and K+
deleted; and finally with POL,“3 and M%:+ deleted. A medium consisting
of glass-distilled water alone served as a control. A frozen and
thawed suspension’ of cells was inoculated into each of these meéia and
aliquots were subsequently plated into TSA and TSAS. The results are
seen 1in Figure 16. The addition of aspartate to the PRM medium did not
result in an appreciably greater rate of recovery of salt tolerance.

/

Its additioﬂ, however, resulted in the rapid multiplication of cells

in the suspension after incubation for three hours.

1

" The deletion of POH_3, or PO,,_3 + xt from PKM medium resulted

in a gradual loss of viability of the cells id the incubating suspensiocn

but not before a return of salt tolergnce which was comparable to that
seen with PKM medium. 1In the absence of F‘Oq—3 and Mg++, that is, with

k' alone as the recovery medium, there was'a rapid loss of viabil@ty

of the incubating suspension without a return of salt tolerance. This

AW -
result was comparable to that seen with water alone as the- suspending

~ ~

medium. -

v

The results in this and the %revious experiments suggested

~
»

+ .

that Mg 2 was critical to the recovery of salt tolerance by a £frozen
and thawed suspension. Aspartate appeared to function as a source of
carbon and energy fér cell multiplication — a function which could be

[}

assumed by other amino aclds and TCA intermedidtes (Figures 5 and 6).

;
/
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Figure 16

a

N
[

-

Effect of deletion of componenté from PKM recovery medium.
Addition of aspartate to the PKM medium.

4

¢

’

All recovery media were adjusted to pH 7.0 with 1.0 M NaOH.

Curve - Plating Medium
1 TSA
2 TSAS
3 TSA
4 TSAS
~
5 TSA ~
’ 6 - TSAS
1]
S 7 TSA
v 8 { TSAS
9 - TSA
10 -~ ° TSAS
o 11 TSA
.12 TSAS
- J

~3

{
»

Recovery Medium

PKM +.0.005 M aspartate

PKM

'

0.01 M k¥ + 0.001 M Mg'T

0.001 M Mg™t

0.01 Mk

»

H,0 alone
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Effect of Magnesium Alone as a Recovery Medium

-

It had been found in previous experiments that the use of Mg
alone as a recovery medium resulted in varying degrees'of recovery of
salt_tolerance of frozen and thawed suspensions of cells (see

? Figures 4 and 16). Greater recovery in Mg++ alone appeared to be
coincident with some degree of growth in the PKM medium, and occurred
when in%tial plhte counts were higher. It seemed possible, therefore,
that recovery in Mg++ alone might be related to increased amounts of
intraceliular solutes being present as leakage products after larger
populations of frozen cells had been thawed. Previous work had
demonstrated intracellular leakage into the freezing menstruum (Kuo, 1969)
and the inoculatién of 0.5 ml of this menstruum into the recovery &edium
could introduce sufficient alteration of the definéd PKM medium.to
produce an enhanced recovery in Mg++ alone, and a slight degree of growth

'

in PKM.

.

~
To explore this possibility, a frozen and thawed suspension of

cells was prepared in the usual fashion and i.O and 4.0 ml aliquots
were inoculated into PKM and a recovery medium consisting of 0.001 M
MgSOy«. 7 HyO. ‘Aliquots of the various rechery media were subsequently
plated in TSA and TSAS and the results are seen in Figure 17. Some
degree of growth was evident din the PKM medium, where 4.0 ml of the
freezing menstruum were employed as the inoculum (curves 5, 6), while

) little was seen where 1.0 ml was employed (curves 1, 2). Little

® )

4




I

. Figure 17

/

Comparison of the effect of two sizés of inocula on the recovery of
salt tolerance by frozen and thawed cells.

Volumes of 1.0 and 4.0 ml of a frozen and thawed suspension of cells
were added to PKM and 0,001 M Mg and aliquots from these recovery
media were subsequently plated on TSA and TSAS.

s .
A. 1.0 ml inoculum '
Curve Plating Medium Retovefy -Medium
1 TSA
’ PKM p
/ 2 TSAS
R ¢
: /
3 TSA )
- . 0.001 M Mgt
4 TSAS o

B. 4.0 ml inoculum

Curve Plating Medium Recovery Medium

5° TSA
PKM

6 TSAS

7 TSA
0.001 M Mg**

8 TSAS f

* !
]
j . / ’
) @
! N
hd ‘ .'s
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difference, however, was seen with the two sizes of inocula, in thetr
-
" response to Mg++ alone. Both demopstrated decreasing viability with ™, -
~ v Q9
some recovery of salt tolerance and were comparable to the result -

obtgined in Figure 16. " )
. &

Utilization of Oxygen by a Frozen and Thawed Population
in the Presence of Aspartate or Glucose*

3

For respirometry, it was necessary to use a higher cell -
. (1 » .

-

concentration than that used for'?laziyg experiment§: Cells were
prepgr;diin the usual manne?ﬁ but the susbens}on to bg frozen was
increased to a density of 4x10° cells/ml. After freezing for t@enty-
four hours and thawing, 0.5 ml portioné'of this suspensién were added to

the triplicate sets of respirometry flasks chilled with ite and
> 1

.

containing various media. These included PKM, PKM + aspartate, PKM +

glucose, and water alone. Distilled water was added to on%~qriplicate

.
.

set of PKM flasks to serve as a control. °

J”_,»——~After allowing the flasks to equilibrate at 37°C in the water °
bath, the valdeg were closed and changes in pressure were recorded up

to 17.5 hourgs. The results are geen in Figure 18B. Respfratory values

>
of inoculum distillbd water were~subtracted in ea&ﬁ,case in order to
/ ~
. .
measure the effect of the PEM medium on endogenous respiikgion. y
(\‘
(~
Respiration im PKM recovery medium was seen to remain low

throughout -the course of the experiment (curde 3) and very little

" increase was- seen when glucose was added to this medlum, (curve 2). -

¢ 1
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A.

Uptake of
incubated

Curve 1.
Curve 2.
Curve 3.
Uptake of
incubated
Curve 1.
Curve 2.

Curve 3.

Y
[

Figure 18
A

oxygen by a suspension of fresh (unfrozen) cells
in various ngedia at 37°C.

incubation in PKM + 0.005 M ‘aspartate
incubation in PKM + 0.005 M glucose

incubation in PXM alone.

oxygen by a suspension of frozen and thawed cells
in various media at 37°C.

¢
~

2} >
incubation in PKM + 0.005 M asgpartate
incybation in PKM + 0.005 M glucose

@

1ncgbabion in PKM alone.

o

{v‘
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However, an increasing rate of respiration was noted where aspartate
was added to the PKM.medium (curve 1) — a rate which became particularly

apparent after 3-4 hours. 3¥ ¢ J

E 4 k4

The same experiment was repeated with a fresh cell inoculum
diluted ten fold in O.éSX NaCl to approximate the viable count of the
frozen and thawed inoculum and the results are seen in Figure 18A. The
results were similar to those seen with the frozen and thawed suspensioﬁs

.but rates of respiration were much higher. In both experiments, however,
it was evident that glucose did not stimulate respiration to any large

~

extent.

. A plating experiment was performed using’the same media and

f

the usual frozen and thawed inoculum. Aliquots of the incubating
suspensions were taken up to éwelve hours. Results are seen in g}gure 19.
Recovery of salf tolerance was evident in all three media and proceeded

at about: the same rate. However, no multiplication of cells was seen

3

with PKM or PKM + glucose up to 10 hours, although growth was initiated

in the PKM + aspartate quium after a three hour lag. These data

e

corresponded closely to that seen with manometric measurements and ,
,support the conclusion éhat neither aspartate nor glucose enhanced

retovery of salt tolerance but that aspartate was a very suitable

3

substrate for growth and division after a period of recovery. .

. o ]
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Figure 19 ™

Incubation of a suspengion of frozen and thawed cells in various

recavery media for twelve hours.

Aliquots of the dincubating suspensions of cells were subsequently

plated in TSA and TSAS.

Curve

1

2

.5

6

Counts of aliquots of .the incubating suspensions of cells obtained

]

Plating Medium

4

© TSA

.
N

!
TSAS

‘TSA

TSAS

TSA

TSAS

Recovery Medium‘

"PKM + 0.005‘M aspartate
PKM alope

PKM + 0.005 M glucose

on the plating media were plotted against the interval of
incubation in the recovéry media.

-




i

ol

Y

v

&

HOURS




.

Subgtitution of Other Divalent Cations ~

for Magnesium in the PKM Medium

Since Mg++ appeared to have a major role in the recovery of
salt tolerance of a frozen and thawed ﬁopulation, it was of interest to
determine whether other divalent cations could Zubstitute for Mg++ in

the PKM medium.

Equimolar amounts of CaCl,, MnCl,, SrCl;, and MgCl,'2H,0 were
added to different recovery media containing NaH,PO, and K,SO,. The pH
in each case was adjusted to 6.5 to prevent any precipitate from forming.
Media containing PO,*—3 and K" with or whthout Mg++, at.pH 7.0, served as
controls. A frozen and thawed suspension was inoculated into these media

and aliquots were subsequenﬁly plated into TSA and TSAS. The results

are seen in Figure 20. *

Incubation of a frozen and thawed suspension in PKM containing

MgS0,* 7H,0 at pH 7.0 (curves 1, 2) or MgCl,-2H,0 at pH 6.5 (curves 5, 6)

resulted in a similar recovetry of salt tolerance. In the absence of A
Mg++, there was a rapid loss of viability. This loss was not overcome .
by the addition of Mot or srtt but where catt was added, loss of
viability was not so rapid and some degree of recovery\of salt tolerance
was seen. Recovery, however, ‘was limited and did not compare favourably

-

with incubation ih PRM.




Figure 20
1]
!
!
Substitution of other divalent cations for MgH in the PKM recovery
medium and the effect on recovery of salt tolerance by frozen and
thawed cells. - . ,

»

In all cases, concentrations of‘PO“"3 and K* were 0.01 M. The pH

was adjusted with 1.0 M NaOH. . -
Curve Plating Medium \’ Recovery Medium
1 TSA
PKM (pH 7.0)
2 [ TSAS Q 8 !
Loe |
3 TSA .
P0,”3 + x*(pH 7.0)
4 TSAS
a ! \
~ 5 TSA '
/ PKM (pH 6.5)
6 TSAS )
4 ‘7 TSA . _ ' \\\@
~0.001 M ca™ + po,73 A
' 8 TSAS + Kt (pH 6.5)
9 TSA
0.001 M Ma'h
! 10 , TSAS + P0,"3 + k¥ (pH 6.5)
‘ / i ’
11 TSA -
) 0.001 M Sr v
12 TSAS +P0,”3 + k" (pH 6.5)
13 ' TSA
~H,0 alone .
14 TSAS ' | ,
¥

TN
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Effect of Sodium on the Ré&Bvery of Salt Tolerance Ly

In previous experiments, recovery medis had been prepared by

ad}usting the pH with 0.1 M NaOH, and using NaH,PO, as the source of
phosphate. To ascertain whether or not Na+ enhanced recovery of salt

tolerance in the presence of Mg++, solutions of either 0.005 M Na, S0,
or 0.005 M K,SO, were prepared with and without 0.001 M MgSO,*7H,0.
®1In the cas; of the solution of the Nat salt, the pH of the solution was
adjusted w%fh NaOH. Where the KT salt was employed, KOH wasjused to.
adjust pH. Frozen and thawed cells were added to each solution as well

as to PKM medium and glass-distilled water to serve as controls. The

results are seen in Figure 21.

c

/
Incubation of a suépension in the absence of Mg"_+ resulted in a

rapid loss of viability as evidenced by the counts of the TSA plates

which were similar whether incubation occurre@® in Na+ or K+. The addition’
of Mg++ to these solutions resulted in the viability of the suspensions

/
decreasing at a muthsalower rate — a rate comparable to incubation in
+ ++

Mg ' alone. Similarly, although Mg alone permitted almost complete |,
recovery, some loss in viability of the cells in suspension was evident.

Both Na' and K+, when added with Mg++, reduced the loss of viability in

the presence of Mg++ alone and to an almost identical extent.: .



- Figure 21

Lid

Effect of Na+ on the recovery of salt tolerance.

Curve Plating Medium
1 TSA .
PKM
2 TSAS
3 © TSA -
Ll . Hzo
4 TSAS
5 - TSA I
- 0.001 M Mg™
6 TSAS !
L -
7 TSA
) ’ . 0.01 MNa¥t
8 TSAS
9 ‘ TSA
4 .00 01 M K+
10 TSAS
11 * TSA
12 \\ TSAS
13 . TsA
14 TSAS

0.01 M k* + 0.001 M Mg T

-

0.01 M Nat + 0.001 M_Mg*=+




107

-©

o~

SYNOH

6%L o

~-
-

PR T PP

O - — D A gy,
— -

s O

L <

N

-

8¢

AWNIA3IN AY3A0I3YH TW/STI3D 'ON 201




.

-
B [}
.

Ef of pH on the Recovery

of Salt Tolerance in PKM

B To examine the effect of pH on recerry of salt tolerance,
: 1

three volumes of PKM medium were prepared in the usual way but sufficient
NaOH was added to the three volumes to achieve a final pH of 5.5, 7.0
and 8.5, A frozen and thawed suspension of cells was added to the three

media in the usual manner with subsequent plating of aliquots into TSA

and TSAS. The results are seen in Figure 22,

-
o« I

Viability and recovery of salt tolerance were similar at pH

7.0 and 5.5 Even brief exposure of the cells to pH 8.5, however,
caused approximately half to lose their viability as indicated by the
count i; TSA at zero time., The viability of the remainlng cells
decreased rapidly as the suspension was plated on TSA over a period of
six hours (curve 5). The initial counts on TSAS from this suspension
(éurve 6) were very low, but recovery of ;alt tolerance of the viable
cells was seen up to six hours.

/
i

¢
Effect of Temperature on,Recovery Tr—

of Salt Tolerance in PKM Medium

Since the recovery of salt tolerance of a frozen and thawed
population occurred in the PKM medium without an added carbon source,
it was of Interest to note the effect of the incubating temperature upon

thisyrecovery. Accordifigly, a frozen and thawed suspension was added

to PKM media and incubated simultaneousf§ at different temperatures in

Ao
T
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Figure 22 ©

Effect of pH on the recovery of salt tolerance in PKM recovery medium.

Curve

1

2

Plating Medium Recovery, Medium

TSA °
PKM at pH 7.0
TSAS -

/
. o
TSA

PKM at pH 5.5
TSAS

TSA -
PKM at pH 8.5

TSAS
/
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four ‘waterbath shakers. The temperaturts selected were 150, 200, 30°

and 37°C. Aliquots from these incubating suspensions were plated into

TSA and TSAS in the usuat fashion and the results are seen in

Figure 23.

fa]

In all cases, the counts obtainedl on TSAS were similar to those -

’

~

\” on TSA after six hours. The rate of recovery of salt tolerance at 30°¢
. -

. was found fo be.similar to the rate at 37°C as evidenced by the TSAS -

- -
@ a - o

ceunts of the incubating suspensions at’ those temperatures. yd

-
-

s

At the lower tempetatures, howewer, a sliégt decrease
N N 7
viabflity of the incubating populations was shown by the T§K counts, ’
and the rate of recévery of. salt tolerance was somewhat slowe;; Afrer .

one hour, tke counts on TSAS had increased by approiimately/Logxb.3 at

s

e /; ’

+ 15°C as comparedCto log 0.44 at 37%. ’ /// ’////:
L
Although slower, the ;até of recovery at 15°C was signifi nt
and compléte recovery of salt tolerance had occurred after six hours.

)
Ex -
b

Addition of Cyanide to the PKM Recovery Medium !

5 R ’/ e
- a '/
Recovery of salt tolerante in PKM was not inhibited by incuba-
tion of a frozen:iand thawed suspension of cells at 15% apd it was of g b I
interest to ascertain whether or not thig recovery mechanism was -~

affected by the addition of CN to thevrecovery medium.

To establish the optimum concentration of CN™, a potent -

- N /
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Effect of temperature on recovery of salt to

medium. 3 -

\ . A

( ‘ -

Recovery Medium
3 .

Fid
1

PKM 3t 15% ' .

B
. R ~ )
K
. o, 5
R

‘ L]

P

P

PRM at 20°C

L4 ‘ I

"PKM at 30°C ¢
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PKM at 379

®

re

-
[}

N



- - ! . 4 A _‘o
& |
/ < , 0N
)
. ] . . . Lo g
=2
b 2 A A o
. -3
p | <t
o e
’ y
/ <
o -
3 3. B 3 3 .38 8
WNIGIN AYIA0I3Y TN/ST113D ON 901
* R
: , . | _
/ /
, r
/




™~

i

inhibitor of the electron transport chquJ(Harold, 1972), a fresh,
unfrozen suspension of cells was incubated in various recovery media
with and without CN . Tﬁ; optimum concentration of CN for these
expefiﬁents was considered to be one which would iqhibit the multipli-

cation of fresh, unfrozen cells without decreasing the viability of

the cells up to six hours.

. Fresh, unfrozen cells were incubated in PKM medium with and

| . Lel

without aspartate in the presence and absence of 0.5 mM sodium cyanide.
»

The results are seen in Figure 24, The addition of aspartate to the

PKM medium regulted in the multiplication of cells after two hours as

o

seen in the counts on both TSA and TSAS. The addit;on of CN to this
™ megimn prevented this multiplication without decreasing viability.
- ++ .
Where>Mg alone was employed as the suspending medium, the addition of ,

CN™ resulted in a loss of viability of the cells. i)

The same experiment was performed with a frozen and thawed
suspension and the results are seen in.Figure 25. 1In the presence of
PKM or PKM + dspartate, recovery of saiémzolerance was rapid as evidenced
by the counts on TSAS plates. When CN~ was added'to these media,

recovery of salt tolerance was retarded but not inhibited and the counts

S

~.

oﬁ\TSASwaEproximated those on TSA after six hours. The multiplication
, T ~.
of cells in PKM * aspartate was completely inhibited. The addition of

CN to the Mg++ recovery medium resulted in a rapid loss of viébility

“~

without any recovery of salt tolerance. b




figure 24

“

Addition of cyanide to various recovery medis and its effect on a

suspension of fresh (unfrozen) cells. .

Cyanide was added as 0.5 mM NaCN and pH was adjusted to pH 6.5
with 1.0 M NaOH.

’

Curve- Plating Medium Recovery Medium

1 TSA ,
PKM (pH 6.5)
2 TSAS
3
3 - TSA .
PKM + CN™
’ 4 TSAS ;
{
5 TSA \
‘ PKM + aspartate (pH 6.
.6 TSAS
&
7 TSA
PKM + aspartate + CN ’
8~ TSAS |
I
9’ TSA- l
0.001 ¥ Mg™"
10 TSAS o
11 TSA - _
0.001 M Mg"" + CN R
12 TSAS

2o,
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Figure 25

Addition of cyanide to various/recovery media and its effect on a

suspension of frozen and thawed cells.

Cyanide was added as 0.5 mM NaCN and pH was adjusted to pH 6.5
with 1.0 M NaOH. '

- Curve Plating Medium Recoéery Medium
1 TSA
PRM (pH 6.5)
2 TSAS
3 TSA
) PKM + CN~
4 TSAS
5 TSA
PKM + aspartate (pH 6f5)
6 TSAS
7 TSA
S PKM + aspartate + CN_
'8 TSAS
9 TSA
. 0.001 M Mg™+
10 TSAS
@ 11 TSA -
0.001 M Mg™ + cN”
12 TSAS )
q
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The results demonstrated that recovery of salt tolerance |
- y
occurred in a concentration of CN sufficient to inhibit multiplication

!
of cells.

Addition bf CN~ + Iodoacetate
to the PKM Recovery Medium

Although recovery had been demonstrated to occur in the presence
of cyanide, there remained a possibility that recovery might be a function
of energy derived from endogenous substrate-linked phosphorylation in

the frozen and thawed cells.

To clarify this possibility, iodoacetic acid, an inhibitor of
substrate-linked phosphorylation (Winkler and Wilson, 1966), was ad&ed to
recovery media in the presence and absence of cyanide. Several
concentrations of iodoacetate were tested on a suspension of frozen and
thawed cells and 0.25 mM was fpund to maintain viability up to six hours

in PKM. M P

A frozen and thawed suspension of cells was added to PKM + CN
and PKM + aspartate + CN recovery media with and without*iodoaéetate.
PKM, PKM + aspartate, and PKM + aspart;te + 0.5 mM CN~ served as controls.
The results are seen in Figure 26. Recovery of salt tolerance &as
evident, when PKM or PKM + “aspartate were supplemented by CN and

iodoacetate, although the viability of the population slowly decreased

during the six-hour incubation period. Iodoacetate alone at the



Figure 26 )

Addition of iodoacetate to various recovery media supplemented with
cyanide and its effect on a suspéension of frozen and thawed cells.

Iodoacetate was added as 0.25 mM iodoacetic acid and cyanide as
0.5 mM NaCN, The pH was adjusted to 6.5 in all cases with 1.0 M
NaOH. ) ‘

Curve Plating Medium Recovery Medium
1 ) TSA
. PKM (pH 6.5)
2, TSAS
3 TSA _
PKM + CN .
4 TSAS - + iodoacetate
¢
5 TSA
* PKM + 0.005 M
6 TSAS aspartate
/
7 TSA
, ) PKM + aspartate
8 TSAS + CN + {odoacetate
9 TSA
PKM + aspartate
10 TSAS ~ + lodoacetate
11 TSA . _
PKM + aspartate + CN 4
12 TSAS

R
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concentration used retarded but did not inhibit cell multiplibation in

.PKM + aspartate recovery medium which suggested that the assimilation of

aspartate was not inhibited by iedoacetate.

Addition of Chlora@pﬁéﬁicel -

to the PKM Recovery Medium ° DT

-

Recovery of salt tolerance in PKM did not appear to be greatly
affected by the presence of CN~ or CN + iodoacetate in the medium and
it was of interest to note the effect of chloramphenicol on the recovery

/
mechanism.

To establish the optimum concentration of chloramphenicol, an
inhibitor of protein synthesis (Iandolo and Ordal, 1966), a suspension
of fresh, unfrozen cells was incubated {n various recovery media with and
without chloramphenicol. As in previous experiments, the optimum
concentration of chloramphenicol was considered to be one which would
inhibit the multiplication of fresh, unfrozen cells without decreasing
the viability of the cells in the suspension after incubating up to six

- H

hours. Tl

Fresh; unfrozen cells wef% incubated in PKM medium with and
without aspartate in the presence and absence of 100 ug/ml of chlor-

amphenicol. The resylts are seen in Figure 27.

The addition of aspartate to the PKM medium resulted in the

multiplication of cells after one hour as seen in the counts of both




Figure 27

H

Addition of chloramphenicol\to various recovery media and its effect
on a suspension of fresh (unfrozen) cells. J

\

A sterile stock solution of chloramphenicol was added to prepared
recovery media to yield a final concentration of 100 ug/ml.

Curve

1 -

2

10 -~

12

TSA

TSAS

TSA

TSAS

TSA

TSAS

TSA

TSAS

TSA

' -
TSAS

TSA

TSAS

Plating Medium

[

Recovery Medium

0.001 M Mgt

0.001 M Mgt

+ chloramphenicol -

PRM

PKM + chloramphenicol J -

PKM + 0.005 M aspartate

¥

/ PRM '+ 0.005 M aspartate ) ’

+ chloramphenicol
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TSA gnd TSAS. 'The addition of chloramphen%col to this medium prevented

o

° ]
the multiplication of cells without decreasing the viability. Where
Mg++ alone was employed.as the éuspending medium, the addition of

chloramphenicol did not alter viability.

Th% same experiment was performed with a suspension of frozen

8
and thawed cells and the results are seen in Figure 28.

The addition of chloramphenicol to the various media did not
inhibit recovery of salt tolerance to any degree, although the multipli-

cation of cells was completely inhibited ip the PKM + aspartate medium

°

*
as seen in the TSA counts from this suspension.. .

From the results, it could be concluded that the recovery

process was not affected by the iphibition of protein synthesis. At the

/ s .
same time, the same concentration of chloramphenicol completely inhibited .
)

the multiplication of cells.

’
/

Addition of Actinomycin D . .

to the PKM Recovery Medium and to TSA Plates _da

Actinomycin D has been found to inhibit the synthesis of -

’
rd

meésenger RNA in Gram-positive cells. Its ineffectiveness against
Gram-negative cells has been attributed to the impermeability of the
Gram-negative membrane and wall (Singh et al., 1972). The purpose of

.0 -
these experiments wds to demonstrate the increased permeability of the

l/.

- a

membrane of Escherichia coli 451R due to freezing and thawing. )



Figure 28

\ -

Plating Medium Recovery Medium /
TSA ’
PKM
TSAS “«
\
! i
TSA .
! PKM + chloramphenicol
TSAS \
TSA
v PKM + 0.005 M aspartate
TSAS
TSA ' .
/ PRM + 0.005 M aspartate
8 TSAS + thloramphenicol
9 TSA ]
_ \ 0.001 M Mgt
10 TSAS ’ t
(\‘
\
11 - TSA
V‘ ("9'0()-1 ‘“ MSH
/12 . TSAS "+ chloramphenicol
»
“8
9 . -
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A fresh unfrozen~suspension of cells-was incubated in PKM

t P

"medium with subsequent plating of aliquots of the incubating suspension

-~

into plates cbntaining TSA, TSA8, and TSA + 50 ug/ml of actinomycin D
(Merck,/Sharp & Dohme). To prepare the last medium, sterile actinomycin D
was asxptically added/with a disposable syringe to tubes of TSA medium
which haé been steriii?ed and cooled to 45°C. The results are seen 1in
Figure 29A. The counts obtained on the three media were similar in all
cases. The addition of actinomycin D to TSA had no effect on colony

formation.

In a similar experiment with,a"frozen and thawed ?uspension of
cells (Figure 29B), the cells in the initial aliquot taken\from PKM
medium showed a sensitivity to the presence of actinomycih D in TSA
plating medium (curve 6) aizhough not to the same degree as sensitivity
to NaCl (curve 5). Incubation of the frozen and thawed suspension in
PKM medium resulted in a recovery of tolerance to actinomycin D. At

six hours the counts on all three plating media were similar.

The addition of a frozen and thawed suspension to PKM medium

containing 50 ug/ml of actinomycin D resulted in a rapid loss of
{ '

viability (curve 7) withoiit any demonstrable recovery of salt tolerance

" (curve 8).




*r

A.

Figure 29
7/

Addition ,of actinbmycin D to the TSA
effect on fresh (unfrozen) cells.

Curve Plating Medium
1. TSA
2 TSAS
3 . TSA + actinomycin D

plating medium and its

.Récovery Medium

PKM

A

Addition of actinomycin D to the PKM recovery medium and to
the TSA plating medium and its effect on frozen and thawed

cells.
Curve Plating Medium
4 TSA '
5  TSAS
6 TSA + act;nomycin D
i
7 ' TSA /
8 TSAS

Recovery Medium
2

PKM

PKXM + actinemycin D
|

A sterile stock solution of actinomycin D was added to
prepared media to yield a final concentration of 100 ug/ml.

f

*h
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Tolerance of a Frozen and Thawed Population 4

to Deoxycholate in the Plating Medium

Several investigators have employed nutritionally-adequate
plating media with and without deoxycholate as a criterion of freezing
damage. Sodium deoxycholate, a surface-active agent (Sinskey and
Silverman, 1970), has been found to inhibit the growth of damaged
cells in plating media, at a concentration which allows colony formation

of undamaged cells.

To investigate the effect of this agent on Escherichiq coli
451B, TSA plates containing 0.2% sodium deoxycholate (TSAC) were
prepared at pH 7.0. Aliquots of a fresh, unfrozen suspension of cells
were found to be capable of growth on this medium. A frozen and thawed
>population of cells was prepared in the usual fashion and inoculated
into PKM and the same medium with Mg++ deleted. Aliquots4of both
suspensions were subsequently plated into TSA, TSAS and TSAC and the

results are seen in Figure 30.

e

Recovery of salt tolerance was seen after incubation in PKM
(curve 2), but the count on TSAC (curve 3) declined rapidly in the first

two hours of incubation. Aftgf two hours, the increasing count on TSAC

paralleled the increase seen on TSA plates (curve 1). In the absence of

4+

Mg

(curve 5) and the viability of the suspended cells decreased rapidly

from the recovery medium, no recovery of salt tolerance was observed

(curve 4). Aﬁéer 0.5 hours incubation in this recovery medium,

& ’




Figure 30

Tolerance of a suspension of frozen and thawed cells to deoxycholate
in the plating medium.

Deoxycholate was added to the plating medium as 0.2% sod{
deoxycholate and the pH was adjusted to pH 7.0 with 1.0 M N3

Curve Plating Medium . Recovery Medium %

1 TSA
2 TSAS PKM
3 TSA + deoxycholate
4 TSA
5 TSAS PKM without Mg*t
6 TSA + deoxycholate
. -
i
¥
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¢ subsequent plating of the suspension on TSAC did not produce any colonies
(curve 6). Although the PKM medium supported the reEovery of salt
tolerance by damaged cells, similar suspensions of cells failed to

grow when plated on a deoxycholate medium.

¢

o
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MacLeod, Kuo and Géiinas (1967) found a difference in count
when a suspension of frozen and thawed cells of Aerobacter aerogenes
was plated on minimal medium with and without Trypticase. A higher
coun£ was obtained in the presence of Trypticase. The difference was
demonstrated to result from the presence of Cu++ in the plating di;uent.
The inhibitery effect of Cu++ was overcome by the addition either of
Trypticase or cysteine, a chelating agent, to the %E}imal medium or by

employing glass-distilled water in the preparation of the plating
diluent. A—simiiar difference in ceunt was observed with frozen and
thawed cells of Escherichia coli 451B, but was not overcome by the
addition of cysteinemig(fﬁé“minimalugl?ting medium and was improved but
not eliminated by removing Cu++ from the“;igg{ﬂé d%luent. Acid- (
hydrolysed Trypticase yielded the same couéts as T!ypticase when employed

as a supplement to the plating medium., Aspartic acid, glutamic acid

and alanine were as effective as‘Trypticase as supplements.

Kuo and MacLeod (1969) praposed two possibilities to account

for the increased count on minimal medium supplemented with aspartic

-

acid: |

1. Aspartate was required to replenish amino acid pools -leaked in

-~

’ 105
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/
the freezingfand thawing process.

’

2. Aspartate was specifically required in a mechanism to repair
¢ N
damage resulting from freezing and thawing.

-

In the present work, initial exper%pents confirmed the findings
of Kuo and MacLeod that aspartate added to a minimal plating medium :
increased the plate count of a suspension of Escherichia coli 451B after
freezing, although approximately 907 of the initial popula;ion remained

\
incapable of forming colonies. It was also shown, hewever, that

preliminary inéubation of frozen and thawed cells in the minimal medium
coﬁtaining aspartate but without agar incyeased the number gf.cells able
to grow upon subsequent plating in the medium two fold and %iiminated
the response to aspartate in this plating medium. Similarly, incubation

oy v
in a simpler prei;cubation medium of aspartate and potassium and magnesium
salts eliminated the subsequent response to aspartate in the plating

medium. -

When salt tqlerance was employed as a criterion of metabolic
damage, rather than response to agspartate in the plating medium, the
number of injured cells detectable in the population after freezing was
increased seveéal fold. This was in part due to the fact that when salt
tolerance was tested, the plating medium used was Trypticase soy agar,

a complex medium permitting many more of the injured cells to grow than
the mfmimal medium plus aspartate. The addition of 0.55 M NaCl to this

plating medium reduced the plate count on a suspension of Escherichia coli
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after freezing. If the cells in the suspension were preincubaéed in
minimal medium with or without aspartate or in a solution tontaining

agpartate together with potassium and magnesium salts, the plate count

on the suspension obtained using the NaCl-containing plating medium was

o

restored to that obtained using the plating medium without added NaCl.
In other words, preincubation had restored the salt tolerance of the |

frozen and thawed cells. A

When attempts were made to determine which components of the
recovery medium were required to obtain recovery of salp télerance, it
was discovered that the presencé of aspartate or any other carbon source

was not required. A formulation consisting of phosphate, potassium and

magnesium salts (PKM recovery medium) was derived from the basal salts

-

solution and its composition was based on the minimum concentration of
each component which, when present together with the other components,
would allow recovery of salt tolerance without cell multiplication or
logs of viability. Recovery of cells in the PXM ﬁecovéry medium was not

affected by the addition of aspartate.

! _ ‘
When a frozen and thawed suspension of cells wag plated on

1

several media after various periods of preincubation in PKM recovery
medium, the counts.on all media ultimately arrived at values similar to

those obtained on Trypticase soy agar. A large praportion of the

suspension was unabFe inifiélly to form colonies on Trypticase soy agar

containing 0.55 M NaCl, but’ this proportion was rapidly reduced by
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incubation in PKM recovery medium. A proportion of the total viable

cells in the suspension was algo unable gg form colonies on minimal b
plating medium initially but gained this ability during incubation in the

PKM recovery medium. It cannot be ascertained whether the cells in
suspension which failed to grow initially on both plating media were,

in fact, composed:of cells with similar or the same kinds of ceii&lar\

damage. PRM recovery medium festored salt tolerance. It also restored

the ability of some frozen and thawed cells to initiate multipl?catiyn

O

and colony formation in the minimal plating medium.

Mg++

is the most important component of the PKM recovery medium
and its addition to a recovery medium composed of aspartate and potassium
salts enhanced recovery of salt tolerance. In the absence of Mg++,
recovery in all suspending media tested was minimal and viability of the

cells in suspension~éfter freezing was maintgined only where Mg++ was

present.

In some experiments, a solution of a Mg++ salt alone as the

suspending medium was found to effec? a degree of recovery of salt
7 o

tolerance, but not in all expgriments. Recovery in téis case appearéd
to occur where a larger population of cells was present in the recovery
media. It seemed possible that in a cell suspension of greater cell
density, a higher concentration of leakage products from the cells would

be present in the suspending medium. This leakage could contribute

factors responsible for repair of metabolic damage. An experiment was
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designed to test this possibility,'but the results were inéonclusive.*

In the recovery of salt tolerance during incubation in PKM
recovery ﬁedium,the initial lesion to be ré&aired is probably membrane
permeability. This is indicated by the rapid recovery of salt tolerance.
Neither aspartate nor glucose affected the rate of this recovery. That
a carbon source is required for subsequent multiplication and growth
but not for an early return of salt tolerance ‘'was shown by manometric
measurements accompanied by a concurrent plating ekperiment. Utilization J
of oxygen by frozen and thawed cells in PKM recovery medium supplemented
with aspartate occurred after four hours, as multiﬁlication‘of cells
began; whereas recovery of salt tolerance occurred within one—haif hour.
‘ When glucose was added to the PKM recovery medium, recovery of salt

tolerance was again rapid byt the rate of respiration was very slo% and

cell multiplication had not begun after ten hours of incubation.

Differences in rate of respiration were similarly noted with

fresh, wunfrozen cells incubated in PKM recovery medium supplemented with
glucose or aspartate. Utilization of oxygen by fresh,'unfrozen cells
was much slower in PKM recovery medium supplemented with glucose as

compared to incubation in the same medium supplemented with aspartate.

1
1

Ray ard Speck (1972a) found that glucose alone was ineffective

in repairing metabvlic injury, This was attributed to freeze-injury

—_—

of some component(s) of the glucose transport system. Sanwal (1970) has

noted that the enteric bacteria live largely by anaerobic glycolysis

) P
o . , /
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even when growing on glucose aerobically. A number jof crucial enzymes

.
of the citric acid cycle such as succinic dehydrogéhase, succinic

t »okinase, a—ketgglutarate dehydrogeﬁase and cytochromes are repressed
. in the presence of glucose. Spec£¥1?ally, the reduced NADH produ;ed

by glycolysis inhibits citrate synthetase such that the citric acid
cycle serves only a biosynthetic function and ATP is produced primarily

through substrate phosphorylation in the glycolytic pathway.

/
Both, fresh and frozen and thawed cells of Egcherichia coli 451B

presumably utilize glucose via the glycolytic pathway. This situation
would be reflected in a glucose plating medium, such as minimal plating
medium, where a proportion of the cells plated from a frozen and thawed
suspgnsion would utilize a carbon source which gives rige tc only two
moles of ATP per mole of glucose. Consequently, they might losé their
viability during the long growth lag following freezing and’thawing.
‘When supplemented with aspartate, however, the minimal plating medium
could provide a more suitable energy and carbon substrate since much more
ATP 1s synthes%zed per mole of aspartate metabolized. This could explain

- why approximately twice as many injured cells are able to form colonies

when aspartate 1s present.

~

The effect on frozen and thawe%\cells of supplementing recovery

AR

\,
media or minimal plating medium with aspaf&a;ez therefore, appears to
have a nutritional basis. The same would bpg true of other organic

substrates that are not metabolized by the glycolytic pathway. Aspartate
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probably participates in the replenishment of essential metabolites

during the lag before growth and division but does not appear to have
a gpecific role in the early repair of frozen and thawed cells.

A
A requirement for Mg++ in the recovery of salt tolerance was

demonstrated by substituting other ions for Mg++ in the PKM recovery
medium. Only Ca++ appeared to efiect some degree of recovery and
complete viability of the suspension was not maintained. No other
divalent or monovalent cation tested had any prqpounCed effect on a -
frozen and thawed suspension of cells except Mn++, which caused a rapid
decrease in viability. These results are in contrast to those obtained
by Raf, Jans;!n and Busta (1972) working with Salm?nella aﬁgtwn, and
Ray and Speck (1972a, b) working with Escherichia coli. 1In both cases
phosphate proved to be the major ionic component responsible for repair

of freeze-injury. 1In both cases, Mg++ increased the-degree of recovery

of tolerance to deoxycholate but was not essential to the process.

In the above cited, work, optimum phosphate repair occurred ~
at pH 8.0 for Salmonella anatum and pH 8¢5 for Egcherichia coli. 1In
the case of Escherichia coli 451B, repair was effected at pH 7.0 or
lower, and viability decreased rapidly at pH 8.5. The phosphate +
magnesium solution of Réy and Speck contained the same ionic species
as the- PKM recovery\medium, although at different concentrations. The

o /
results would suggest that different facté§$ are involved in the recovery
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At 15°C, recovery of Escherichia coli 451B 15 PKM was reduced

to about half the rate at 30 or 37°C. That recovery did geéﬁ?/doul& : ///
#ndicate/that Mg++ had been effective at that temperathre. Inncont;ast2
/Ray and/Speck (1972a) found o repair with phesphate at 15°C and optimal
repf?, occurred H%tween 25 and 35°C —;pbservations whicﬁ 5uggesggd/:

definite energy requirement to thé authors. In the case of Fecherichia

eqgli 451B, the rate of recovery of salt tolerance in PXM recovery medium
ppeared to be dependent on temperature. Dependence of rate on

temperature might suggest the involvement in the repailr mechanism of a
k4

chemical reaction such as chelation.

To ascertain the role of metabolic energy in the recovery i
process, cyanide and iodoacetate were employed as inhibitors of energy
metabolism. Cyanide has been shown to be an effective inhibitor of .
oxidative phosphorylation and iodoacetate has been emplé&ed to inhibit
substrate-linked phosphorylation. In the present study, a concentration
of cyanide was chosen which would inhibit growth of unfrozen cells
without decreasing the viability of the population. Since the level of
iodoacetate could not be correlated with inhibition of growth, the
maximym concentration whiéh would not decrease the viabil%ty of a frozen
and thawéa suspension was chosen. This concentration was within the

>

range of concentratioﬁs emgloyed by other investigators to inhibit

glycolysis (Green, Negdpam and Dewan, 1937).

[
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Recovery was apparent im the PKM recovery medium with or without
added aspartate and was retarded but not inhibited by the addition of
CN". When the PRM recovery medium was supplemented by aspartate and
CN~, however, the m;ltiplication of cells following recovery was
completely inhibited. In other words, CN -sensitive processes required
for cell multiplication'were not required for recovery, and probably
include respiration. Interestingly, wﬁenla recovery medium consisting
of a solution of Mg++ alone was supplementéd with CN—, there was a
rapid decline in viag lity wﬁether the cells were fresh or frozen and

thawed. The reason gor this remains unknown.

When CN and iodoacetate were added to the ﬁkﬁ recovery medium,
recovery‘was apparent in the présence and absence of aspartate, but
cell multiplication was inhibited. That iodoacetate and CN had different
effects on the cell suspension was apparent from the multiplication of
cells which occurred in the PKM rec;very medium supplemented with \

»

aspartate and iocdoacetate. The utilization of aspartate was not inhibited
by iodoacetate presumably because substrate-linked phosphorylation 1is
not important to. this process. Since no criterion was established for
the effectiveness of iodoacetate as an inhibi?or of substrate-linked

phosphorylation, 1t can only be assumed that the concentration employed

was sufficient to inhibit this process.

In the study of Ray, Janssen and Busta (1972), repailr of

freeze-injured Salmonella anatun was almost completely inhibited by CN .

P
AN
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Repair of a frozen and thawed suspension of Escherichia coli was
reduced 75% in the investigation of Ray and Speck (1972b). 1In both
cases, the repair was induced by phosphate buffer and these authors
concluded that energy metabolism was a requirement in the phosphate
repair process. In the present study, energy metabolism was not

considered to be a factor in Mg++—mediated recovery of salt tolerance.

The addition of chloramphenicol to PKM recovery medium did not
inhibit recovery although multiplication of both fresh and frozen‘qnq
tﬁawed cells was inhibited. Similar results were obtgined by Ray, -
Jansseh and Busta (1972) and Ray and Speck (1972b)., In a study'of
sublethally heat-treated Staphyloéoccus aureus (landolo and Ordal, 1566),
‘repair of heat injury was not affected by chloramphenicol. However,
chloramphenicol did inhibit the recovery of heat-treated Salmomella
typﬁwwufium (Tomlins and OrAal, 1971). 1In this instance, protein
synthesis appeared to be required for the synthesis of ribonucleotide
protein. In the present study of freeée—damage, protein synthesis did

not appear to be a prerequisite to recovery of salt tolerance.

An altered permeability of the cell membrane of Escherichia
ecli 451B after freezing, was demonstrated in several ways. Knowles
(1971) Qetermined that Escherichia coli was impermeable to 0.2 M NaCl.
Fresh, ;nfroéen cells of Escherichia coli'451B were capable of forming
the same number of colonies in Trypticase soy agar plates with or

¢ without 0.55 M NaCl.| After freezing and thawing, however, the same
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suspension of cells showed a sensitivity to the presence of NaCl in
the plating medium since colony formation was greatly reduced compared
to counts obtained on Tryptiéase soy agar without NaCl. This suggested

an alteration of permeability to NaCl.

Frozen and th;wed cells of Escherichia coli 451B demonstrated
a sensitivity to actinomycin D. When a suspension of fresh, unfrozen
cells of Escherichia coli 451B was plated on Trypticase soy agar with
and without actinomycin D, the counts obtained were similar in boph \
cases. Like other gram negative bacteria (Singh et al., 1972), the
growth of Escherichia coli 451B was unaffected by actiﬂ;mycin D
a potent inhibitor of ribonucleic acid (RNA) synthesié?h When a ~
suspension of frozen and thawed cells was plated on similar %edia,
howeQer, an initial sensitivity was indicated by lower counts in the
presence of actinomycin D than those obtained on Trypticése soy agar

y

alone. ' .

i Singh et al. (1972) demonstrated that Escherichia coli mutants
produced by irradiation had altered cytoplasmic membranes which resulted
in varying responses to actinomycin D and varying degrees of
B--galactosidase leakage (an intracellular or membrane-bound enzyme).

A wild strain of Escherichia coli was found to be insensitive to

actinomycin D as were spheroplasts of this strain produced by sucrose-

lysozyme treatment. Spheroplasts of the wild strain produged by

etlylenediaminotetraacetate (EDTA)-lysozyme treatment, howeéyer,
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demonstrated a sensitivity to actinomycin D similar to that seen with

the mutant strains. Since both preparations of spheroplasts had an
altered cell envelope but only EDTA-treated spheroplasts weré sensitive
to actinomycin D, the authors concluded that the cytoplasmic membrane,
not the outer lipopolysaccharide (LPS) component of the envelope, was "
the ultimate barrier to actinomycin D penetration into gram negative
cells. ‘Cells exposed to EDTA underwent an alteration of the. eytoplasmic

membrane as well as the outer lipopolysaccharide allowing entry of

actinomycin D.

The evidence presented by Singh et al. would suggest that
sensitivity of frozen and thawed cells to actinomycin D results from an
a%tered cytoplasmic membrane. A frozen and thawed suspension of
Escherichia coli 451B sensitive to actinomycin D demonstrated an even
greater sensitivity to NaCl. This was indicated by the counts obtained
when a frozen and thawed suspension was plated on Trypticase soy agar
supplemented with actinomycin D or NaCl. TIf membrane damage is assumed,
then the degree of damage in a proportion‘of cells was sufficient to

allow entry of NaCl but not actinomycin D. Those cells sensitive to

actinomycin D were presumably sensitive to NaCl as well. It is

reasonable to conclude that colonies 6n plates containing actinomycin D
possessed intact membranes or membranes with sufficiént integrity to be
impermeable to actinomycin D. Since the count on plates containing
actinomycin D increased after incubation of a frozen and thawed suspension

in PKM recovery medium, it was concluded that this recovery medium

y
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rendered the cells impermeable to actinomycin D by repairing lesions

in the membrane. The addition of actinomycin D to the recovery ﬁedium .
itself resulted in a rapid inactivation of the cell suspension with a
resultant loss of colony-forming ability on Trypticase soy agar.

Recovery of salt tolerance in this instance was not observed.

Leive (1965a, 1965b) treated Escherichia coli with EDTA and
obtained release «of lipopolysaccharide accompanied by the appearance of
sensitivity to actinomycin D. This surface action og EDTA suggested
that Escherichia coli, normally impermeable to actinomycin D, was
rendered permeable by the loss of 30-50% of the lipoponlysaccharide
compcnent of the cell wall. Citing this literature, Bretz and Kocka
(1967) concluded that sensitivity of Escherichia coli ;o actinomycin D
after freezing and thawing resulteg from damage to the wall when
bacteria were held at frefzing temperatures, These authors further

stated that if the environmental conditions were appropriate and the

cell membrane remained intact, although "injured"”, then the cell could

o

" recover to produce viable progeny. If the disruption of the wall was

sufficiently great and the post-thawing environment was not appropriate
for recovery of the wall, then presumably the membrane also lost its
integrity, cytoplasmic constituents were lost, and death resulted.

In a subsequent paper, Leive (1968) suggested that EDTA acted by
chelating a metal ion on the cell surface — presumably Mg++. Once

the cell gurface had been exposed to EDTA, adding back metal lons

.

would not restore the permeability barrier of the wall unless the cell

.



14¢

was allowed to metabolize. Since synthesis of protein, ribonucleic
acid (RNA) or mucopeptide was not required, the results suggested to
Leive that the initial action of EDTA was followed by a steric or

chemical change in the cell surface which required energy metabolism

for its reversal.

Ray and Speck (1972a, 1972b) demonstrat?d what they considered
to be an energy-dependent repair process in frozen and thawed cells of
Escherichia coli when incubated in a recovery medium consjsting of
phosphate buffer. Cells were initially sensitive to lysozyme, sodium
lauryl sulphate and deoxycholate, but increasing tolerance was observed
after incubation in phosphate buffer. Citing Bretz and Kocka (1967)
and Leive (1968), t%e authors suggested that cells demonstrating such
gsensitivities had undergone alterations of tﬂg lipopolysaccharidel
component of the outer envelope ahd would necessarily be permeable to
actinomycin D. Recovery of tolerance to deoxycholate occurred after

incubation in phosphate buffer supplemented with actinomycin D, and

since permeability to actinomycin D was assumed, the authors concluded

i

that RNA synthesis was not involved in the energy-dependent repair
process. They suggested that the repair of metabolic injury involving

-]
the synthesis of protein and RNA as seen in sublethal heat treatment

(Tomlins and Ordal, 1971) and freeze-drying (Sinskey and Silverman, 197Q)
was different from what they concluded was ATP-dependent repair of

freeze~injury in phosphate buffer. Similar results and conclusions

have been reported by Ray, Janssen and Busta (1971). In subsequent
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work, Ray, Speck and Dobrogesz (1973) further characterized freeze-
damage to the lipopolysaccharide with bacteriophage studies. T-series
phages, specific for lipopolysaccharide, failed initially to adsorb on

frozen and thawed cells, but partial adsorption was ‘dccomplished after

one hour of incubation in phosphate buffeé. Electron|micrographs of
frozen and thawed cells did not demonstrate any diffe enc; between
uninjured, injured and non-viable cells. Freezing damage was suspected,
. therefore, to be a minor change in the molecular configuration of the
lipopolysaccharide component of the cell wall, It was proposed that

this change was reversible énd répaired in K2P04, probabily through the

synthesis and utilization of ATP.

. \
In view of the results of Singh et al. (19®), previous

investigators of f{eeze—damage, in citing Leive (1965a, 1965b, 1968),
may have erroneously suggested that the well-documented damage to the
lipopolysaccharide component of the cell wall after freezing and thawing
would allow pénetration of actinomycin D. Damage to the cytoplasmic *
membrane suggested by sensitivity to actinomycin D, was not indicated

in their conclusions.

Ray, Janssen and Busta (1971) and Ray and Speck (1972b) noted
but did not elaborate on the observation that.a proportion of their
frozen and thawed populétion lost its ability to form colonies on an
enriched control plating medium when actinomycin D was added to the

t f7
recovery medium before subsequent plating. It is possible that this
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proportion was rendered permeable to actinomycin D becguse of an

1

altered cytoplasmic membrane and became nonviable in its presence.
The igcrease in count on deoxycholate plat{ng medium after incubation
JAn phosphate recovery medium supplemented with actinomycin D could,

. therefore, have been accompli;hed by reﬁair of the outer envelope
of the remaining proportion of cells which possessed intact membranes.
The autﬁors should not have conclu&ed thaé RNA synthesis was not
involved in Ehis energy-dependent suéface repair of lipopolysaccharide

since actinomycin D.proBably did not penetrate the membrane of this

proportion of injured cells to inhibit RNA syntheseis.

. In the previously cited sthdies of phosphate repair, the
addition of Mg++ to a phosphate recovery medium resulted in an
enhanced count on deoxycholate plating medium. The authors suggested
that Mg++ might be necessary for the activity of enzyme involved iﬁ
the repair process or for main;aining stability of the cell wall, or
> both. It is also(;osgible that Mg++xéontributed to the repai? of

membrane lesions in that proportion of Eells which were sengitive to
actinomycin D. Inh phosphate recovery medium alone, this propor£ion

of cells, haviné'én altered membrane permeability, could become non-
viable in the absence of Mg++. In phosphate recovery medium supplemented
with Mg++, membrane lesions could be repaired by Mg++, and this,

l coupled with energy—d;pendent phosphate repair, might result in the

rs

increased count on deoxycholate plating medium which was reported.

]
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In the determination of freezing damage, Ray, Janssen and
’ Busta (1971) and-Ra%‘?n§>Speck (1972a) employed plating media with
and without deoxycholaté. After freezing and thawing, only cells

unaffected by freezing were capable of colony formation on plates

L
<7 .

* supplemented with deoxycholate. In the absence of deoxycholate, both

/
injured cells and cells unaffected by the freezing process formed ,—
- : \.
colonies. The inability of cells to form colonies on deoxycholate
plating medium was interpreted to be a result of cell wall damage.

By this criterion, these authors demonstrated a repair of cell wall

damage, that is, a recovery of tolerance to deoxycholate, by incubating

o
frozen and thawed cells in a phosphate recovery medium lacking magnesium.

. &
In contrast, when frozen and thawed cells of Escherichia coli 451B

were incubated in a similar phosphate recovery medium lacking Mg++,

7

and subsequently plated into f;§§€15338‘sey\ag3£\with or without NaCl

~—~—

or deoxycholate, the viability of the suspension wa;\BB§E£ygg to decline,
N — .
and there was no recovery of tolerance to NaCl or deoxycholate.

P . { ; - .
view of previous experiments, this result would be expected. While \\\\\\\\
b&hﬂr’&nvestigators obtained recovery by this procedure, it would appear
that the degree of damage in Escherichia coli 451B after freezing "

‘necessitates the presence of Mg++. In the absence of Mg++ from the

phbsphate recovery medium, alterations of membrane permeability were

Q\,"
not repaired and the observed loss of viability occurred. The addition
of Mg++ to the phosphate recovery medium, which yielded the formulation’

of PKM medium, sustained the viability of the suspension of cells and -
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allowed recovery of salt tolerance. At the same time, there was no
4 .

fecovery of tolerance to deokycholate. The results would suggest that

after freezing and thawing, ‘the cells of Escherichia cgli 451B could

Id s \

not be repaired sufficiently to permit colony formation in the presence
of deoxycholate. Although membrane integrity had been restored,
unrepaired lesions in the outer envelope could result in a lack of

rd

colony formation on deoxychglate plating medium.

\

In the studies of Ray, Janssen and, Busta (1971) and Rginand

Speck (1972a), it would appear that a lesser degree of freezing damage

3

to the cell suspension occurred. In these instances, Mg+* was not

*
required for repair or stability of the membrane. This may possibly

be'explained by the freezing“précedure employed by Fhese ;uthors. In
their investigatidns, cells were suspended in distilled water and
éubjebted to rapid freezing follgwed by slow thawing. Kuo (1969)
demonstrated that this was the procedure least 1nj;rious to the pell
suspension. ‘hashing and sus;endzng the cells in 0.85% NaCl before
slow freezing greatly increased the degree of death and damage to the
. sugpended cells, and for éhis reason, was employed in the present
1nvestigatio;. Previous authors (Strange aﬁﬁsshon, 1964; Fotsberg,
Coste;Logmand MacLeod, 1970; Sato, Izaki and -Takabashi, 1972) have

[N 9

demonstrated that Mg++ is washed from the cell envelope by a saline
_solution. After washing Escheric@ia coli 451B in 0.85% saline, some
losgs of Mg++ may occur. Such a loss may make the cell more susceptible

to the changes produced by the freeze-thaw process which resulé
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in injury and.death.

N A

It would appear that freez;ng and thawing of Escheriechia coli
451B ;n the presence of saltg results in an altered permeability of the
cytoﬁlasmic membrane, and this alteration is reversed by incubation in
PKM recovery medium, Mg++ appear8 to be the essential component of this
medium and effects a repair of the membrane without protein synthesis
or an energ; requirement. The rapid recovery of %alt tole@ance of a
frozen and thawed population would suggest that Mg++ part{cipates in a

chelating effect in the membrane to bind lesions which may result from

loss of Mg++ from the membrane during the freeze-thaw process.

/
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* APPENDIX A

Plate counts obtained after incubation of a suspension of frozen and
thawed cells in PKM recovery medium and subsequent plating of aliquots
of this suspension on various plating media at several time intervals.

Mean values of quadruplicate plates are given together with the
standard- deviations and common logarithms of these means. The loga-
rithmic values were employed to construct the graph in ﬁigure 14.
The values given in this appendix are typical of the valpes obtained
in all plating experiments.

Standard

Plating Medium Time (hrs.) Mean Deviation Log, g
1. Trypticase 0 138.3 8.34 ' 4.1407
soy agar 3 149.3 3.10 4.1739
1 149.0 20,22 4,1732
2 133.5 11.15 4,1255

3 138.3 9.71 4.1407
' 43 153.5  2.38 4.1861
6, 160.0 - 9.42 4,2041
2. Trypticase 0 36.3 2.36 3.5593
soy agar 3 109.8 10.59 4.0404
+ 0.55 M C1 116.5 6.14 4.0663
NaCl 2 130.0 7.75 4.1139
3 129.3 8.22 4.1114
43 126.0 .+ 15.49 4.1004
6 137.8 9.00 4.1391
3. minimal agar 0 64.8 12.61 3.8112
+ 0.005 M 3 67.0 11.75 3.8261
aspartate 1 . 87.8 0 12.92 3.9432
: 2 —~  l118.0 9.90 4.0719-
3 122.0 8.04 4.0864
43 126.0 13.59 4.1004
6 s 124.5 13.92 4,0952
4, minimai\agar 0 35.5, » 7.85 3.5502
3 42.5 9.68 3.6284
1 64.3 6.29 3.8079
2 88.3 8.26. 3.9457

3 .98.5 7.59 3.9934

43 121.3 .65 4.0837

- 6

125.3 10.56 4.0978
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Plating Medium

o 5.

- minimal agar
+ 0.005 M
aspartate
+ 0.3 M NaCl

s

an

Time (hrs.)

!

0

[ B VLI SR S

¢

°

Mgan

10.0
25.8
46.0

67.3

83.8
94.8
106.0

Standard
Deviation

2.00
2.87
7.35
6.75
5.97
13.28
12.19

Loglo

3.0000
3.4108
3.6628
3.8277
3.9230
3.9766

4.0253
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