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ABSTRACT 

James Newman Bunch 

REPAIR OF INJURY IN ESCHERICHIA COLI 
AFTER FREEZING 

Microbiology 

The recovery of ce Ils of Esaherichia coti 45lB damaged by
.:> 

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

cells demonstrated aq increased sensitivity to è.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 cons~sting of 

-3 + ++ P04 ,K and Mg ,at pH 7.0 

Mg++ was the most important component of this medium and its 

substitution by other divalent cations reeulted only in a partial re-

covery of the cell population. Recovery was not affected by ehlor-

gmphenicol, iodoacetate or cyanide, and the rate of recovery was retarded . , 
bu~ not inhibited by a decreased incubation temperature. These data 

suggeeted that Mg++-mediat~d recovery did not have an energy requirement 

and resulted in the repair of membrane permeabi1ity. 

The addition of aspartic acid to the reeovery medium reau1ted 

in cell multiplication, but only after a 1ag during which repair was 

effected. Repair was not appreciably enhanced by aspartic acid. A 

8U&ilar growth response w&s obtained with various other amino acids an? 

ci tric acid cycle intermediates, but the addition of glucose or aerine 

re.ulted in a considerably lonler grovth 1ag. Glucose did not part1cipate 

in the recovery proceas. 



RESUME 

Ph.D. James Newman Bunch Microbio1~gie 7~ 

REPARATIO~ DU DOMMAGE DANS ESCHERICHIA COLI 
APRES LA CONGELATION ' 

La récupération de cellules EschePichia coli 451B endommagées 

par le gel a été examinée. Après être gelées et dégelées, une proportion 

des ~~les ont démontré une s~nsibilité accrue à 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 à l'actinomicine D. 

Ces conditions furent surmontees en pre incubant les cellules dans un 

-3..+ -t+ milieu de P04 ,~' et Mg , au pH 7.0. 

Mg++ est le composant le plus importànt de ce!~ilieu et le 
/ 

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'acétate iod~ ou le cyanure, et le 

rythme de récupération est retardé, mais non empêché en décroissant la 

température d'incubation. Ces données suggèrent que la récupér~tion par 

Mg++ ne requière aucune énergie et il en résulte 1~ réparation de la 

perméabilité de la membrane. 

, 
L'addition d'acide aspartique au milieu de récupération,' 

résulte en une multip1icatlon de~ cellules, mais seulement après un 

1apse de temps, p~ndant lequel la réparation se fait. Cett~ réparation 

ne fut rehaussée appréciab1ement par l'acide aspartique. Une crotssance 

semblable fut obtenue avec plusieurs autres acides aminés et les inter

médiaires du cycle d'acide citrique, mals avec" l'addition de glucose ou 

'de sérine l'on prolonge considérablement ce lapse de croissance. 

1 
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CLAIM OF CONTRIBUTION TO KNOWLEDGE 

After freezing and thawi&g a suspension of E8~ePichia coLi 45lB, 

a rapid decline in viability of a proportion jf the population was 

overcome by the addition of Mg++ to tHé suspended cells. 

++ The presence of Mg in a solution of phosphate and potassium salts 

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

during incubation in this medium. 

3. Other divalent and monovalent cations tested could not substitute 

++ for Mg ln the recovery of salt toletance by a frozen and thawed 

suspension of cells. l' 

4. Mg++-mediated recovery of s~lf tolérance of a frozen and thawed 

suspension of celis did not require metabolic en~gy or prot~n 

o synthesis. 

S. Neither aspartic acid nor glucose enhanced the reco!ery of tolerance 

6. 

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

Aspartic acid ~ not glucose vas shawn to be a more suitable 

.etabolte sub8t~te to initiate the tultiplication and division of 
~ '-<.4 ~ 

'" "f 

bot4,freab, unfrozen eells of E8c~~~ia ooti 451B and the viable 

cel~ reaainiua after ft.ezing .nd thawing. 
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INTRODUCTION 

Cellular damage to bacteria has been induCèd by a vari ty of 
, 
~tresses. These have included freezing and thawing (Straka and Stokes, 

1959; ~OS8 and Speck, 1966; Kuo and MacLeod, 1969r Ray and Spec , 1972), 

ying SU~1~;ha1 heat treatment (Iando10 and Ordal, 1961> and 

(Sina'keyand Si1verman, 1970;-Ray, Je.eski and 'us ta , 1971). 1 

Freezing damage to bacterial cells ha~ been found ta ~esult 
: in:death or injUr~ characterized by an increased nutr~tiona11~iqUire
,me~t (Straka and St~k.s, 1959; Hoss ~nd §p.~k, 1966). Kuo\~IHaCLeod 

(1969) increase4< the cOunt of a 8~pen8ion )'f frozen and t~wer ce1ls 

of E8cherichia coti 45lB in a minimàl glujPse-salts medium py 

supplementing it with aspartic acid. Thef proposed that aspa~tate 

.. 

might be invelved in the replenisbment of the amino acid pool of freeze-

damaged ce11s or in a specfflc repair ~f the damage caused by freezing. 

! 
Cellular damage.~s been c~atacterized by sensitlvity of injured 

ce1ls to selective agents such aB Na l (Iandolo ahd Ordal, 1966) and 

sodium deoxycho1at~ (Sinskey and Si verman, 1970). 

In the present atudYt itivity of frozen and thaved celle of 

E8aheri~hia aoti 45lB to HaCI va. establiabed as a criterion of ce1lu1af 

d"'ae. Usina thi. criterion, • rol.s of aspart.te and coapoDeDte of 

2 

1 

1 
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~ IlliJ gluc ••• -l&lt8 medium (Kuo and MacLeod, 1969) in the repair 
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of freeze7injury were ~am1ned • 
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LITERATURE REVIEW 

uirements of Frozen 
ensions of Bacteria 

It haB long been recognized that the freezing of a bacteria1 

suspension had an adverse effect on the viabi1ity of the population. 

Many microbial species demonstrating an Jncreased nutritiona1 requirement 
-' 

after freezing have been described in the literature and inc1ude: 

EsohePiahia aoli, Straka,and Stokes, 1959; Arpai, 1962; Moss and Speck, 
..... 1) 

1966; MacLeod et al., 1966, 1967; Kock~ and Bretz, 1Q67, 1969; Kuo and 
".. 

MacLeod, 1969; Aerobacte~ ae~genes, Postgate"an~Hunter,- 1963; 

MacLeod et al., 1966, 1967; Streptoaoacus laatis, kbss and Speck, 1963; 
J " 

Shigella sonneiJNak~.~a and Dawson, 1962; Pseudomonas app. , Straka 

and Stokes, 1959; Kuo'and MacLeod, 1969; Salmonella spp., Sorre11s, 

Spe~k and 'Wa1ièn, 1970; Ray, Janssen and Busta, 1972; Se~tia ~esaens, 

Kuo and MacLeod, 1969; VibPio 8WJainogenes, Wolin, 1966; Saaaha1'omyaes 

aerevisiae, Hansen and Nos.al, 1955. 

Straka and Stoke. (1959), using strains of Esohe~hia coli 

and Pseudomonas spp., firat d •• cribed the nonletha1 effects of freezlng 

dauge to bact~rlal ceUa .tÎd employed th,e tara "aetabol1c injury't. This 

wa. used to ~e.crlbe an incr .... d DUt~1tional requlrement of a proportion 

\ ' of a frozen' and tbaved population. Before expdnre to freezing, a 

5 
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suspension of cells was capable of growth on a minimal salts-glucose agar 

medium as weIl ~s on Trypticase soy agar (TSA). After freezing, the , 
various states of the bacterial cells were defined 8S: 

1) Injured cells: those which grew on TSA but not on minimai 

agar after exposure. They were determined quantitatively by the 

dlfference ln plate counts on the two media. 

2) Dead cella: those which failed to grow on TSA after 

exp08ure. ~~ difference between the initial TSA count and that after 

exposure indicsted the number of ceLls killed. 

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

exposure to low temperatures. 

~traka and Stokes found that the addition of trypticase to the 

minimal agar increased the count to the level of that on TSA and it was 

suggested that the peptide components of trypticase, an enzymatic digest 
, 

of casein, were responsible for the increased 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 Eacherichia ooli, also demoDstrated increased çeunts of a 

frozen and thawed population whèn incubated 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 case with Straka and .. 
Stokes, acld-hydrolyzed'casein did not increase the counts. Sephadex gel 

chromatography of trypticase demonstrated five sim1lar smail-chain 
J. ; , : 

( ) 
, . 
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peptides whieh were as aetive as trypt1ease i~creaSing counts of • 

frozen and thawed population and hydrolysis of these peptides resulted in 

a 10ss of this activity. Isolation of extracellular material from the 

freezing menstruum of a frozen and thawed p~u18tion revealed similar 

peptides which were judged to be a result of intracellular leakage aince 

no lysis of cel1s was observed. Appearance of peptide material in the 

Bupernatant fractions paralleled losees in ~ell viability and these 

peptides were found to possees actlvity in agar media for the recovery 

of cells which had been metabolically injured by freezing. 

MacLeod, Smith and Gé1inas (1966) supplemented the minima~ 

medium or Straka and Stokes with Bacto-casam:fno acids and increased the 

count of frozen and thawed suspensions of both'Aerobacter aerogenes and 

Escheri9hia ooli. In these experiments, cysteine was found ta be as 

effective as Casamino acids. They postulated that frozen and thawed 

cells, being more permeable than unfrozen cella as a result of membrane 

damage, were susceptible to toxie trace elements present in the medium. 

The Increased nutritional requirement of a frozen and thawed population 

reflected the need for compounds sueh as cysteine to chelate toxie trace 

elements and allow injured cells to remain viable and grow in th~ plating 

medium. This was eonfirmed by MacLeod, Kuo and e'linas (1967) who ,found 

-++ a' toxie level of Cu in the distille(kvater used in the preparat,ion of 

r the plating diluent. A degree of senaitivity of unfrozen cells to this 

++ concentration of Cu in the plating diluent was demonstrated by the 
~ 
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counts of suspensions of cells suspended in the diJ~ent and then plated 

on minimal medium supplemented with eysteine. These counte were higher 

than those obtained in minimal medium without added cysteine. The 

difference in count between the two plating media disappeared, however, 

when Mg++ was added to the plating diluent or when this diluent was .. 
prepared in a manner which eliminated toxie Cu++. Th of Mg* e presence 

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 

suspensions of frozen and thawed cells on supplemented media over those 

obtained on unsupplemented media were ascribed to the capaeity of the 

supplement, i.e. cysteine. to remove toxie elements which had beeome 

bound to the cells during suspen~ion ,in the plating diluent. This 

8 

binding was presuméd to he at loci within the cell exposed as a result of 

membrane damage where Mg* in the diluent would not aet as an effective 

antagonist. When steps were taken to reduce the content of toxie trace o 
elements in the plating diluent, the metabolic injury produced in a 

suspension of cells of Ae~baoter aePOgenes by freezing and storage, as 

evideneed by the development of dlfferences in plate count on minimal 

and supplemented media, tended to disappear. ln simi1ar experiments with 

EsohePiohia ooZi 451B. a strain used by'Straka and Stokes (1959) and 

~S8 and Speek (1966a) in their etudies of metabolie in jury, Kuo and 

MaeLeod ;~1969) demon8trated a degree of sensltivity of unfrozen cells 

++ to the leveis of Cu empIoyed 1n the platins diluent, and upon freezing 

and thawlng, the dagre. of senaitivity was'1ncreaaed. The use of vater 
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redistilled in glass d:ld not alter the eounta of suspensions of frozen and 

thawed cells on unsupplemented media compared to the counts obtained on 

supplemented media. It was speculated that ainee the basic les ions in 

cells injured by freezing and storage appeared to bé membrane damage, 

leading ta increased penetrabilitYt changed aensitivity of the injured 

cells to medium components other than taxie trace elements might be 

expected. Further work by Kuo and MacLeod (1969) demonstrated the unique-

ness of various straina of bacteria in their responses after freezing 

to minimal media enriched with variOU8 supplements. Frozen and thawed 

suspensions of ce1ls of EBcherichia aoti 45lB were found to have higher 

counta on minimal medium supplemented with trypticase or aspartate than 

in the absence of a supplement. \owever, the count of a frozen lind 

thawed suspension of cells of E8~herichia coli 451B was not increased 

when plated on minimal medium supplemented vith cyeteine. In contrast, 

severa! strains of Aerobacter aerogenes did not respond to aspartate as 

a supplement. It was conc1uded that if the freezing of an organism led 

to membrane damage, the nature of the response of the damaged cella to 
1 

mediua components var:led,from organ:lsm to organisme 

Manifestations of MetabCl)lic Injury 
in Frozen and Thawed Bacteria 

Besides an :lncreased nutritional re~uireaent, a variety of 

other symptoms of injury have been noted 88 a r.sult of freedng and 

thawing. 

" ',-
t! • 
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An increased growth lag has been noted in enriched media after 

freezing and thawing (Squires and Hartse11, 1955), (Postgate and Hunter, .., 

1963). KOcka and Bretz (1969), us~ng an enriched agar medium with r~ 

slide-c~lture technique, de~nstrated that frozen And thawed ce1ls of 

Esoherichia coli took up to three times as long to undergo a first cell 

division as ce1ls which had not been frozen. 

Wolin (1966) fot,lnd that VibMo 8uom..nogeneB had an increased 

sen~itivity 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 E8aheriohia coli by Kohn 

and Szybalski (1959). They found, in addition, that incubation of a 

.U8P.n.io~ of coll. in nutrient broth for sixt Y ~~ut •• aftor fro.zina 

and thawing led to complete recovery of resista~c~ to lysQzyme. Bretz 

and Rocka (1967);demonstrated that Esaheriahia ooli had a sensitivity to 

actinomycin D after freezlng and thawing and equated thi$ to the lysozyme 

sensltivity seen by Kohn and Szybalski (1959). Slmi1ar observations were 

made by Ray, Janssen, and Busta (1972). who concluded that freezing and 

thawing of SaZmoneZZa 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 Inabi11ty of a frozen and 
. 

tbawed sU8pen.ion of Eeohe.1"'lohia (JOU ta farIR colonies on a medium 

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

nutritional1y adequate. Normal ce1ls cou1d do so. Ray, Janssen and 

Busta (197Z) noted a simi1ar finding with Salmonella anatum using 0.2% 

4eoXY~~1~);: in the enriOhed plating medium and attributed this sensitivity 

'\to an alte~ation in the ce1l wall. and cytoplasmic membrane. Attempts to 

relate this action directly to the 1ipoprotein of the membrane were 

inconc1usive. 

Evidence of increased permeability in frozen and thawed cells 

has been widely noted in the 1iterature. Lindeberg and Lode (1963) 

noted the release of UV-absorbing materials from a suspension of frozen 

and thawed cells of Esoheriohia ooli. This loss of material appeared 

to be prqportional to the 1088 of viability of ç~ cells in the suspension. 

Mazur (1963) found an increase in the concentration of solutes in the 

medium of a suspension of Esaneriohia ooli after freezing which was 

propottional to the 10s8 of viabi1ity. Moss and Speck (1966b) found that 

freecing and storage of a strain of Eeoheriohia ooli in 0.038 M phosphate 

buffer resulted in a 108s of cell viabi1ity and ~ pronounced leakage of 

cellular mate rial which had maximal absorption at 260 om. This 1eakage 

materia1 contained prqtein in the form of peptides of relatively sma11 

molecular weight. Di~ect ce11 counts ind~cated that the material W8S not 

a reault of cell lys18. When frozen in diatilled water, only amall amounts 

of 260 na absorbing material vere detected, but the decli~e in viability 

we. areater. Kûo (1969) deaonatrated a rel •••• of K+ and '~ll &mOunts 

> 
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of malic dehydrQgertàse when a suspension qf Aerobacter aerogenes was 

frozen and thawed ~ 0.1 M KCl. There waB no protein leakage and consi

+ derably less K leakaga when the suspending medium was distilled water. ,. 
Ray and Speck (1972), after freezing and thawing a strain of E8cherichia 

coli in distilled water, found leakage of materia~,which absorbed at 

" 

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

\ 1 

, '. 1 (;. 
Kuo (1966),studied the effect of freezing and storage on tbe 

respiratory activity ofcAerobacter aerogeneB. When glucose served as the 

oxidizable substrate, rèsptratory activity corre1ated weIl with viabi1ity 

as determined by bacterial colony count on the glucose minimal medium of 
o 

Straka and Stokes (1959). Where an amino acid mixture was emp10yed as 

the respiratory substrate, freezing and storage appeared to decrease 

, --viability more than respiratory activity, although the glucose plating 

medium vas again used to determine viabi1ity. Hansen and Nossal (1955) 

reported that the activity of the dehydrogenases of a number of substrates 

(succinate, lactate, citrate, malate, fumarate, and glutamate) in extracts~ 

of frozen and thawed celle were about the same as with extracts from 

unfrozen cells. Kuo (1969), on the other hand, found that freezing and 

thawing caused decreaaed acti~ity of malic dehydr08ena8~. ATPase and 

NADH2 oxidase in cells, of Ael'Obacter aeroge1168. 

Shikama (1965) observed that the ultraviolet absorbance of DNA 

vas not increased after freezing and tha~ng. He Buggestad that the 

double-stranded helical structure of DNA would DOt be broken down by 

/' 
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,freezing and thawing. Empü'ying the replicate plating technique, Kuo . 

(1969) demonstrated that the apparent nutritional requirement for aspar-

tate of a proportion of a frozen and thawed population of E8ohe~ahia ooli .. 
451B vas not due to the formatidn of stable auxotrophic mutants. The 

inabi1ity of the freezing process to aet as a mutagen vas a1so demons-
i 

trated by Postgate and Hunter (1963) and MacLeod, Smith and Gélinas (1966). 

Arpai and To~i8hava (l;,~) observed that freezing vas able ~o enhance 

the induction of 5tr~t~ycin resistance in Eaoherichia ooZi by chemica1 
~, ,~ 

mutagens. This obserta~ion may be re1ated to the findings of Sato and 
~ 

Takahashi (1970). Th~y demonstrated that co1d-shocked ce1ls of 

Eaoheriohia ooZi had more single-strand breaks in the DNA'structure than 

unshocked cells and attributed,this to an inability of DNA-~e to 

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

'++ to result from a loss of Mg from the shocked cells. 

li. Sor,rells t Speck and Warren. (1970) noted that although freezing 

and ~awing of SaLmonelLa g,àftfnarwn resulted 4" metabolic injury aL 

defi~ed by Straka and Stokes (1959), this treatment did not affect the 

pathogenicity of the cells when inQ~ulated into six week-old chicks. 

causes of Freetin. Injury 1n Cells 

Ear1y studie8 into the causes of freezing death attrl~uted it 

to the mechtlllicalo ae tion of iee erystala eOlllpresaing.' and piereina the 

eel~lar membrane. 
- ~,.I" 

Il 
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Lovelock (1957) observed freezing of human erythrocytes with 
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varying solutions of NaCl. Above 0.85 H,'the quantities of lipid lost by 

the cells increased greatly and there was a selectively greater 10s9 of 

phospho~pid. He suggested that the high Ionie strength of the 
'. 

"? 
'surrounding medium, as a result of water freezing out, weakened phosphô-

lipid bound to the membrane by ionie forces and rendered the cell more 

permeable to cations. 

'\ 

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

in two ways: (1) solution effects are responsible for injury when 

cooling Is slower than optimal, and (2) intracellular freezing 18 

tesPtinsible for injury when cooling is faster than optImal. Optimum 
1 

cooling rates vary widely among different types of cells. As cells are 

cool éd , intraeellular water becomes supercooled while extracellular 

water formé ic~r. Water begins to flow out of the cell in response to the 
"'"~ " 

vapour pressure gradient getween the intracellular, supercooled 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 

erystals above a partieul~ temperature. If the,temperature of the 

tf 
syst~ is decreased further, equilibrium of the gradient is achieved by . ,. 
the formation of intraeellular Iee. • ... ~ ~. 

" 

Elllploying lipoGome preparations, S1m1novitch and Chapman (1971) 
~ ,. .f~" 

clearly 118111Onstra'ted the depe,ndence of lntracellular and extracellular 

iee formation on the r.ate of cooling of~~u.p.ndlng media .. weIl. sa the 

.\ ... 
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effeet of iee formation on liposomes. Variou8 markers were ineorporated 

into liposomes prepared from egg yolk lethicin. The liposomes were then 

frozen at a controlled rate and thawed. ,Light microscope observations 

of liposomes frozen at a slow rate (O.5°C/min) demonstrated extracellular 

formation of ice with simultaneous diminution of liposome volume until 

the liposomes wer~ barely discernable amang the ice crystals. Upon 

thawing, liposomes swelled visibly and reoccupied nearly the same area 

as before freezing. Liposomes which had been treated in this manner 

appeared to have lost SOrne of the smooth and regular features of normal 

liposomes and there was a pronounced increase in the release of"both 

ionie and 
f 

nonionic marKers trapped in the liposomes e.g. phosphate, 
. 

chromate, glucose and glycine. Rapid freezing (20.0oC/min) resulted in 

formation of intracellular ice. Liposomes thuB frozen gave no evidence 

of contraction and upon thawing, iee crystals inside and outside of the 

liposomes melted without any indication of swelling. Unfortunately, 

similar obsetvatfl)Îls of marker release from rapid.1y frozen liposomes 

were not made. 

{' 

Cells eooled very rapidly aehieve equilibrium by intraeellular 

iee formation with very little dehydration. Cells cooled slowly are 

t 
subjected to dehydratiOh and it i9 here that solution effects-oecur. 

Mazur (1970) listed these as: (1) concentration of intraeellular and 

extracellular solutes, (2) deerease of cell volume, (3) preeipitati~n of 

solutes as their solubilltles are axcaedecl with .cCOBpanyin~alteratlon 
; ~ 

/>' 
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of pH, and (4) precipitation of aIl solutes be10w the eutectic point of 

the system. 

Zimmerman (1964) found that a large dec1ine in tbe viability of 

a suspension of SePTatia m~8oens occurred when saline solutions 

suspending the cel1s were frozen below the eutectic point of the solutions. 

When ce1ls suspended in NaC1 solutions with concentrations up to 20% 

were frozen to a temperature which did not allow phase-transition of the 

solutions from liquid to solid, little effect on the viabi1ity of the 

sèspended cells was observed. Sim11ar1y, celle suspended in saline 
, 

solutions containing up to 20% NaC1 showed 1itt1e dec1ine in viabi1ity in 

the absence of freezing. This suggested that freezing and subsequent 

phase-transition crysta11ization of saline solutions was required before 
\ 

\ 
injury wou1d be manifested in suspended cella. 

Besides solution effeëts and intracellu1ar freezing, Mazur has 

speculated that the recrystallization of smaii intraceilular ice crystais 

to Iarger ones during the thawing process also contrlbutes to freezing 

in jury. 

~ 

Hepair of Injury in Sublethally Stressed Cell~ 

. -In definin. a.tabolic injury a8 an increaeed nutrition.l 

requirement after freezing. previou8 inve.tigatora choae a mintaal 

platins medium whiéh would not support the srovth of a proportion of a 
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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 

resu1ted in an enhanced co1ony ~unt. Injury has a1so been defined by 

an increased susceptibi1ity to a concentration of salt, or a surface
)'" 

active agent such as deoxycholate, 'which.is otherwise inef~ective. Wh en 
, 

a subletha11y stressed population is added to an enriched p1ating 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 ropulation in a 8uit~b1e environment before 

plating, it has been possible to 8ssess the n~ture 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 ce11s are sensitive. 
-"---./'i 

This technique has been emp10yed to study damage resu1ting from a variety 

of sub1ethal stresses inc1uding heat (Iando10 and Orda1, 1966), freeze-

drying (Sinskey and Silverman, 1970; Ray, Jezeski, and Busta, 1971), and 

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

') 
Iando10 and Orda1 (1966) exposed Staphy,toooo0U8 œtreUS to 

sublethal heat stress and found an inc~ea8ed sensitivity to 7.5% NaC! 

+ 
in TSA p!ating medium. The beated menstruum contained K , free ribo-

nucleotides, and amino acids, and tbia 8ugleated an alteration- of membrane 

" -permeability of the stre •• ed cella. Incubation in a lo!ution containins 

r 

i, 
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v 
glucose, amino acids and phosphate resulted in a return of salt toler~ce . -' 

Il 
during an extended lag period. The recovery was not. affected by chlor-

amphenicol but was completely inhibited by actinomycin D. The authors 

suggested that recovery from heat damage invol~ed membrane repair followed 

by RNA synthesis and ~bsequent growth. This was substa~tiated by tbe 

rapid incorporation of labelled amino acids into RNA at a rate paraI leI to 

the return of salt tolerance. The fact that energy-requiring reactions 

were occurring in spite of the presence of 2,4-dinltrophenol was explained 

on the basis of substrate phosphorylation of glucose. The recovery of 

some enzymatic activity in the presence of chloramphenicQl was thought to 

be a result of renaturation of heat-Iabile protein and not de novo 

synthesis. This view was substantlated by Allwood and Russell (1968) who 

demonstrated considerable RNA degradation and increased permeabi11ty in 

St.aphy],oooc(JU8 aureUB after subletha1 heat treatment. In a continuing 

study of heat in jury of StaphylooocCUB QUreUB, Sogin and Orda1 (1967) 

demonstrated the site of 1esion in RNA degradation to be ribosoma1 RNA. 

Rosentha1 and Iando10 (1~70) found that the 30s subunit of heated cells 

appeared to be se1ective1y attacked. Ana1ysis of RNA showed that 16s RNA 

was destroyed and that the secondary structure of 23s RNA was a1tered. 

Metabo1ic studies demonstrated that sub1etha1 heat affected the 

glyco1ytic pathway of SlaphYfooocaus auNUS (Bluhm and Ordal. 1969) and 

severely inactivated TCA cre1e dehydrogenasea (To~in8, Pieraon and 

Orda1, 1971). ln general, hawever, the--overaii metabolic activities of 

thi8 organism were not severely affected. 
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In a study with a Gram-negative organism. techni~ues similar to 

those described above were employed to determine the effect of subletha1 

heat on a population of SatmoneZ~ typhimurium (Tom1ins and Orda1, 1971). 

Heat-treated cells were plated on Levine Eosin Methylene Blue agar (EMS) 

with 2.0% NaCI or tSA + 0.25% sodium citrate. The difference in count 

represented the injured population. Treated cells incubated in a citrate-

salta medium before plating demonstrated an lncreasing tolerance to 
~ 

EMB-NaC1 plating medium and after four hours eounts on both plates were 

the sarne (from an initial difference of about 15 fold). After four hours, 

the lag ended and cells multiplied in éitrat~salts medium. Recovery 

was inhibited by 2,4-dinitrophenol indicatin~an energy requirement which 

only citrate could supply, and recovery was inhibited by chjn~amphenico1, 

in contrast to Staphylooooaus aureua. There was ltttie incorporation of 

labelled thymi4tne into recovering cells but labe1led uraeil was incorpo-

rated at a rapid rate in the first three hours after which time it 

qlateaued. After three hours there was an incorporation of labelled 

leucine into protein. The la ter formation of prot~n was attributed to 

rRNA newly synthesized in the firet three hours of recovery. This step 

• was aS8umed to be inhibited by ch1oramphenicol. 
'-

By ~ractionation of rRNA, Tomlins and Ords1 (1971) demonstrated 

that subletha1 heat treatment of Salmonella typhimurium totally degraded 

the 168 RNA 8pecies and partial1y degraded the 23a species. Su~rose 

gradient analyais demonstrated that after hest inju~y, the 30s riboeomal 
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subunit was destroyed and the sedimentation coefficient of the 50s 

particle was decreased to 47s. During the recovery of therma1ly injured 

cells of SaLmonella typhimurium, a steady-state accumulation of ribosoma1 

precursor partic1es was observed. Recovering cells were initially unab1e 

to synthesize protein due to the depletion of 308 ribosomes during thermal 

in jury. Chloramphenicol was found to effective1y inhibit the maturation 

of 308 subunits and, unlike Staphyloooccu8 auPeua, the rate-1imiting step 

in the recovery of \Jalmone Ua f:Bphirrnœium from thermal,ib.1ury was the 

protein synthesis involved in the maturation of the newly synthesized 30s 

subunits. ln contrast, thermally injured Staphylococaus au.1'eUB employed 

preexisting ribosomal proteins in the maturation of rRNA and consequently, 

chloramphenicol was ineffecti~e in inhibiting recovery. 

Tomlins, Vaaler and Ordal (1972) reasoned that since cellular 

integrity was altered by heat' treatment, it was possible that lipid 

synthesis occurred early during the recovery period as a competent 

membrane would be required for the concentration of essential intra-

cellular pools required for other biosynthetic processes. The lipo-

protein-lipopolysaccharide envelope in SalmoneZZa containe the bulk of 
1 

the cellular lipid and it W8S determined by isotope dilution 8ssay that 

26.6% of the lipid present in recovered cells of SaLmonella typh~~ 

W8S synthesized during the recovery process. Since the heating 

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

during injury could have occurred vithout signification releaae of lipide 

'. 

--._---------------------------
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The concentrations of phosphatidyl ethanolamine and phosphatidyl glycerol 

synthesized during growth or repair were similar; however, the amount of 

cardiolipin synthesized during recovery was greater than that obtained 

from normal cells. The fatty acid spec~ &ynth~sized during recovery 

were qualitatively similar but quant~tatively dissimilar to the fatty 

acid profile of normal cells. The decreased concentrations of cyclopropane 

fatty acids with concomitant increases in their parent monoenoic acids 

gave presumptive evidence for the partial inactivation during injury of 

the enzyme cycl~ropane fatty acid synthetase. 

Sinskey and Silverman (1970) characte-rized injury incurred by 
1 

E8aheriohia ooli upon freeze-dryirtg 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 vas eliminated and the majority of 

the injury demonstrated was attributed to the freeze-drying operation. 

An altered permeability ~a8 demonstrated by sensitivity to deoxycholate. 

actinomycin D and leakage of ~A. Rehydration and incubation of freeze-

dried cells in a minimal glycerol-salts medium for five hours demonstrated 

that the cell population became inaensitive to actinomycin D, regained 

14 < 

a capacity to concentrate C-1abe11ed methylthiogalactoside, and began 

3 to Incorporate H-labe11ed uracil. After an additional 2.5 hours of 

14 incubation. protein synthesia began as mea8ured by C-labe!led leucine 

incorporation. DNA syntheeia, 88 mea.ured by thymidine uptake, occurred 
" 

? 
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approximate1y 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 

30s fractions wete present in reduced amounts. It was concluded that, 

in the firet five hours of incubation, the lost RNA was replaced and 

damaged ribosomes were repaired. Synthesis of RNA and rep1enishment 

~f 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 mi1k solide occurred rapidly after rehydration. 

Injury in surviving cells was defined as the inability to forro colonies 

on a plating medium containing deoxycho1ate. Recovery of this ability , 
occurred after'rehydration and incubation ln water for two hours. 

Recovery was reduced 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 authors that 

neither RNA or protein synthe.ia were involved in the recovery proeess. 

They ~oncluded that differences in the composition of test solutions, 

------~------------
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methods of determinatlon of in jury, and test organisms employed could 

account for the results of Sinskey and Silverman. Total inhibition of 

repair of injury by DNP and partial inhibition by CN , together with the 

temperature dependency of the repair rate, suggested that the recovery 
i 

process was dependent upon th~ formation of ATP. When fresh cells of 

Salmonella anatum were treated with EDTA, the injury incurred was 

++ neutralized by the addition of Ca . 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 Salmonel~ anatum was an energy~dependent 

repair of the lipopolysaccharide component of the cell wall. This was 

in apparent agreement with toe results of Bretz and Kocka (1967). . . 
Ray, Janssen. 'rufd Bosta (1972) investigated the repair of 

injury induced by freezing and thawing SaLmonelLa anatum. Fast freezing 

and slow tha~ing of cells suspended in water resulted in in jury of more 

than 90% of the cells ths't survived the treatment. Injury of cells was 

defined as an inability to grow and form colonies on a selec~ive medium 

,consisttng of xylose-Iysine-peptone 8gBr containing 0.2% deoxycholate, 

but capable of growth on this medium tn the absence of deoxycholate. 

Incubation of a frozen and thawed population of cells in a minimal 

glucose-salts broth resulted in recovery of tolerapce to ~eoxycholate 

plating medium within two hours. They further obaerved that nearly the 

same delree of recovery vas achieved by uaina only pota.sium phosphate 

a. the reeovery medium at the .... concentration (0.25%) a. that used in 

, \ 
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the ~inimal glucose-salts medium. The addition of 0.01% MgS04 to the 

phosphate recovery medium increased the extent of repair. The repair 

process in the presence of phosphate was not prevented by actinomycin D, 

ch10ramphenicol, or D-cyc1oserine, but was prevented by cyanide and 

2,4-dinitrophenol. The greatest degree of recovery occurred at pH 8.0 

and ~ substantia1ly reduced at pH 5.0. It was concluded that the 

repair process might invo1ve energy metabo1ism in the form of ATP but 

that RNA, protein and mucopeptide synthesis were not involved. Frozen 

and thawed#cells of SaLmoneLLa anatum demonstrated a susceptibillty to 

lysozyme which indicated to the authors that alteration of the lipopo

lysaccharide layer ,~~ the cell envelope had occurred. They proposed 

that phosphate-mediated recovery of damaged cells inv01ved an ATP-

, ++ 
dependent repair of the LPS layer and the enhancement by Mg resulted 

from stabi1ization of the cross-linkages of the LPS layer. 

Ray and Speck (1972a) investigated the repair of injury induced 

by rapidly freezing and thawing Escheriohia ooZi in distilled water. 

Inability of theofrozen and tnawed cells ta form colonies on Trypticase 

soy agar containing 0.3% yeast extract was interpreted as death. The 

difference in count between this medium and the same medium supp1emented 

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 . . 
minimal glucose-salts broth st pH 7.0 before surface-plating demonstrated 

recovery qf tolerance to deoxycholate in tbe plating .èd~ within two 
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hours. Incubation in K2HP0
4 

(0.5%) or pyruvate (O~l%) demonstrated about 

half this level of recovery. ++ Incubation in K
2

HP0
4 

+ Mg resulted in a 

level of recovery equal to that seen vith the minimal glucose-salts broth. 

No recovery vas sean in the presence of glucose alone. In the presence 

of PO -3 alone, optimum 
4 

vas seen at pH 5.5. The 

recovery occurred at a pH of 8.5 and no recovery 

-3 recovery of cells in P04 at pH 7.0 vas 

temperature-dependent vith no r~overy occurring below 15°C and optimal 

recovèry occurred in a temperature range between 25°C and 35°C. The 

authors concluded that phosphate vas required for some essential 

enz~tic acitivity, and together vith pyruvate, could be utilized by 

en/yme(s) for the synthesis of energy-rich compounds which might be 

/ ++ ' rtquired for the repair process. Mg might be necessary for the 
1 

activity of enzymes involved in the repair process or for maintaining 

stability of the cell vall, or both. The inability of glucose ta 

facilitate repair was attributed ta damage of some components of the 

glucose transport system during the freezing process. 

tbe 

In a subsequent paper, Ray and Speck (1972b) further characterized 

-3 P04 repair mechanis~ vith specifie inhibito~9tudies. Xepair of 

freeze-injured Esoheriohia coLi ~e118 incubated in 0.5% K2HP04 at pH 7.0 

and 25°C was uttaffected by the addition of chloramphenieol, aetinomycin D. 

penicillin, D-cycloserine or hydroxyurea. They concluded, therefore; 

~t the repair ~chani8~ might not involve the synthesis of protein, RNA. 

aucopeptidè or DNA. Phosphate repair va. inhibited by the addition of 
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DNP and cyanide and incubation of freeze-injured cella in 5.0 mM ATP 

resulted in repair of about half of the population of injured cells. 

26 

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

, sodium deoxycholate resulted in the 108s of about 'balf of the injured 

popul,tion, and~tth lysozyme, lysis of the population was evidenced by 

(J 

a loss of turbidity of the suspended cells. Incubation of ~eeze-

injured cell& in the phosphate recovery medium for one hour before 
~,.. Tj 

exposure to these agents demonstrated a greatly re~d susceptibility. 

It was concluded th~t in the freeze-injured cells, the lipopolysaccha~Jde l,. #'" 
• layer probably undergoes some kind of change and allows lysozyme ànd the 

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

This change in freeze-injured celle was reversible and could be repaired 

in K2HP04, probably through the synthesie and utilization of ATP. Mg+'+, 

it was felt, probably accelerated this process. 

Involvement of Vh++ i th 1 t it ~ n e n egr y 
of Strused Cells 

. ++ 
Although the precise structural role of Mg remains a matter 

of speculation, ies involvement in the envelopes, ribosomes, and enzyme 

complexes of various Gram-negative and Gram-positive cella has been weIl 

docuœented. Weibull (1956) firat noted that the integrity of Bacittus 

++ megaterium protoplaats wes dependent on the presence of Mg ions. 

Becently, Wisdomoand Welker (1973) have found a st.ilar result with 

Baoj t tus 8 uaztOthl}%fnO[>hi tus • 
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Eagon, Simmons and Carson (l965b) demonstrated the presence of 

Mg ++ and Ca ++ in the cell wall fraction of Paeudomonas +ruginOBa. 

27 

In previous work, (Eagon and Carson, 1965a), "the ability of the chelating 

agent, EDTA, to lys~ whole cells of PaeudOmonas aepuginoaa was 

established. The authors suggested that divalent cations formed cross-

linkages between the mucopeptide and non-mucopeptide components of the 

~ 
cell wall and could be disrupted by chelation. McClure (1967) fraction---
ated the envelope of a HaLobaoterium species and found a 1:1 ratio of -
Mg++ to the maj~r 1ipid of the cytoplasmic membrane, the diether analogue 

of phosphatidyl glycerophosphate. He proposed a tentative model in which 

++ 
Mg was firmly bound between lipid and proteine In it t he 8uggested that 

a tetradentate inter-molecular chelate existed between groups on the 

protein, magnesium and lipid head groups. Gordon and MacLeod (1966) 

do 
.• 

extracted lipids from the cell envelopes Qf Paeu monae aeruginoaa and 

++ a marina pseudomonad and found Mg associated with diphosphatidyl. 
"..--

glycerol. They s~sted that a bidentate chelate complex might be 

involved. In determining the amount of Mg++ present in native ~d 

reaggregated membranes of Mycoplasma, Kahane, Ne'eman and Razin (1973) 

++ found that practically Ali the membrane-bound Mg in Aoholeplaema 

'laid'tavii remained ~o bdund after the .. r~val of over 80% o~ the prote1.n 

by.~Pronase. They suggested that this might be due to the high proportion 

of phosphatidyl glycerol contained in the membranés. KOTA releaaed the 
d 

++ ' bulk of Mg bound to native and reaggrelated membrànes except for a saall 

but fairly constant amouut which wu too tiahtly bound and unavaiIable 
1 

~ 
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for chelation. 

\ 

Forsberg, Costerton and Macleod (1970) found that successive 

washings of a marine pseudomonad with 0.5 M NaC! re!eased a !oose!y-bound 

++ ' 
outer layer by displacing the Mg present. They suggested that the 

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, it was suggested that the displacement of Mg from this 

layer increased its frag:Hity on subsequent suspension of the cel1s in 

the absence of salta. Strange and Shon (1964), found that the washing of 

Aerobaater aerogenea in 0.85% NaCl resu~ted in a 10ss of adsorbed Mg++ 

on the surface of the cells and increased the death-rate of cells st 47°C. 

++ Addition of Mg to the heating diluent reversed this result. Tempest 

++ and Strange (1966) determined that up to 26% of the Mg of Aerobaater 

aerogenea was 100se1y adsorbed to the surface of the cells. Surface

++ adsorbed Mg stimu1ated polysaccharide synthesis and inGreased th~ 

resistance of bacteria to stresses inc1uding starvation, heat-acce1erated 

and substrate-accelerated death, and co1d shock. 

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

reference to the previoU9 york of Strange, Shon and Tempest. have 
, 0 

deecribed a saline-sensitive phenomenon in 88cheriohia coU. When cells 

at the logarithmic phase" of growth were washed in buffer and suspended 

Y 
l' 



" () 

• 

29 

in 0.15 M NaCl buffer for a period of 15 minutes, 90% of the population 

were found to have lost their colony-forming abili~ on nutrlent agar. 
ft 

Similar results ~ere obtained when cells vere suspended in LiCl, 
1'1 ~"." 

-2 ' 
The addition of 5xl0 M magnesium acetate 

or magnesium sulphate to the suspending medium protected the cells. and 

allowed almost 100% viability on the plating medium. lt was determlned 

, -2 ++ 
that a five minuta incubation inr 5xlO M Mg , after suspension in 

b~ffered saline for s,ixty minutes, resulted in a complete return of 

viability. ++ ++ Sorne recovery was noted wlth Ca and Mn , but to a much 

lesser extent. ++ Leakage of Mg from sallne-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 10SSŒ Mg++ 

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

++ Takahashi (1972) demonstrated that the Mg -mediateQ recovery from saline 

. treatment was not inhibited by either chloramrhenicol., 2,4-dinitrophenol 

'or sodium azide. UV-absorbing materials (260 nm) were released progress-. 
ively during In6ubation ln NaCl, suggest!ng an injury to the membrane • . 

++ When Mg was included in the incubation medium, the relesse of UV-

sbsorbing materials was suppressed almost completely. This might indicate 
, 

ü 

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

no analysie of released mate rial was·made by the authors, Tempest snd 

.Strange (1966) noted a simi1ar release of material, particularly an 1 

1-
amino ~id fract~~ whicb they 8uggested came from the soluble amino 

acid'pool of the cells. 

." 'f -

.. 
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Scheirer and Gerhar)t (1913) n~ted that the presence of 0.01 M 

magneaium chloride caused a relatively small but significant reduction 

in the equivalent poroaity of the protoplast membrane, but not in that of 

the cell wall, in intact Baèillus megaterium cells. Brock (1962) noted 

++ that Mg starvation in growing cells of Escheriahia coli reau1ted in a 

marked filamentation of the cells, a 108s in ability to stain with 

methylene blue, a drop in viability, and a marked increase in ability of 

whole cells to hydrôlyze a galactoside for which the ~train 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 EscheriOhia coti remained viable after 

++ twelve hours in a Mg -free medium but after 24 hours, only 2% of the 

population retained the ability to form colonies on an agar medium. The 

++ freeze-etching technique demonstrated that the membrane of Mg -

supplemented, exponentia11y growing cells demonstrated a uniform 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 n4ture and represent multi-, 

en~yme complexes or possibly specialized sites associated vith transport 
';. 

functions (Bayer and Remsen, 1970). 

Fiil and Branton fOUnd that ~h.n exponentially growing cella 
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++ were transferred to a Mg -deficient medium, a paracrystalline 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 partlcles appeared. ++ This response of cells to Mg defic1ency was 

irreversible and could not be observed when Ca++ wasrdeficient. The 

+t authors speculated that Mg deprivation affected membrane structure 

indirectly, via other perturbances in cell metabolism, e.g. ribosome ~ 
breakdown, since no decrease in the M&++ content of ~e cell envelope 

++ pep Be was detected, even after 24 hours of Mg deprivation. 

++ \ 
Mg has been demonstrated by several workers to prevent or 

repair the deleterious effects of cold shock. Farrell and Rose (1968) 
1 

compared the effects of co1d shock on a mesophile and a psychrophile. 

Cold shock in the psychrophile appeared to be similar in many respects 

to cold shock in the mesophile, particu1ar1y with regard to the kinetics 

++ of the process and the ability of Mg ta protect the bacteria against 

108s of viability. Cells of bath types were grown at 30°C, harvested 

~nd washed in 30 mM NaCl at 30 o e. Dilution of these suspensions were 

rapidly chilled to -2°C and incubated at that te~erature for 50 minutes 

after which approximately 50% of bath types remained viable. The 

++ addition of 5.0 mM Mg ta the incubating medium at -2°e resulted in 

100% viability in both cases after fifty minutes., No correlation was 
~ 

found between 10S8 of viability and leakage of UV-absorbing materiala and 

\ '. 

..... "1 1 
~ 
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it was noted that the amounts of UV-absorbing compounds released during 
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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 W8S not reported, but the 

results obtained with saline washing appeared to he in 'agreement with 

those of Strange and Shan (1964). 

Farrell and Rose noted that nelther the psychrophile nor the 

mesophile, when grown at 10oe, showed a measurahle decrease in viabllity 

when dilut~guSpenSions were rapidly chilled ta -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 authors proposed that an Increased content of double bonds 

in the fatty acids of the membrane phosph~lipids resulted in a decreased 

melting point of these lipid chains. 1t 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 ïn the phospholipids. Since no correlation 

could be drawn between 1088 of viability and lea~ge ~f UV-absorbing 

compounds, it was postulated that loss of otner intracellular solutes was 

more directly responsible for death of the organisms. Leder (1972), 

investigating co Id shoek of Escheriohia coLi, simllarly speeulated that 

it may be esse~tlal for the proper functlonins of the cell membr~e as a 

permeabllity barrier that the fatty aeid chains be in a liquid-like state. 
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By cauBing rapid crystallization of the membranes through chilling, 

Budden iSOO8motic shock would create hydrophi1ic channe18, faciiitating 

the escape of intrace11ular solutes. 

Sato and Takahashi (1968) found that exponential1y-growing 
, . 

E8Oheri~hia aoti cells suffered 80-90% 1088 of viabl1lty when cold-shocked 

to 3°C in 10-2 M Tris ~uffer. The ~ddition of 10-2 M Mg++ to the 

suspending medium protected the ce1ls .~rom co1d shock. The addition of 

-1 ++ 
10 M Mg two minutes after co Id-shocking resulted in~ rapid .recovery . . , 

.... "'~ ~ 

of via9ility (up to 100%). but upon further incubation, the v~$bility ~ 

'++ 
declined, possibly as a resûlt of the high level of Mg . Thè possibi1ity 

of Mg++-mediated recovery gradually decreased w&th incubation of-shocked 

++ cella in chilled buffer in the absence of Mg ion. After an incubation 

for 120 minutes, no significant increase in viability was 09seryed by the 
, .. ~ . ++ addition of Mg . Loss of UV-absorbing material from shocked cel~s was 

• ++ 
not affected by the subsequent addition of Mg • Slow chilling of ~he . 

. 
cells in Tris buffer al one did not affeCt the viability - an observation 

in agreement with Leder's postulation. Sato and Takahashi (1969) reported 

that logarithmica11y-growing cells of E8ohe~chia cati, cold-shocked·by 

rapid chi1ling to 3°C in Tris buffer, resulted in alout 60% 10s8 of 

viability when measured in terms of colony formation-on plates. The 

++ addition of Mg to the BU8pending medium before shocking prevented 108s 
-3 . 

of viability and its addition (5xl0 M) after shocking resulted in 

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

Shocked cells demonstrated seven t~me8 as much fluorescence as untreated 

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

viabi11ty as a result of leakage of lntracellular bivalent cations. at 

least in Escheridhia ooU. However. an involvement of· another mechanism 

for the death of the cells was evident. aince the ability of EBchePiohia 

ooti to recover from cold shock gradually decreased on incubation in 

++ ++ cold Mg -free Tris buffer. Mg -mediated recovery was inhibited by 

2,4-dinitrophenol but not chloramphenicol, therefore suggesting 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 ONA ligase as one of a 
1 

few known enzymes requiring NAD as an energy source. In 8 subsequent 

paper referred to previously in this review (Sato and Ta~hashit 1970), 

the authors sU8gested th~ logarithmically growing cells contain a number 

of nicks in the ONA stran~ which are normally joined by DNA ligase. In 

++ shocked cells, the absence of Mg as a required cofactor made DNA ligase 

inoperative. 

.. . ... 
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MATERIALS AND METHODS 

Test OrganisllL, 

The organlsm used throughout this investigation was 

Esaheriahia aoli 4siB (Mac 614). Cultures were initially lyophilized, 

and tubes were opened at various l~tervals throughout the course of the 

investigation. Slants of the organism were malntained on Trypticase 

say agar (~BL) 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 

tedistilled in a Corning AG-2 all-glas8 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 vere employed, glassware was 

fir.t aoated in chroadc acid, then in a concentrated 8ulphuric-nitric 

acid .txture (2:1) after which lt wee rin •• d in tap, then &18S8-
, . 

dia tilled wa ter. 

1 

4 
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Preparation of Cells for Freezin~ 

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 soy broth in a 50 ml flaak. The broth contained 1.5% Trypticase 

(BBL), 0.5% Phytone (BBL), and 0.5% NaCl (Fisher Scientific). After 

8 hours at 37°C, the contents of the flaak were transferred to a 2.0 litre 

flask containing 250 ml of Trypticase soy broth at 37°C. The flaak was 

then incubated for 15 hours. When the culture had entered the stationary 

phase at 15 hours, the culture was transferred to a 250 ml polypropylene \ 
) 

centrifuge bottle and centrifuged et 9000 x g for five minutes in a Sorval , 
RC2B refrigerated centrifuge at 4°C. The supernatant was decanted and the 

pellet weshed 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 0.85% saline in a acrewcap bottle. This dilution yielded 

7 approximately 2xlO cells/ml. Where fresh cells were required for experi-

mentation, 10 ml of this suspension were diluted to 100 ml in 0.85% 

saline and 0.5 ml of this dilution we~e employed immediately,as an inoculum 

for the recovery media. 

Procedure for Freezina and Thavina of Celle 

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

2xl07 cella/ml auspension wete added to eapped polypropylene tubes 



(75x15 mm) and frozen to -20oC in a de~p freeze. After 22-24 hours, a 

tube was removed, immersed in 175 ml of H20 at 200C in a 250 ml beaker 

and allowéd to thaw. As the last trace of ice disappeared, the tube 

was agitated and 0.5 ml aliquots were imm4diately withdrawn to be used 

as inocula for the recovery media. 

Recovery Media 

The term 'recovery medium' was used to describe a 99.5 ml 

volume of nutrients contained in a 4 ounce screwcap bottle. Throughout 

the course of this etudy, aIl recovery media were dispensed in a similar 

fashion. 

1) PKM recovery medium 

This medium contained 0.005 M K2S04 , 0.01 M NaH2P04, and 
, 

, . 
0.001 M MgS04'7H20 to give the fo1lowing final 'concentrations: 

0.01 M P04-3 

0.01 M K+ 

++ 0.001 M Mg 
1 

t 

The medium was prepared by mixing 0.348 g K2S04 and 0.552 g 

NaH2P04 in glass-dis~llled vater. The solution was adjusted to pH 7.0 

vith 0.1 M NaOH and diluied to 200 ml, after which it was dispensed into 

two four ounce screwcap bottles. Afte~ autoclavlng, a 50 ml .liquo~of 

the solution was •• eptical1y dilutad to 100 ml vith sterile 0.002 M 

, . 

, 
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Where other {ons were substituted or added, the solutions 
j 

were prepared in a similar fashion, using equimolar ~ounts of various 

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

adjusted to 6.5 before autoclaving. 

Where heat-labile supplements were added, the PKM recovery 

medium was prepared and filter-sterilized with a 0.22~ Millipore fiiter 

(25 tmn dia.). 

Where other supplements were employed in addition to 

phosphate, magnesium and potassium, (e.g. aspartate or glucose) 
0\ 

appropriate additions were made to a 0.002 M MgS04 solution, the pH was 

adju8ted to 7.0, and the solution autoclaved before dilutlng wlth 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 

aspart8te (disodium salt - Calbiochèm) and 0.001 M MgS04 • 7 H20 and was 

adjusted with KOH to pH 7.0. In later experiments, the medium wae 

prepare4 by addlng 0.134 g of 8spartate and 0.174 g of K2S04 to a 

solution of 0.001 M MgS04·7B20. The solution W8S adjusted to a pH 

of 7.0 vith NaOH, di~uted to 200 ml with 0.001 M MgS04'7H20, and 

autoclaved. This gave the followtng final concentrations: 



0.005 M aspartate 

0.01 M K+ 

0.001 M Mg++-

40 

.. 
Whe~e other substances were 8ubstituted for aspartate, equiuolar amounts 

were employed and the solutions prepared in a similar fashion. 

t '" .. " 

. 3) Minimal recovery medium 
, 

The minimal recovery medium employed was the defined medium 

Qf Straka and Stokes (1959) and consisted (per litre) of: 

basal salts; 

1 

sodium citrate 

\ MgSO .. '7H20 

7.0 g 

3.0 g 

LOg 

0.1 g 

0.1 g 

glu~o8e 2.0 g 

The minimal medium was p~epared by dilution of a ten timea concentrated 

stock solution·of the_ba~al salte to~double strength, and 100 ml aliquots 

were autoclaved in 100 ml screwcap bottles. Double strength glucose 

±a.Ol M aspartate, where required, was prepared in a stmilar fashion, 

vith the pH adjueted to' 7.0 vith 1.0 M-KOH. After cooling, 50 ml aliquots 

of glucose vith and vithout aepartate were aseptically diluted to 100 ml 

vith the double strength b •• al salt. sqlution. Recovery media prepared 

in th1. manner were refrigerated until u.ed~ 
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Plating Media 

, ) 

1 • 

• 

.. 
1) Trypticase soy agar (TSA) plating medium 

~ 

This medium, containing 5% Trypticase, 5% Phytone, 1.5% 

agar (aIl BBL products) and 0.5% NaCl was dissolved, di8pên~ed in 10 ml 

aliquote into clean test tubes, autoclaved, and refrigerated until used. 

Before use t the tubed media were llquefied in an autoclave and cooled to 

2) Trypticase soy agar + salt (TSAS) plating medium 

This medium was prepared in the same manner as TSA, but in 

" 
suspending the medium, sufficiènt 3 M NaCl was added to ensure 8 final 

• 
concentration of 0.55 M NaCI in the plating medium. 

j) Minimal plating medium 

The minimal plating medium employed consisted of the minimal 

recovery medium with 1.5% agar added. The medium ~as prepared by 

dilution of 8 ten times stock solution of the basal salts to double 

strength. This was diepensed in 5 ml aliquote into acid-washed test 

tube~, autoclaved, and refrigerated until used. A double strength 

,glucose-agar mixture was prepared in a similar fashidn. 

Where 0.005 M 8spartate was employed in the final medium, 

. .0.665 g of sodium aapartate was added to the double streulth glucose-

agar solution, the pH was adju8ted to 7.0 vith 0.1 M KOH, and the mediua 

was dispensed as before. 

f 
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Where required, sufficient 3.0 M NaCI was added to the basal 
, c~ 

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

0.3 M NaC!. 

When plating, the content of a tube of basal salts solution 
13 

was added to a Petri dish together with the content of a tube containing 

the organic components of the medium. This yielded the final concen-

trations of the ~inimal plating medium. 

i' 

Platina Procedure 

At the beginning of an experiment, 0.5 ml of fresh or frozen 

and thawed inoculum was added to 99.5 ~ a recovery medium held in 

ice, and ~haken vigorously. One ml aliquots were withdrawn immediately, 

dilut~d to 100 ml with ,0 ... 002 M MgSOI+ '7H20, and, one ml aliquots of thia 

dilution were added to blank Petri disheé. In this manner, the 

count of the recovery culture was established for zero time. The 

remaining volume of each recovery culture' was then agi~ted in a 

reciprocating waterbath shaker held at 37oC. 

The one ml inocula'in the Petri dishes were diluted with the 

appropriate plating medium and swirled to ensure even distribution of 

the inoculua. One ml aliquots of the recovery culture were routinely 

tak,n at 0.5, La, 2.0, 3.0·, 4.5, and six hours, diluted to 100 ml with 
t;-

, 

0.002 M maanesium dilution blaoka held at 37°C and plated in quadrupli-

cate. Inocula vere prepared in 8uch a vay a8 to ensure a count of 

/ 
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100-200 colonies/plate in plates of TSA or minimal medium + aspartate. 

After setting, the plates were incubated in an air convection incubator 

at 370 C for three days. 

After incubation, plates were counted on a New Brunswick 

colony ~ounter, the values of quadruplica:J;plates were summed, and 

(mean values were expressed as log number of cells/ml of recovery culture. 

AlI values were confirmed and the standard deviation of quadruplicate 

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

Respirometry 

• 
Reepirometry was performed using a Gilsoadifferential 

respirometer. For thes~ experiments, 15 ml respir~eter flasks with a 

centre weIl and one sac were acid-washed and dried. !WO and one half 

ml of the appropria te media were added to the outer are a of the flask 

and 0.. 5 ml of 20% KOU were added to the centre weIl which cont~ed a 

folded strip of Whatman's No. 1 filter paper. 

The flasks were he Id on i~e while 0.5 ml of inoculum were 

added to each, and the flasks were th en attached to the manometera and 

submerged in tne water bath, where they vere allawed to equilibrate to 

370 C for 15 minutes. The ~nocu1um was equiilbrated ln the presence of 
4 ... r.~ 

the sub~tr4te tQ eusure that lts~lability dld not decrease as the 

temperature lncreased as would be ,the caae if the cells were suspeuded 

in the freezing menatruum alone. After equllibratlon, the manometer 

• 

y 
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valves were closed and the experiment -proceeded • 

...... '1 

In these experiments, a lièaVr~r suspension of cells than was 
" 

used in the plating exper1ments was é1Dployed. After washing the cells. 

a suspension was prepared which gave 28% transmission of 11ght at 

650 nm. From this suspension, 20 ml were added to 80 m1 of sterile, 

cold 0.-85% NaCl. This suspension yie1ded approxim.ate1y 4xl08 celle/ml. 

This suspension was diluted ten fold for experiments vith fresh cella, 

and after freezing., was uaed undiluted for experiments involving frozen 
J 

and thawed cells. 

'1 
At the same time, a normal suspension at 50% transmission was 

, -
made fram the ~ TSB culture and diluted in the usual manner. Thia 

. " 
diluted Buspensi~ was frozeQ at the same time, then thawed and used as 

inoculum in plating experiments which were run simultaneoualy with the 

manoaetric measurements. 

, . 

, . 
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EXPERIMENTAL AND RESULTS 

Introduction 

In an earlier investigation ~Y Kuo and MacLeod (1969) of 

freezing and thawing damage to Esaheriahia aoli 45lB, it was reported 

that twice as many cells of a frozen and thawed suspension formed colonies 

when plated on a minimal medium supplemented with aspartic acid as on 

the minimal plating medium alone. Variou8 othér amino acids were found 

to have this capacity to increase the count of a suspension of cells 

after freezing and thawing, &ut not to the same degree as aepartate. 

Fresh (unfrozen) cells attained the same count on 'oth the mirtimal medium 

and the aspartate-supplemented tinimal medium. Aspartate was therefore 

judged to have a specifie role :r recovery from metabolic ~njury due to 

freezing and thawing. 

If aspartate were actively involved in the repai~Of membrane 

damage, it seemed likely that tRis repair would be effected before growth 
1 

and division. To explore this' pos8ibility. frozen and thawed cella vere 

incubated in an aspartate recovery medium prior to plating. 

Recovery in an ABpartate Medium 

A suspension of celle vas frozen uaing 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 interval, samples were plated on minimal medium and on 

minimal medium containing aspartate. The results a\e seen in Figure lB. 

When'initially plated, about twic~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 to, those obtained with aliquots 
, 

plated ln the minimal medium + aspartate. In a similar experiment 

conducted with fresh, unfrozen cella (Figure lA), no difference in count . ~ . 
l ' 

could be disc&rned in the presence and absence of aspartate in the 

pla ting medium. 

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

Qe~ts closely paralleled those obtained by Kuo and MacLeod. By 

,in~ubating th~ frozen and thawed suspension in the AKH medium, the 
: ' ) 

initial difference in plate counts uoted by Kuo and MacLeod was overc~me. 
L 

DU~ing this period of incubat~on, the eounts on minimal medium + 

8spartate (curve 3) remained stable while at,the same time, those on 

minimal medium (curve 4) iDcreased unt~l they equalled those on minimal 

medium + aspartat~. 
f 

In contrast, aliquots t~n from a suspension of fresh, 

.~ t· unfrozen cella incubated in AKM medium did not demonltrate an initial 
t 
i , difference in counts 'on minimal medium vith and without aspartate. 

;! ; 
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Figure 1 

Incubation of a suspenaion of fresh celle of E8ohe~ohia ooli 
45lB in AKM recovery medium. 

Aliquots of the incubating suspension of cells were'subse
quently plated in minimal Agar ± 0.005 M a.partie acid. 

Curve 1. 
Curve 2. 

minimal Agar + aspartate 
minimal agar alone 

B. Incubation of A suspension of frozen and thaved cells Of 
EschePichia coli 451B in/AKM recovery medium • 

. 
Aliquots of the incubating suspension of ce1ls vere subse-
quently plated in minimal agar ± 0.005 M aspArtic acid. 

Curve 3. 
Curve 4. 

minimal Agar + aspartate 
minimal Agar alone 

Counts of aliquote of the incubating suspensions of eells 
obtained on the plating media vere plotted against the interval 
of incubation ~n the recovery media. 
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After one-half hour, the counf~ on both plating media irtcreased rapidly 

with subsequent samplings on the recqvery culture. 

Salt Tolerance as a Criterion 
of Metabolic Injury 

It has been noted in previous work (MacLeod, Kuo~and Gélinas, 

1967) that one of the effects of freezing and thawing was inéreased 

permeability of the cell membrane. Kuo and MacLeod (1969) had noted 

the effectlveness of Trypticase as a supplement to the minimal medium 

and it was reasaned that the use of a c~mplex plating medium wou1d 

ensure the survival of a larger proportion of a suspension of frozen 

and thawed cells. The addition of NaCI to this medium would inhibit the 

'~rowth of those cells with incrèased permeability and therefore serve 

as a criterion-of metabolic damage. Following the procedure of Ordal 

(1966) with heat-damaged cells, Tryptlcase 80y agar with and without 

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

The most effective concentration of NaCI was determined by 

incubating fr~en and thawed cells in the AKM recovery medium and 
1; 

plating aliquots oi thià suspension into TSA medium containing various 

concentratiOns of NaC!. '-,-,The re.ulta are seen in Figure 2. The IDOst 
" 

effective concentration of ~l was judged to be that which would 

initially demonatrate a substantia11y lower count than the TSA control 

plates, but which would approxima te the tSA ~ount. before the end of 

.thé la, phase in the reoovery medium. 
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Fiaur~ 2 

Effect of various concentrations of NaCI in TS! platina medium on 
colony foraat1~n by frolen and thawed cells. 

'~ . 
Aliquots of 8uspen_~ons of froaen and thawed cells were added to 
variou. platina 1Ied'Ila after ..incubatiDn in AIH -recovery medium. 

Curve Plating Med~ 

1. TSA 

2 TSA + 0.5 M NaCI 

3 TSA + 0.55 M NaCI 

4 TSA + 0.6 M NaCI 

5 TSA + 0.7 M NaCI 
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With 0.5 M NaCI in the TSA plating medium (curve 2), counte 

were found to increaee rapidly when frozen and thawed cella were inc~b8ted 

in AKM recovery medium. At 0.7 M NaCl (curve 5), counts never achieved 

the level of the TSA control plates up to six hours. !Be optimum 

concentration range was judged to be 0.55 to 0.6 M NaCl and these two 

concentrations were used in succeeding experiments. In an experiment 

with fresh, unfrozen cells, no diffe~nce W8S 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 ol frozen 

and thawed cells in AKM resulted in increased salt toler~?ce of this 

population and c~unts on the suspension were se~ to increase about ten 

fold using TSAS as the ~+ating medium until they ~roXimated those on 

TSA. A simdlar result was obtained when a surface-p~ing procedure was 

employed rather than pour-plating. ~~ 

Comparison of Sensitivity to Salt in TSA or 
Minimal Me ~ As artate as a Criterion '~Metabolic 

, ' 
.~ 

The effectiveness of TSA ± NaCI in establishing sensitivity 

to salt as a criterion ~~~bolic injury was demonstrated by comparing 

this medium to minimal medium + aspartate tQ which a final concentration 

of 0.3 M NaCI had been added - a concentration wh+th had bean found to 

be optimal for ass8ssing injury in this medium. 

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

Compariaon of èounts obtained on TSA ± 0.55 M NaCl and minimal 
medium + aspartat~ 0.3 M NaC! after incubation of f~Ben and 
thawed cella 1n AKM recovery 'medium. 
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Cùrve Plating Medium 

l ' TSA 

2 . TSA + 0.55 M NaC! (TS~S) 

minimal medium + aspartate 

4 minimal medium + aspartate 
+ 0.3 M NaC! 
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in AKM i8 seen in the counts of TSA+ 0.55 M NaCI (curve 2) and minimal 

medium + a4partate + 0.3 M NaCl (curve 4). Although the count8 on all 

plates were slmilar after six hours of incubation in the p,recovery meditnn •. , 

an initial difference was seen between TSA and minimal medium + aspartate. .' 

The increase in count seen in minimal medium + aspartate 9uggested an 

initial sensitivity to this plating~~~~~~ which was overcome by 
'1 

preincubatiqo/,'in AKM recovery mediuJ'. TSA was seen to be a more stable 

\ 
control an~,~o enhance the colony-forming capacity of the population in 

the recov~y medium. 

Substitution of Aspartate 
in the AKM Medium by G1ucose 

It had been established in previous experiments that a proportion 

of a frozen and thawed suspension of cells were unable to forro colonies in 

the minimal plating medium where glucose served as the sole carbon-energy 

source. It was of 1nterest, therefore, to compare the effectiveness of 

aspartate and glucose in restoring salt tolerance-to such a population. 

An equimolar amount of glucose was subst1tuted for aspartate in the AKM 

++ recovery medium, and a recovery medium consisting of 0.001 M Mg al one , 

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 vas a graduaI decline in 

the ~ability of the incubating population (curveo 3, 5) .. ~ 
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Figure 4 

Effect of substitution of aspartate in the AkM reçov.ry.~diûm by . 
glucose on recovery of sale tolerance by a sùèpènslon of frozen 
and thawed cells. 
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, appreciable degree of recovery was noted (curvee 4, 6). 

Substitution of Other Organic Substrates 
in the ARM Recovery Medium 

Kuo and MacLeod (1969) had noted an enhanced plate count when 

the minimal plating medium was supplemented with other ami no acids but 

not ~o the same degree aswith aspartate. To test their effectiveness 

in restoring salt tolerance to a frozen and thawed population, a number 

of substrates were substituted for aspartate in t~AKM recovery medium. 

Equimolar concentrations of the sodium salts of various TC! 

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 twélve hours. The resu1ts are seen 

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

AKM medium served a~ ,a control and counts on TSA (cu~e 1) 

from this culture remained stable until cell multiplication began at 

3-4 hours. Recovery of salt tolerance (curve 2) proceeded st a usual 

rate. Declining viability in the malate culture, as demonstrated 

by TSA eounts (curve 3), resulted in a redueed count on TSAS (curve 4). 

However, recovery yas seen and a growth rate approach~g that of 

the aspartate medium was obtained. Results simllar to malate 

i' 
) ~ , were seen with 8uccinate (curvee 7, 8). 
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Filure 5 (A and B) 

Effect of substitution of aspartate in the AIK recovery medium by 
citric acid cycle inte~ediates on,the recovery of salt tolerance 
by a suspension of frozen and thawed celle. 

Concentrations of K+ and Mg++ in aIl recovery media vere the same 
as in AKM. 

Curve Plating Medium 

1 TSA 

2 tSAS 

' .. 3 TSA 

4 TSAS 

5 TSA 

6 TSAS 

7 TSA 

8 TSAS 

Recovery Me!dium 

AKH (0.005 M aspartate + 
0.01 M JC+ + 0.001 M Mg++ 

0.005 M"sodium ma1_~ + 
JC+ + Mg++ 

i -

. 
0.005 M eodium succinate + 
~ + Mg++ 

The reaults shown in Fiaure 5A and 5B are trom identi~~î"'sûijlJet\aiQ.~~ 
of cells iocubated at the ... time and are thu8 direc tly comparable-;-' 
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Although the response to citrate was slowe~ tqan that with succinate 

or malate (curves 5, 6), the result suggested utilization of citrate aB 

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

In a similar experiment with equimolar concentrations of amino 

acids (Figure 6), proline (curves 7, 8), and to a les8er extent, alanine 

(curve~ 3, 4) were found to be as effective as aspartate. Recovery of 

salt tolerance was similar in aIl cases. Serine (5, 6), which had 

previously been reported to be inhibitory to the irowth of a fr,ozen 

• 

and thawed population, and phenylalanine (9, 10), were found ,to initiate ( 

a much slower growth response. In the case of serine, some loss of 

vlabi1ity was noted, but recovery of salt tolerance proceeded in this 

case and in the case of phenylalanine. 

Results ~n these experiments suggested that a variety of 

organic substrate& other than aspartate. when present in the incubation 

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

It appeared, however, that'aepartate was the most effective of the 

compounds tested in initiating division an~ multiplication • 
. ' 

1 
" \ 

Comparison of'AKM and Minimal Medium 
+ Aapartate as RecQvery Media , 

lt had previously been demonatrated that substitution of 
\ ..... 'l ... 

aapartate in the AKH recovery medium by glucose re8ulted~in decreased 

viability of a frozen and thawed suspension of celle wit~;an~f 

-' 
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Figu~e 6 (A'and B) 

'0 • 
" 

Effect on frozen and thawed cells bf substitution of aepartate in 
the !KM recovery medium by other amino acids. 

Con~ent~tions of ~ and Mg~ in all.recovery m~di4 vere the~~e 
as in AKM. 

. , 
Curye 

. ' 

1 

1 
" l. 
2 

3 

4 

5 

6 

7 

8 

9 • 

10 

o • 

Plating Medium Recovery Medium 

TSA 

TSAS 
0.005 aspartate 
+ 0.01 M ~ + 0.901 M M3++ 

" '... ,1 

TSA -
0.~005 M alanine + 'K+ + Mg ++ 

TSAS 

TSA 
'0'.005 M serine + K+ + Mg ++ . 

TSAS 

TSA 
0.005 M prc;)line + r + Mg ++ 

TSAS 

TSA 
~ 

0.005'M phenylalanine 
+ ~ + Mg++-TSAS 

The"re8ul~8 in Fig1fte. 6A and 6B ate directly comparable • 
• (see legend to.Figure 5). (. 
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increase in salt tolerance. lt was of interes~, therefore, to compare 

AKM recovery medium with the minim«t-ffiëdium ± aspartate, prepared 

,. without agar and used as recovery m,dia. The results are seen in 

Figure 7. 

Incubation in aIl three media led to a r~covery of salt . . . 
tolerance of the cells. When AKM or minimal medium + aspartate waB' tts·ed 

as the recovery medium, the cells began to increase in numbers afteT 

recovery of salt tolerance. This was not the case with cells incubated 
) 

in minimal medium without aspartate'. 

Since recovery took place in the absence of aspartate, this "Jo 
.-

sugg~sted ~that sorne component other than aspartate was respQnsible for' 

the return of salt tolerance of cells incubated in the minimal medium. 

Role of Basal Salts 
in Recovery of Salt Toleranca 

1 
" 

\ 

Further to the prev;fus exp~rimebt, a frozen and thawed 

s1spension was incubated in basal saLts alone and the results were 

compared with ~ncubation in !=he AICM medium. The results are seen in 

Figure 8. 

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

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

comparabie to that in the ~ medium (curve 2) did take,place and 
'-..l , ~ 

suggested. that some or aIl of the components in the basal s.lts medium 
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Figure 7 

\ 
Comparison of AKM and minimal medium ± 4spartate as recovery med14 
for frozen and thawed cells. 
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'Figure 8 

Comparison of incubation of frozen and thawed cella in !KM and 
basal salts solution.' 

Curve -muàg Medium Recovery Medium 

l 1 TSA 

2 TSAS 

3 TSA 
basal salts solution 

4 TSAS' , 
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could effect a return of salt tolerance in a frozen and thawed suspension 

01 EBaheriohia ooli. , 

Development of PKM as a Recovery Medium 

The basal salts solution used in the preparation of minimal medium 
Il 

consisted of: 0.04 M K2HP04, 0.022 M KH
2
P04 , 0.007 M (NH4)2S04' 0.0003 M 

sodium citrate, and 0.0004 M MgS04·7H20). 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 mediu~ in altering the response of a frozen and 

tha~ed suspension of cells to NaCl in thé plating medium. Extensive tests 
, 

with various combinations and concentrations of these components resulted 

in a solution of NaH2P0
4

, K2S04 and MgS0
4 ·7H20, adjusted to pH 7.0 with 

NaOH and coataining 0.01 M po
4

- 3, 0.01 M K+ and 0.001 M Mg++ (PKM). 

These concentrations of components were based on the minimum concentration 

of each éomponent which, when present together with the other components, 

wou1d allow recovery of salt t~lerance by a frozen and thawed susp,ension , 

of cells comparable to that·obtained in basal salts solution, without 

cell multiplication or 109s of viability. Sodium citr~te and ammonium 

'sulphate were found not to be required. Figure ~ demonstrates the rate of 

recovery of salt tolerance when frozen and thaw~ cells were suspended in 

-3 + recovery media having constant concentrations o~ P04 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) 
~ , 

in· the recovery mecftum. A somewhat slawer rate of recovery was observed when 

1 L.._ 
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l' 
Comparison of incubation of frozen and,thawed cella in recovery media , 
with variou8 conce~trations of Mg*. ," 

1 ' , ,. 
A1l tecovery media contained 0.03 M NaH2P04 and 0.03 M 12 504 at 
pH 1.0. 

Curve Platina Medium ' Recovery, Medium 
r 

'10 , 

1· TSA ----r 0.01 M Mg++ 

\ 
2, TSAS 

~ 
~ 

1 

3 TS! 
M Mg++ ""' 0.001 

1· TSAS 

.... 5 \ TSA 
" 0.0001 M Mg++ ... 

6 TSAS 
, . 

, 7 TSA ." nO<Mg++ 
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Figure 14 

\ 

Effectiveness of incubation in PKM recovery medium in increasing 
the counts of frozen and thawed ce11s on various plating media. 

, 
Curve P1at:fng Medium 

1 TSA 

2 TSAS 

3 minimal agar + 0.005 M aspartate 

4 minimal agar' . 
--5- 0 minimal agar + 0.005 M aspartate 

+ -0.3 M Naèl 
à 

-
~Numerical values for the "graph are given in Appendix A'. 
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the AKM medium c6ûld be involved in the capacity of this medium to 

enhance salt tolerance. 

Sodium phosphate, magnesium sulphate and potassium sulphate 

were added separàtely to aspartate and the resulting solutions were 

compared, as recovery media, to the AKM medium"and to aspartate alon~ 

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 measu~ed using the TSA plating 

medium (curve 3). After reaching a steady state level and remaining 

there for about two 'hours, the cell populat~on began to increase. 
! 

Those cells which survived recovered their salt tolerance as indicated 

by the increase in numbers of celis in suspension able to form èolonies 

on'TSAS medium (curve 4). 
+ " 

The~ddition of po4-j, or K to the aspartate 

solution did not chan~e th~s pat~ern significantly. The addition of Mg++, 
, 1 

on the other hand, preve6ted the decrease in Iviability observed initially 

and increased the rate~of recovery of salt toleran~e considerably. 
. ! 

to be the major ionie eomponent of the AKM medium, and 

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

medium. 

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

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

~ 
Mg++ as its majpr component, PKM medium was prepared vith and vithout 



//. 
( 

f Figure 15 " 

Invo1vement of ions in t e capacity of AKM recovery medium to 
enhance sal t to1erance 0 frozen and thawed ceUls. 

AIl recovery media were adjusted ta pH 7.0 with 1.0 M NaOH. 

" Curve . P1atihg Medium Recovery Medium . 
1 TSA 0 AKM <0.005 M 

" 
aspartate + 0.01 M K+ 

2 TSAS + 0.001 M Mg++) 

, / 

3 TSA 
\. 0.005 M aspartatt! 

,4 TSAS 

,5 TSA 
aspartate + 0.001 M Mg:+ 

6 

\ 
TSAS 

7 TSA 
aspartate + 0.01 M K+ 

8 r\ 'JfSAS 1 
~-

t --------, 

9 TSA 
aspartate + 0)01 )f P0

4
- 3 

10 TsAs 

vi; 

" (! 

/ , 
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0.005 M aspartate. As well, recovery media were prepared in the 

concentrations of thelpKM medium with P0 4 -3 deletedj with IP~'q -3. and K+ 

deletedj and finally with P04 -1 and MÇ deleted. A me'dium consisting 

of glass-distilled water alone served as a control. A frozen and 

thawed suspensio~'of cells was inoculated into each of these media and 

aliquots were subsequently plated into TSA and TSAS. The results are 

" 

seen in Figure 16. The addition of aspartate ta the PKM medium did not 

rèsult in an appreciably greater rate of recovery of salt tolerance. 
1 

1 

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

in the suspension after incubation for three hours. 

, The -3 -3 + deletion of POli ,or P0 4 + K from PKM medium resul ted 

in a graduaI 10ss of viability of the cells in the incubating suspension 

but not before a return of salt tolerince which was comparable ta that 

seen with PKM medium. In the absence of P04-3 and Mg++, that 1s, with 

K+ alone as the recovery medium, there was'a rapid loss of viability 
• 

of the incubating suspension without a return of salt toleranc~ This 
\1 

result was comparable to that seen with water alone as the.suspeDding 

medium. 

The resul ts in this and the 1revio~s experiments suggested 

that Mg+2 was critical t~ recovery of salt tolerance by a ~rozen 

and thawed suspension. Aspartate appeared to function as a source of 

carbon and energy for cell multiplication - a function which could be 
. 

ass,umed by other amino acids and TCA intermedià1se's (Figures 5 and 6). 

, / 

.. 
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Figure 16 

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

6 

AllI recovery media were adj us ted tlo pH 7.0 wi th 1. 0 M NaOH. 

Curve· Plating Medium 

1 TSA 

Reco,;:,ery Medium \ 
PKM +.0.005 M aspartate 

2 TSAS 

3 TSA .. 
PKM 

4 TSAS 

5 TSA . 
0.01 M K+ + 0.001 M Mg++ 

6 TSAS 

~ 

7 TSA 
0.001 M Mg++ 

8 ( TSAS 

~. TSA 

~O .... TSAS 
" 

11 TSA 

12 TSAS 
\ . 
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Effect of Magnesium Alone as a Recovery Medium 

-f+ 
lt had been found in previous experiments that the use of Mg 

a10ne as a recover~ 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 sorne degree of growth in the PKM medium, and occurred 

when initial plàte counts wer~ higher. It seemed possible, therefore. 
~ 

that recovery in Mg++ alone might be re1ated to increased amounts of 

intracellular solutes being present as leakage produots after larger 

populations of frozen cells had been thawed. Previous work had 

demonstrated intracêllular leakage into the fre~zing menstruum (Kuo, 1969) 

and the inoculation of 0.5 ml of this menEtruum into the recovery medium 

could introduce sufficient alteration of the definèd PKM medium ta 

produce an enhanced recovery in Mg++ alone, and a slight degree of growth 

in PKM. 

~ 

To explore this possibi1ity, a frozen and thawed suspension of 

cells was prepared in the usuaI fashion and 1.0 and 4.0.mI aliquots 

we're inocu1ated into PKM and a recovery medium consisting of 0.001 M 

MgS04." 7 HQO. 'Aliquots of the various reco~ry media were subsequentIy 

plated in TSA and TSAS and the results are seen in Figure 17. Sorne 

degree of growth was evident tn the PKM medium, where 4.0 ml of the 

freezing menstruum were emp10yed as the inoculum (curves 5, 6), while 

littie was seen where 1.0 ml was empIoyed (curves 1, 2). Little 

, 
1 

, 
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· Figure 17 

Comparison of the e,ffect of two sizès of inocula on the recovery of 
salt tolerance by frozen and tha~ed cells. 

Volumes of l.O'and 4.0 ml of a frozen and thawed suspension of ce11s 
were added to PKM and 0:001 M Mg++ and aliquots from these recovery 
media were subsequent1y u1ated.on TSA and TSAS. 

1 

A. 1.0 ml inoculum 

Curve Plating Medium Retoveiy -Medium 

1 TSA 
PKM 

2 TSAS / 

3 TSA 
0.001 M Mg++ 

4 TSAS 
" r 

B. 4.0 ml inocu1um 

Curve PlaUng Medium Recovery Medium 

5 - TSA 
PKM 

6 TSAS 

7 TSA 
, 

0.001 MMg++ 
8 TSAS 

1 ... \'.- .. 
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differencè, however, ~s seen with the two ,~izes of inoculao in thêtr 
• r'jf 

res~onse to Mg++ alone. Butli demopstrated decreasing viability with '. 

some recovery of salt tolerance and were comparable to the result 

obtqined in Figure 16. \, 

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

For respirometry, it was necessary,}o use a "igher cell 
, » .. 

concentration than that used for plating experiments. Cells wete 
•• 0 tr ... 

prepared in the usual mannero, but the suspension ta be frozen was 
, ~ " ÇI 

increased to a density of 4xl08 cells/ml. Aher freezing for twenty-

fout: hours and thawing, 0.5 ml portions of this suspension were added 

the triplicate 2ets of respirometry flasks chlllèâ with i~e and 
> 1 

containing various media. These included PKM, PKM + aspartatè, PKM + 
Q 

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

set of PK!;! flasks ta serve as a control. ' Il!i ... , 

ta 

~fter allowing the. fl.sks • to equilibrate at 3fc in the 'wat_r 

bath, the v(:a~e were clased and changes in pressure wr.e recorded up 

ta 17.5 hou s. The results are ~een in figure l8B. R spfratory values ' 
... 

<r 

of inoculum distill~d water wer~subtracted in ea~,case in or~er to 

'-.-measure the effect of the P!M medium on endogenous respir~tion. 
'( , 

'( 

Respiration i~ PKM recovery medium was seen to remain,low 

throughout·the course of the experiment (curVe II and very little 
, . 

~ increase was·seen when glucose was 4~~ed to this medium_ (curve 2) • 

• 
} 

( 

". 

, 
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A. Uptake of 
incubated 

Curve 1. 

Curve 2. 

!, 

Curve 3. 

B. Uptake of 
incubated 

Curve 1. 

Curve 2. 

Curve 3. 

o 1 

Figure 18 
\ 

oxygen by a suspension of fresh (unfrozen) cells 
in various ~dia at 370C. 

incubation in PgM + 0.005 M 'aspartate 

incubation in PKM + 0.005 M-glucose 

incubation in PKM alone. 

oxygen by a suspension of frozen and thaw~d 
fn various media at 37oC. 

} 

incubation in PKM + 0.005 M aspartate 

incubation in PKM + 0.005 M glucose 

'" inc~ba tJ.on in PKM alone. 
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l 
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. 

The same experiment was repeated with a fresh ce1l inoculum 

diluted ten fold in 0.85% 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 suspensions 

. but rates of respiration were much higher. In bath exper~ments, however, 

it was evident that glucose did not stimulate respiration to any large 

extent. 
r 

A plating experiment was performed using the same media and 

the usual frozen and thawed inoculum. Aliquots of, the incubating 
( 

suspensions were taken up to twelve hours. R~ults are seen in ~igure 19. 
î1> 

Recov~ry of sal~ tolerance was evident in aIl three media and proceeded 

at about" the same rate. Hoo/ever, no multiplication of. cells was seen 

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

in the PKM + aspartate médium after a three hour 1ag. These data 
1. 

corresponded closely to that seert with manometric measurements and 
• 

,support the conclusion Âlat neither aspartate nor glucose enhanced 

r~tovery of salt tolerance but that aspartate was a very suitable 

substrate for ogrow~ and division after a period of recovery. 
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Figure 19 '~ 

Inêubation of a suspension of frozen and thawed cells in various 
~~càvery media for twelve hours. 

Aliquots of the~ncubating suspensions of cells were subsequently 
plated in TSA ànd TSAS. 

Curve Plating Medium Recovery Mediwn 

1 TSA, 
' . 

·PKM + 0.005'M aspartate 
2 TSAS 

" .,r 
3 'TSA 

PKM al()~e 
4 TSAS 

5 TSA 
. PKM + 0.005 M glucose 

6 J TSAS 

Counts of aliquots of .the incubating suspensions of cells obtained 
on the plating media were plotted against the interval of 
incubation in the r~cov~ry media • 
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Substitution of Other Diva1ent Cations 
for Magnesium in the PKM Medium 

'.,r 

Since Mg ++ appeared to ha~~ _a maj or raIe in the recovery of 
-", , 

salt tolerance of a frozen and thawed population, it was of interest to 1 

determine whether 1 +t other divaient cations could substitute for Mg in 

the PKM medium. 

added to different recovery media containing NaH2P04 and K2S04 • The pH 

in each case was adjusted to 6.5 to prevent any precipitate from forming. 

-3 + ++ Media containing P04 and K with or w~thout Mg ,at,pH 7.0, served as 

contraIs. A frozen and thawed suspension was inoculated' into these media 

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

are seen in Figure 20. 

Incubation of a frozen and thawed suspension in PKM containing 

resulted in a similar recovety of "salt tolerance. In the absence of 

-H-Mg ,there was a rapid 1098 of viabiliçy. This 108s was not overcome 

by the addition of Mn++ or Sr++ but where Ca++ was added, 10ss of 

viabi1ity was not sa rapid and sorne degree of recovery of salt tolerance 

was seen. Recovery, however, ·was limited and ~id not compare favourably 

with incubation in PKM. 

/-



\ 

Figure 20 

/ +t-
Substitution of other divaient cations for Mg in the PKM recovery 
~edium and the effect on recovery of salt to1erance, by frozen and 
thawed cells. 

In all cases; concentrations of'P04- 3 and K+ were 0.01 M. The pH 
was adjusted with 1.0 M NaOH. 
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Effect of Sodium on the Rée~very of Salt Tolerance 

\ 

In previous experiments, recovery medi~ had been prepared by 

adjuating the pH,with 0.1 M NaOH, and using NaH2P04 as the_~ource of 

phosphate. 
1 + 

To ascertain whether or not Na enhanced recovery of salt .. 
tolerance in the presence of Mg++, ~olutions of either 0.005 ~ Na2 S04 

or 0.005 M K2S04 were prepared with and without 0.001 M MgS04·7H20. 

D In the case of the solution of the Na+ salt, the pH of the solution was 

adjusted with NaOH. Where the K+ salt was empIoyed, KOH waslused to. 

-
adjust pH. Frozen and thawed cells were added to each solution as weIl 

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

results are seen in Figure 21. 

Incubation of a su~pension 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 occurr. in Na + or K+. The addition 6 

of Mg++ to these solutions resuited in the viability of the suspensions 
f 

decreasing at a muth slower rate - a rate comparable to incubation in 

Mg++ aione. Similar1y, although Mg++ alone permitted almost complete , 

recovery, sorne lOBS in viability ?f the cells in suspension was evident. 

Both Na+ and K+, when added with Mg++, reduced the 10ss bf viabi1ity in 

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

, 
\ 

1 ... 
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Figure 21 

.. -
Effect of Na+ 00 the recovery of salt toleraoce. 

Curve 

1 

2 

3 
,. 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Platiog Medium 

TSA 

TSAS 

TSA 

TSAS 

TSA 

TSAS 

" TSA 

t'SAS 

TSA 

TSAS 

TSA 

\. TSAS 

TSA 
. 

TSAS 

PKM 

"'. 

.. 

/ . 
0.001 M Mg++ 

0.01 M Na+ 

0.01 M K+ + 0.001 M Mg++ 

O.Ol'·M Na+ + 0.001 M Mg* . 

~-- 1 
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' .. 
H on the Recover 

in PKM 

Ta exa'mine the eH ec t of t>H on recovery of saI t tolerance, 
1 

three volumes of PKM medium were prepared in the usual way but sufficient 

NaOH was added to the three volumes ta 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. 

Viability and recovery of salt tolerance were similar at pH 

7.0 and 5.5 Even brief expçsure of the cells to pH 8.5, however, 

caused approximately half ta lose their viability as indicated by the 

count in TSA at zero time. The viability of the remaining 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 

(curve 6) were very low, but recovery of salt tolerance of·the viable 

cells was seen up to six hours. 

, 
Effect of Temperature on,Recovery 
of Salt Tolerance in PKM,Medium 

Since the iecovery of salt tolerance of a frozen and thawed 

population occurred in t~e PKM medium without an added carbon source, 

it was of inte~st to note the effect of the incubating temperature upon 

this recovery. Accordingly, a frozen and thawed suspension was added 
. 

to PKM media and incubated simultaneously at different temperatures in 



Effect of pH on 

Curve 
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Figure 22 
r' 

theorecovery of salt tolerance in PKM recovery medium. 

Plattng Medium 

TSA' 

TSAS 
• 0 

TSA 

TSAS 

TSA 

TSAS 

Recovery Medium 
" 

PKM at pH 7.0 

PKM at pH 5.5 

PKM st pH 8.5 
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fouv~aterbath shakers. The temperatur~s selected wete 15°, 200:~300 

and 370e. Aliquots from th~se incubating suspensions were plated into 

TSA and TSAS in the usua! {ashion and the results are seen in 

Figure 23. 

In aIl cases, the counts obtaineü on TSAS were similar to those / 

on TSA ~fter six hours. The rate of recovery: of salt tolerance at 300e / . 
to the rate at 37oC'as evidenced by was found to be"sirnilar t;he TSAS 

4 

ceunts of the incubating suspensions at' t'bose temperatures. , 

r/ .A~ the 10wer tempetature~, how~ver, a sli~t decre~se1Gi/~he . / 

v1ab~lit; of the incubating populations was"shown by the ~ countsi 

, " 

and the rate of recovery oL salt tolerance was somewhat slower. ALter 
/ 

one hour, tMe counts on TSAS had increased by appro~irnately/~og'O.3 at 
1 

/ 
/ 

15°C as cornpared'Cto log 0.44 at 37oC. 
......... " / 

/;:. ~ / 

signi~ o Although slower, the rate of recovery at 15 C was 

and complète recovery of salt tolerance had occurred a~ter six hours. 

Addition of Cyanide to the PKM Recovery Medium / 
/ 

a / 
Recovery of salt tolerance in PKM was not inhiblted by incuba-

,e 

() 
tion of a frozen'Iand thawed suspension of celle at 15 C agd it was of 

interest to ascertaln whether or not this recovery mechanism was 
o 

affected by the addition of CN to the recovery medium. 

To establish the optimum concentration of CN-, a patent 

1 

1 

" 
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inhibitor of the e1ectron transport cha~(Harold, 1912), a fresh, 

unProzen suspension of cells was incubated in various recovery media 
" 

with and without CN-. The optimum concentration of CN- for these 

expe~iments was considered to be one which would inhibit the multipli-

cation of fresn, unfrozen cells without decreasing the viability of 

the cells op .to six hours. 

Fresh, unfrozen ce Ils were incubated in PKM medium with and 
l '" 

without aspartate in the presence ~nd absence of 0.5 mM sodium cyanide. 

The results are seen tn Figure 24. The addition of aspartate ~ the 

PKM medium re~ulted in the multiplication of cells after two hours as . .. 
seen in the eounts on bath TSA and TSAS. The additfon of CN- to this 

a 

medium prevented this multiplication without decreasing viability. 
~, 

, ++ 
Whereo~ alone was employed as the suspending medium, the addition of • 

CN- resulted in a loss of viability of the cells. 

The same experim,ent was performed with a frozen and thawed 

suspensiun and the results are seen iri.Figure 25. In the presence of 

PKM or PKM + àspartate, recovery of salt tolerance was rapid as evidenced 

by the eounts on TsAS plates. When CN- was added to these media, 

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

on--tstts._'al'proximated those on TSA after six hours. The multiplication 
---.... .... --

l '"'-__ " 

of cells in PKM-*'asp~rt~te was completely inhibited. The addition of 

- ++ ' 
CN to the Mg recovery medium resulted in a rapid lOBS of viability 

without any recovery of salt tolerance. 
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Figure 24 

Addition of cyanide to various 'recovery media and its effect on a 
suspension of fresh (unfrozen) ce11s. Il 

" 

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 .. TSA 

4 TSAS 
( 

5 TSA 

,6 TSAS 

7 TSA 

PKM + aspartate (pH 

t 
PKM + aspartate + CN-

8 TSAS 

9 TSA-
0.001 M Mg++ 

10 TSAS 

11 TSA 
0.001 M Mg++ + CN-

12 TSAS 

f 

( 

1 



co 

«:) 

, , 
l , , , 

~ 
l , , 
l , 

\ Il 

" 1 
1 
\ 
\ 
\ -

" 
~ ~ ~ N 
~ ~ ~ ~ ~ 

Wnl03W Aij3"O~ ij 'W/S"3~ ·ON 901 



\ 

) 

Figure 25 

Addition of cyanide to various'recovery media and its effect on a 
suspension of frozen and thawed celle. 

Cyanide was added as 0.5 mM NaCN ana 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 TSA 

4 TSAS 

5 TSA 

6 TSAS 
PKM + aspartate (pH 6(5) 

7 TSA 
PKM + aspartate + CN-

8 TSAS 

9 TSA 
O.ÔOl M Mg++ 

10 TSAS 

• 11 TSA -

0.001 M Mg++ + CN-
12 TSAS 

• 1 
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The results demonstrated that recovery of salt 

\ 
\ 

tolerance \ 
) 

occurred in a concentration of CN sufficient to inhibit multiplication 

of cells. 

Addition + Iodoacetate 
to the P Medium 

Although recovery had been demonstrated to occur in t~e 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 clar if y this possibility, iodoacetic acid, an inhibitor of 

substrate-linked phosphorylation (Winkler and Wilson, 1966), was added 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. 

A frozen and thawed suspension of cells was added to PKM + CN 

and PKM + aspartate + CN recovery media with and without'iodoacetate. 

PKM, PKM + aspartate, and PKM + aspartate ~ 0.5 mM CN- served as controls. 

The results are seen in Figure 26. Recovery of salt tolerance was 

evident,when PKM or PKM +~aspartate were supplemented by CN and 

iodoacetate, although the viability of the population s~owly decreased 

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

d 



Figure 26 

Addition of iodoacetate to various recovery media supplemented with 
cyanide and its effect on a suspension of frozen ând 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 aIl cases with 1.0 M 
NaOH. 

Curve Plating Medium R~covery Medium 

1 TSA 
PKM (pH 6.5) 

2.- TSAS 

t 
3 TSA 

PKM + CN 
4 TSAS _. + iodoacetate 

5 TSA 
PKM + 0.005 M 

6 TSAS aspartate 

7 TSA 
PKM :t ast>artate 

8 TSAS + CN + iodoacetate 

9 TSA 
PKM + aspartate 

10 TSAS + iodoacetate 

11 TSA -PKM + asp~rtate + CN 
12 TSAS / 

• 

.. 

/ 

, 

\.e 
" 



SA 

5.2 

JE 
::l 

"ë 
w 
,~ 4.8 

~ 
w 

~ 
~ 
a:~ 
..J 
:e -... 
fi) 
..J 
..J 
LU 
()4.0 
o 
Z 

9 
; 3.6 c, 

a2 

.. 

- ,. 
~ 

_1 _______ -''--_______ .... 

A 

. 
------..-_--... _---.. 

4 

',' 

, , , 1 

o 2 '4 6 

1 

" e 
L 

___ ~_~ ________ ~ _______ __J 

-------

B c 

~ 

8 ~-------iï---- .... ---_ • 

,. 

\ 

'1: " 

\ 
\ u ç 

': t , , , -~ 

024 6 
i , i - , 

024 ~ 
HOURS ~ 



-- (: 

concentration used retarded but did not inhibit cell multiplication in 

·PKM + a~partate recovery medium which su~gested that the assimilation of 

aspartate was not inhibited by iodoacetate. 

Addition of Chlorampheù1~ 
to the PlCM Recovery Medium . 

Recovery of salt tolerance in PKM did not appear to be greatly 

affected by the presence of CN- or CN- + 10doacetate in the medium and 

it was of interest to note the effect of chloramphenicol on the recovery 

mechanism. 

Ta estaçlish the optimum concentration of chloramphenicol, an 

inhibitor of protein synthesis (Iandolo and Ordal, 1966), a suspension 

of fresh, ~nfrozen cells was incubated {n various recovery media with and 

without ch1oramphenicol. As in previous experiments, the optimum 

concentration of chloramphenical was cansidered ta be one which would 
o 

inhibit the multiplication of fresh, unfrozen cells without decreasing 

the viability of the cells in the suspension after incubating up to six 

~ hours. 

1 ., 

Fresh t unfrozen cells wete incubated in PKM medium with and 

without aspartate in the presenc~ and absence of 100 ~g/ml of chlor-

amphenicol. The re~4lt8 are seen in Figure 27. 

The addition of Aspartate ta the PKM medium resulted in the 

multiplication of cells aftér one hour as seen in the counts of both . 
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Figure 27 

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

A sterile stock solution of chloramphenicol wes added to prepared 
recovery media to yield a final concentration of 100 ~g/ml. 

Curve Plating Medium Recovery Medium 

1 TSA 
0.001 M Mg++ 

2 TSAS 

3 . - , TiA 
++ 0.001 M Mg 

4 TSAS + ch1oramphenicol 

5 TSA 
PI<M 

'" 6 TSAS 

7 TSA 
PKM + chloramphenicol 

8 'tSAS 

~ TSA 
M .spartate PKM + 0.005 , 

1 

10 TS~S 

<:> '11 TSA 
1 PKM'+ 0.005 M aspartate 

12 TSAS + ch1oramphenic01 

.. 
1 
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TSA qnd TSAS. 'The addition of chloramphenicol to this medium prevented 
1 

o 0 

the multiplication of cells without decreasing th~ viability. wpere 

++ . 
Mg alone was employed.as the suspending medium, the addition of 

chloramphenicol dld not alter viability. 

The same experiment was performed with a suspension of frozen 
li' 

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 iQ the PKM + aspartate medium 
1t 

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 i~hibition of protein synthesis. At the 
/ 

e~me time, the same concentration of chlor~mphenicol complétely inhibLted 

the multiplication of calls. 

o 

Addition of Actinomycin D 
to the PKM Recovery Medium and to TSA Plates 

li 

Actinomycin D has been found to inhibit the synthesis of ~ . 
/ 

me~senger RNA in Gram-positive ~ells. lts ineffectlveness against 

Gram-negative cel~s has been attributed to the Impermeability of the 
1 

G~am-negat~ve me~brane and'wall (Singh et aZ., 1972). The purpose of 

. 0 
these experiments wàs to demonstrat~'the increased permeability of the 

1 • 

membrane of Escherichia coZi 45lB due to freezing and thawing. , 
o 

l> • 

.. 

r7 
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Figure 28 

\ 
,~ 

\ 

, 
Additf n of chloramphenicol to v~ious recovery media and its eff~ct 
on a s s~ension of frozen and thawed cells. 

y , 

A steri e stock solution of chloramphenicol was added to prepared 
,recover media to yield a final concentration ot 100 ~g/ml. 

Cur e Plating Medium Recovery Medium 1 

1 TSA 
PKM 

2 TSAS 

TSA 
PKM + chloramphenicol 

TSAS .. 

TSA 
., PKM + 0.005 M aspartate 

TSAS 

TSA 

8 TSAS 

, . 
p~ + 0.005 M aspartate 
+ thloramphenicol 

9 TSA 
0.001 M Mg++ 

10 TSAS 

1,1 TBA " 

12 TSAS 
0.001 k Mg++ 
;~ ch'lolramphenicol 
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A fresh unfrozen/suspension of cells--/was incubated in PKM 

. 
'medium with subse~tlent plating of aliquots of the incubating suspension 

into plates containing TSA, TSAS, and TSA + 50 ~g/ml of actinomycin D 

(Merck, Sharp & Dohme). Ta pt'epare the last medium" sterile actinomycin D 

was as~ptically added with a disposable sy:J:inge ta tubes of TSA medium 
.' 

which ha'd been sterili~ed and cooled to 4SoC. The results are seen in 
/ 

Figure 29A. The counts obtained on the three media were similar in a11 

cases. The addition of actinomycin D ta TSA had no effect on colony 

formation. 

In a similar experiment with,s'frozen and thawed suspension of 
,.. \ 

\ 
cells (Figure 29B), the cells in the initial a1iquot taken from PKM 

, 
medium showed a sensitivity ta the presence of actinomycin D in TSA 

'," 

plating medium (curve 6) although not ta the same degree as sensitivity 

ta 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 aIl three p1ating media were similar. 

The addition of a frozen and thawed suspension to PKM medium 

containing 50 ~g/ml of actinomycin D resulted in a rapid loss of 

viability (curve 7) without any demonstrable recovery of salt tolerance 

. (curve 8). 

o 

,ô 



Figure 29 

/ 

A. Add·ition .of actinomycin D to the TSA plating medium and !tEr 
effect on fresh (unfrozen) cells. 

, 
Curve Plating Medium ,Recovery Medium 

l TSA 

2 TSAS PKM 

3 TSA + actinomycin D 

.B. Kddition of actinomycin D ta the PKM recovery medium and to 
the TSA plating medium and its effect on frozen and tbawed 
cells. 

Curve 

4 

5 

6 

7 

8 

Plating Med.ium 

TSA 

TSAS 

TSA + actinomycin 

TSA 

TSAS 

D 

Recovery Medium 
p, . 

PKM 

PKM + actinQmycin D 
\ 

A sterile stock solution of actinomycin D was added to 
prepared media to yie~d a final conc~ntration of 100 ~g/m1. 
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, 
Tolerance of a Frozen and Thawed Population 
to Deoxycholate in the Plating Medium 

.. 

Several investigators have employed nutrittonally-adequate 

III 

plating media with and without deoxycholate as a criterion of freezi'ng 

damage. Sodium deoxycholate, a surface-active agent (Sinskey and 

Si1verman, 1970), has been found ta inhibit the growth of damaged 

cel1s in plating media, at a concentration which allows colony formation 

of undamaged cells. 

To investigate the effect of this agent on E$~heridhia doli 

45lB, 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 pxepared in the uBua! fash{on and inoculated 

++ into PKM and the same medium with Mg deleted. Aliquots of both 

suspensions were subsequently plated in ta TSA, TSAS and TSAC and the 
, 

results are seen in Figure 30. 

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. After two hours, the increasing count on TSAC ..... 

paralleled the increase seen on T~ plates (curve 1). In the absence of 
'. 

~++ from the recove~y medium, no recovery of salt tolerance was observed 

(curve 5) and the viability of the suspended ce Ils decreased rapidly 

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

l} 

'] 
o " 
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Figure 30 

Tolerance of a suspension of frozen and thawed cells to deoxycholate 
in the p1ating medium. 

Deoxycholate wàs added t~ .the p1ating me~ium as 6. 2% so~ 
deoxycho1ate and the pH was adjusted to pH 7.0 with 1.0 M N~ 

Curve Plating Medium 
" 

Recovery Medium 

1 TSA 

2 TSAS PKM 

3 TSA + deoxycholate 

4 TSA 

5 TSAS PKM without Mg++ 

6 TSA + deoxycho1ate 

'1 

1 ~ •• 
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subsequent plating of the suspension on TSAC did not produce any colonies 

(curve 6). 1 Although the PKM medium supported the recovery of salt 

tolerance by damaged cells. similar suspensions of cells failed to 

grow when plated on a deoxycholate medium. 
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~-
DISCUSSION ~ 

/ 
MacLeod, Kuo and Gelinas (1967) fQund 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 

count was obtained in the presence of Trypticase. The difference was 

++ demonstrated ta result from the presence of Cu in the plating diluent. 

The inhibitory effect of Cu++ was overcome by the addition either of 

Trypticase or cysteine, a chelating agent, ta the ~imal medium or by 
• 

employing glass-distilled water in the preparation of the plating 

diluent. A ~imilar difference in ceunt was observed with frozen and 

thawed cells of EschePichia coZi 4518, but was not overcome by the 

addition of cysteine "'~;' Fh'é"'Ill'inl.m.ql,J~,lating medium and was improved but 
,," (~ ++ .'.I.j '1 Il,,, ...... 

not eliminated by removing Cu from the plating diluent. Acid-

hydrolysed Trypticase yielded the same counts as T\YPticase when employed 

as a supplement ta the plating medium. Aspartic acid, glutamic aeid 

~nd alanine were as effective as 'Trypticase as supplement~. 

Kuo and MacLeod (1969) prQPosed two possibilities to account 

for the increased count on minimal medium supplemented with aspartic 

acid: 

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

105 



• 

/ 
1 

1 
/ 

\ 
\ 

the freezin~r~nd thawing process. 

2. Aspartate was ~pecifically required in a mechanism to repair 

damage resulting from freezing and thawing . 

/31 

In the present work, initial experiments confirmed the findings 
h 

of Kuo and MacLeod that aspartate added t,a a minimal plating medium 

increased the plate count of a suspension of Escherichia coZi 45lB after 

freezing, although approxfmately 90% of the initial population remained , 
'incapable of fonning colonies. It was also shown, however, tha t 

p~elimïnary incubation of frozen and thawed cells in the minimal medium 

containing aspartate but without agar inc~eased the number bf,cells able 

ta grow upon subsequent plating in the medium two fold and ~inated 

the response to aspartate in this plating medium. Similarly, incubation 
I~} 

in a simpler preincubation medium of aspartate and potassium and magnesium 

salts eliminated the subsequent response ta aspartate in the plating 

medium. 

When salt tolerance was emplo~ed as a criterion of metabolic 

damage, rather than response to aspartate in the plating medium, the 

number of injured cells detectable in the population after freezing was 

increased several 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 m~imal medium plus aspartate. The addition of 0.55 M NaCl ta this 

plating medium reduced the p1ate count on a suspension of EBcherichia coZi 

\ 
\ 
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after freezing. If the ce11s in the suspension were preincubated in 

minimal medium with or without aspartate or in a solution ~ontaining 

aspartate together with potassium and magnesium sa1ts, the plate count 

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

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. 

When attempts were made to dete~mine which components of the 

recovery medium were required to obtâin recovery of sa1~ t~lerance, it 

was disc~vered that the presencê of aspartate or any other carbon source 

was not required. A formulation consisti,ng of phosphate, potassium and 

magnesium salts (PKM recovery medium) was derived from the ~sal 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 ce11 multiplication or 

1058 of viability. Recovery of cel1s in the PKM ~ecovery medium was not 

affected br the addition of aspartate. 

1 j 

~en a frozen and thawed suspension of cells wa~ plated on 
1 

several media after various periods of preincubatio~ in PKM recovery 
... 

medium, the counts .on a11 tb.edia ultimately arrbted at values similar to 

those obtai~ed on Trypticase ~oy agar. A large pràportio~ of the 
• , 0 

suspension was unabre initi,lly t~ forrn,colonies on Ttypticase soy agar 

containing 0.55 M NaCI, but,' this proport!-pn was rapidly reduced by" 

" 

, , 



", 
incubation in PKM recovery medium. A proportion of the total viable 

o (:. 

cells in the suspension was alao unable to form colonies on minimal 

plating medium initially but gained this ability during incubation in the 

PKM recovery medium. It cannot be ascertained whether the cells in 

suspension which faifed to grow initially on both plating media were, 
,. ,V, , 

in fact, composed'of cells with similar or the sàme kinds of cellular, 

damage. PKM recovery medium restored salt tolerance. It also restored 

the ability of some frozen and thawed cells to initiate multiplication 
(> 

and colony formation in the minimal plating medium. 

Mg++ i8 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 aIl suspending media tested was minimal and viability of the 

cells in suspension~fter freezing was maintained only where Mg++ was 
\ , 

present. 

In sorne experiments, a solution of a Mg++- salt alone as the .. 

suspending medium was found to effec~ a degree of recovery of salt 
{~ (1 

tolerance, but not in arl expe~iments. Recovery ln t~iS case appeared 

to oçcur 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. Xhis leaka~e could contribute 

fac~ors responsible for repair of metabolic damage. An experiment was 

1-

\ - -



; 
! 

; 
designed to test this possibility, but the results were inconclusiveo t 

In the recovery of salt tolerance during incubation in PKM 

J 
re~overy medium,the initial lesion to be repaired 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 multiplipation and growth 

but not for an early return of salt tolerance"was shown by manometric 

measurements accompanied by a concurrent plating experiment. Utilization 

of pxygen by frozen and thawed cells in PKM recovery medium supplemented 

with aspartate occurred after four hours, as multiplication 'of cells 

began, whereas recovery of salx'tolerance occurred within one-half hour. 
~ 

When glucose was added to the PKM recovery medium, recovery of salt 

tolerance was again rapid b4t 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, 'unfrozen cells incubated in PKM recovery medium supp1emented with 

glucose or aspartate. Utilization of oxygen by fresh, unfrozen cells 

was much slower in ~KM recovery medium supplemented with glucose as 

compared to incubation in the same medium supp1emented with aspartate. 

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

in repairing metabolic injury~ This was attributed to freeze-injury 

of sorne component(s) of the glucose transport system. Sanwa1 (1970) has 

noted that the entéric bacteria live 1argely by anaerobic glycolysis 

-, 
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even when growing on gl,ucose aerobically. A nurnber ,J0f crucial e~zymes .. 
" of the citric acid cy~le suc~ as succinic dehydrogenase, succinic 

l Jkinase. a-ketoglutarate dehydrogenase and cytochromes are repressed 

'. 
in the presence of glucose. Specifically. the reduced NADH produced 

1 

by glycolysis inhibits citrate synthetase such that the citric acid 

cycle serves only a biosynthetic function and ATP i5 produced primarily , 

through substrate phosphorylation in the glycolytic pathway. 

1 
Both,fresh and frozen and thawed ceIIs of Esoheriahia coZi 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 ce11s plated from a frozen and thawed 

suspension would utilize a carbon source which gives rise to only two 

moles of ATP per mole of glucose. Consequently. they might lose 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 substra~e since much more 

ATP is synthes~zed per mole of aSPîrtate metabolized. This cou14 explain 

why approximately twice as many injured celIs are able ta form colonies 

wh en aspartate is present. 

, 

The effect on frozen and thawe~ c~~~~ of supplementing recovery 

"-media or minimal plating medium wlth aspar,tate, therefore. appears to 

have a nutritional basls. The same would ~-t:ue of other organic 

substrates that are not metabolized by the g1ycolytic pathway. Aspartate 

• 
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probably participates in the replenishment of essentia1 métabolites 

du ring the 1ag before growth and division but do es not appear to have 

a specifie raie in t~e early repair of frozeb and thawed cells. , 

A requirement for Mg++ iu the recovery of salt ~oleranc~ was 

++ demonstrated ,by substituting other ions for Mg in the PKM recovery 

medium. ++ Ouly Ca appeared ta ef1ect sorne degree of recovery and 

complete viability of the suspension ~s not maintained. No Qther 

divalent or monovalent cation tested had any pr~noun~d effeet on a 

frozen and thawed suspension of cells exeept Mn++, whieh eaused a rapid 

decrease in viability. These results are in eontrast to those obtained 

by Ray, Jans~n and Busta (1972) working with Sa~monelZa anatum, and 
" 

Ray and Speck (1972a, b) working with E'saher>1:chia coU. In both cases 

phosphate proved to be the major ionie component responsible for repair 

f f i . l b th Mg++ increased th d f o reeze- nJury. n 0 cases, e' egree 0 recovery 

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

In the above cited, work, optimum phosphate repair oceurred 

at pH {Lü for Salmonella anatum and pH 8,,5 for Esaheriahia coZi. In 

the case of Esahel"'ichia coli 451B, repair was effeeted at pH 7.0 or 

lower, and viability decreased rapidly at pH 8.5. The phosphate + 

magnesium solution of Ray and Speck contained the same ionie species 

as the- PKM reeovery medium, although at diffèrent concentrations. The 

results would suggest that different fact~ a~e involved in ~e recovery 

,; 
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At 150 C,'recovery of EschePichia coli 451B iIÎPKM was reàuced 
/' 

./ 

ta about half the rate at 30 or 370 Ç. That recovery did o~r ~ou1~ 
/' 

i'ndicate/that Mg++ had been effective at that temperé'ture. 
1 1 

o 

In cont-rast, 
1 

/Ray and' Speck (1972a) found no repair with phmlphate at: lSoC and optima1 

~i ./ 
1 rep7,i occurred tttween 25 and 35°C -/observations which suggestya a 

def nite energy requirement to thé authors. In the case of scherichia 
! li c Zi 451B, the rate of recovery of salt to1erance in P recovery medium 

ppeared to be dependent on temperature. Dependence of rate on 

temperature might s?ggest the involvement in ~he repair mechanism of a , 
chemical reaction such as chelation. 

To ascertain the ro1e of metabolic energy i~ the recovery 

p,rocess, c.yanide and iodoacetate were employed as inhibitors of energy 

metabolism. Cyanide has been shown to be an effective inhibitor of , 

oxidative phosphorylat10n and iodoacetate has been emp10yed to inhibit 

s~bstrate-1inked phosphory1ation. In the present study, a concentration 

of cyanide was chosen which would inhibit growth ot unfrozen ce1ls 

without decreasing the viability of the population. Since the level of 

iodoacetate could not be corre1ated with inhibltion of growth, the 

maximum concentration which would not decrease the viabi1ity of' a frozen 

and thawed suspension was chosen. This concentration was within the 

'. 
range of concentrations emp10yed by other investigators to inhlbit 

J 
, 
glycolysis (Green, Needham and Dewan. 1937). 
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Recovery was apparent in' the PKM recovery medium with or wi thout 

added aspar~ate and was retarded but not inhibited by the addition of 

CN-. When the PKM recovery medium was supp1emented by aspartate and 

CN-, however, the multiplication of cells fo11owing recovery,was 

completely Inhibited. In other words. CN--sensitive processe$ required 

for cell multiplication'were not required for recovery, and probab1y 

include respiration. Interestingly, when, a recovery medium consisting 

of a solution of Mg++r1one was supplemented with CN , there was a 

rapid decline in via~, lit y whether the cells were fresh or frozen and 

thawed. The reason tor this remains unknown. 

When eN and iodoacetate were added to the PkM recovery medium, 
. 

recovery was apparent in the presence and absence of aspartate, but 

cell multiplication was inhibited. That iodoacetate and CN- had different 

effects on the cell suspension W8S apparent from the multiplication of 

cells which occurred in the PKM recovery medium supplemented with , 

.' 
aspartate and iodoacetate. The uti1ization of aspartate was not inhibited 

by iodoacetate presumably because substrate-Tinked phosphorylation i8 

not important to, this process. Since no criterion was estab1ished for 

the effectiveness of iodoacetate as an inhibitor of substrate-linked 

phosphorylation, it can only be assumed that the concentration employed 

was sufficient to inhibit this process. 

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

freeze-injured Salmonella anatum wa8 almost completely lnh~bited by eN • 
r 
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Repair of a frozen and thawed suspension of EschePichia coli was 

reduced 75% in the investigation of Ray and Speck (1972b). In bath 

cases, the repair was induced by phosphate buffer and the se 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 

inhihit recovery although multiplication of both :resh and frozen ~nd. 

thawed cells was inhibited. Similar results were obtained by Ray, 
'1 

Janssen and Busta (1972) and Ray and'Speck (l972b). In a study of 
. 

sub1etha1ly heat-treated StaphyZoeoacu8 aureus (lando10 and Orda1, 1966), 

'repair of heat ipjury was not affected by ch1oramphenicol. However, 

chloramphenicol did inhibit the recovery of heat-treated Salmonella 

typ~iium (Tornlins a~d Ordal, 1971). In this instance, prote in 

synthesis appeared ta he required for the synthesis of ribonucleotide 

protein. In the present study of freeze-damage, protein synthesis did 

not appear to b; a prerequisite to recovery o~ salt to1erance. 

An altered permeability of the cel1 membrane of Escheriehia 

coZi 451B after freezing, was demonstrated in several ways. Know1es 

(1971) determined that Escherichia eoZi was Impermeable ta 0.2 M NaCl. 
1 

Fresh, unfro·zen cel.ls of Escherichia coli 451B were capable of formin~ 

the same number of colonies in TTypticase soy agar plates with or 

( without 0.55 M NaCl. After freezing and thawing, however, the same 



suspension of cells showed a sensitivity to the presence of NaCl in 

the platJng medium since colony formation was greatly reduced compared 
. 

to counts obtained on Trypticase soy ~gar without NaCl. This suggested 

an alteration of permeability to NaCl. 

Frozen and thawed cells of Esaherichia coli 45lB demonstrated 

a sensitivity to actinomycin D. When a suspension of fresh, unfrozen 

cells of Escherichia coli 45lB was plated on Trypticase soy agar with 

and without actinomycin D, the coun.ts obtained were similar in both 

cases. Like other gram negative bacteria (Singh et al., 1972), the 

growth of Escherichia coli 45lB was unaffected by actino~ycin D 

C::t 
a potent inhibitor of ribonucleic acid (RNA) synthesis. When a 

1 
suspension of frozen and thawed cells was plated on similar media, 

however, an initial s~nsitivity was indicated by lower counts in the 
, 

presence of actinomycin D than those obtained on Trypticase soy agar 

alone. 

Singh et al. (1972) demonstrated that Escherichia coU mutants 

produced by irradiation had altered cytoplasmic membranes which resulted 

in varying responses to actinomycin D and varying degrees of 

S··galactosidase leakage (an intracellular or membrane-bound enzyme). 

A wild Strain of Escherichia coli was found ~o be insensitive to 

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

lysozyme treatment. Spheroplasts of the wild strain produ by 

etHylenediaminotetraacetate (EDTA)-lysozyme treatment, how 

. . 
'1 



demonstrBted a sensitivity to actinomycin D similar to that seen with 

the mutant strains. Since both preparations of spheroplasts had an 
4 

altered cell envelope but only EDTA-treated spheroplasts were sensitive 

to actinomycin D, the authors concluded that the cytoplasmic membrane, 

not the outer lipopolysaccharlde (LPS) component of the envelope, was ~ 

the ultimate barrier to actinomycin D penetration into gram negative 

ce~ls. Cells exposed ta EDTA underwent an alteration of th~.eytoplasmic 

membrane as weIl 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 !,rom an 

altered cytoplasmic membrane. A frozen and thawed suspension of 

Escherichia coLi 45lB sensitive to actinomycin D demonstrated an even 

greater sensitivitY,to NaCl. This was indicated hy the count~ obtained 

when a frozen and thawed suspension was plated on Trypticase say agar 

supplemented with actinomycin D or NaCl. If 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 NaCI as weIl. It is 

reasonable to conclude that colonies 6n plates containing actinomycin D 

possessed intact membranes or membranes with sufficient integrlty to be 

Impermeable ta 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 
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rendered the cells Impermeable to actinomycin D by repairing les ions 

in the membrane. The addition of actinomycin D to the recovery medium 

itse1f resu1ted in a rapid inactivation of the cell suspension with a 

resultant 10ss of co10ny-forrning ability on Trypticase say agar. 

Recovery of salt tolerance in this instance was not observed. 

Leive (1965a, 1965b) treated Es~hePichia coZi with EDTA and 

obtained release-of lipopolysaccharide accompanied by the appearance of 
1 . 

sensitivity to actinomycin D. This surface action of EDTA suggested 

that Es~hePi~hia ~oli, normally Impermeable to actinomycin D, was 

rendered permeable by the 10ss of 30-50% of the lipoPQ1ysaccharide 

component of the cell wall. Citing this literature, Bretz and Koc~,a 

(1967} concluded that sensitivity of Escherichia coli to actinomycin D 

after freezing and thawing resulted from damage to the wall when , 

bacteria were he1d at freezing temperatures. These authors further 
1 

stated that if the environmental conditions were appropriate and the 

cell membrane remained intact, a1though "injured", then the cell could 

, recover to pr?d~ce 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 surface had been expo~ed to EDTA, adding back metai ions 

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

1 
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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 reversaI . 

Ray and Speck (1972a, 1972b) demonstrated what they considered . 
to be an energy-dependent repair pro cess in frozen and thawed cells of 

Escherichia coli when incubated in a recovery medium cons~ting of 

phosphate buffer. Cells were initially sensitive ta lysozyme, sodium 

lauryl sulphate and deoxycholate, but increasing to1erance was observed 

after incubation in phosphate buffer. Citing Bretz and Kocka (1967) 
, 

and Leive (1968), the authors suggested that cells demonstrating such 

1 
sensitivities had undergone alterations of th~ lipopolysaccharide 

component of the outer enve10pe ahd would necessarily be permeable to 

actinomycin D. Recovery of tolerance to dèoxycholate occurred after 

incubation in phosphate buffer supplemerited with actinomycin D, and 

since permeabi1ity to actinomycin D was assurned, the authors concluded 

that RNA synthesis was not involved in the energy-dependent repair 

process. They suggested that the repair of rnetabolic injury involving 
1) 

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

(Tomlins and Ordal, 1971) and freeze-drying (Sinskey and Silverman, 1970) 

. 
was different from what they conc1uded 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 



work, Ray, Speck and Dobrogosz (1973) further characterized Ereeze-

damage to the lipopolysaccharide with bacteriopha~e studies. T-series 

phages, specifie for lipopolysaccharide, failed init\allY to adso~b on 

frozen and thawed ce1ls, but partial adsorption was( ccomplished after 

1 
one hour of incubation in phosphate buffer. micrographs of 

frozen and thawed cells did not demonstrate 

uninjured, injured and non-viable cells. 

therefore, to b~ a minor change in the molecular config 

lipop~lysaccharide component of the cell wall. 
, . 

this change was reversible and repaired in KZP04' probab y through the 

synthesis and utilization of ATP. 

\ 

In view of the results of Singh et al. (19_P>, previous 

investigators of freeze-damage, in citing Leive (1965a, 1965b, 1968), 

may have erroneously suggested that, the well-documented damage to the 

1ipopo1ysaccharide component of the celi wall after freezing ~nd thawing 

would a110w penetration of actinomycin D. Damage to the cytoplasmic " 

membrane suggested by sensitivity to actinomycin D, was not indlcated 

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 popula'tion lost i ts abi~ity to forro colonies on an 

enriched control plating medium when actinomycin D was added ta the 
f~ 

recovery medium before subsequent plating. It 15 possible that this 

. ' 
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proportion was re?dered permeable to actinomycin D BéCquSe of an 

altered cytoplasmic membrane and became nonviable in its presence. 

The increase in count on deoxyc~olate plat!ng medium after incubation ., 

Jn phosphate recovery medium supplernented with actinomycin D could, 

therefore, have been accomplished by repair of the outer envelope 

I~ 1 

of the remaining proportion of cells which possessed intact membranes. 
, 

The authors should not have concluded that RNA synthesis was not 

involved in this energy-dependent surface repair of lipopolysaccharide 
... 

since actinornycin D. prohably did not penetrate the membrane of this 

proportion of injured cells to inhlbit RNA syntheeis. 

In the previously cited studies 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 in 

• 
the repair process or for maintaining stability of t~e cell,wall, or 

both. 
++,. ~ 

It is also possible that Mg contributed to the repair of 

membrane les ions in that proportion of cells which were sensitive to 

actinomycin D. In phosphate recovery medium alone, this proportion 

of cells, having àn altered membrane permeability, could become non

viable in the absenc~ of Mg++. In phosphate recovery medium supplemented 

++ ' ++ with Mg ~ membrane lesions could be repaired by Mg ,and this, 

~oupled with energy-dependent phosphate repair, might result in the 

increased count on deoxycholate plating medium which was reported. 
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In the determirtation of freezing damage, Ray, Janssen and 

Busta (1971) and- Ray~ Speck (1972a) employed pléft.ing media ~ith 

and without deoxychoîa~l. After freezing and thawing, only cells 

unaffected by freezing were capable of colony formation on plates 
J' 

. supplemented with deoxycholate. In the absence of deoxycholate, both 
1 

injured cells and cells"unaffected by the freezing process formed r-

colonies. The inability of cells to form colonies on deoxycholate 

plating medium was interpreted to be a result of cell wall damagè. 

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

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

frozen and thawed cells in a phosphate recovery meaium lacking magnesium. 
, tJr ------:.. 

In contrast, when frozen and thawed cells of Esaheriahia coZi 45lB 

++ were incub.ated in a simn ar phosphate 'recovery medium lacking Mg .' 

and subsequently plated ~nto T~ypfI~ar with or without NaCl 
. ---

or deoxycholate, the viability of the suspension ~~ to decline, 

recovery of tolerance to NaCl or deOxycholat~~' 
1 - T.n.-t1" ~. e'xperiments, this result wou~d be expected. While 

and there was no 

view of previous 

~investigators obtained recovery by this procedure, it would appear 

that the degree of damage in Esaheriahia aoZi 45lB after freezing 

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

phosphate recovery medium, alterations of membrane permeability were 
,.\~ 

not repaired and the ùbserveJ'loss of viability occurred. The addition 

++ of Mg to the phosphate recovery medium, which ylelded the formulation' 

of ~KM medium, sustained the viabiliiy of the suspension of cells and 
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allowed recovery of salt tolerance. At the same time, there was no 

recovery of tolerance to deoiycholate. The resu1ts wou1d' suggest that 

after freezing and thawing, the ce11s of EschePichia~i 451B could 
~ , 

-not be r~paired sufficient1y to permit colony formation in the presence 
1 

of deoxycholate. A1though membrane integrity had been restored, . 
unrepaired l~sions in the outer envelope cou1Q result in a 1ack of 

colony formation on deoxychçlate ~latiftg medium. 

In the studies df Ray, J;nSsen and/ Busta (1971) and Ra~'and 
Speck (1972a), it would appe~r that a lesser degree of' freezing damage 

to th~ cell suspension occurred. In these ~nstances, Mg+f' was not 
... 

required for repair 9r stability of the membrane. Th!s may possib1y 

be' explained by the freezing"procedure emp10yed by these authors. In 

their investigatidns, ce1ls were suspended in disti11ed water and 

1 1 
subjected to rapid freezing fo11owed by slow thawing. Kuo (1969) 

1 

demonstrated that this was the procedure least injurious to the ~e11 
'1 • 

~ 

suspension. Washing and suspending the cells in 0.85% NaCl before 

slow freezing greatly increas~d the degree of death and damagè to the 

suspended cel1s, and for this reason, was emp10yed in the present 

investigation. Previous authors (Strange an13Shon, 1964; Fotsberg, 

Costerton.and MacLeod, 1970; SAto, Izaki and -Taka~ashi, 1972) have 

demonst~ated that Mg++ is washed from the cell envelope by a sal~n~ 

solution. After washing Èscheria~ia coli 451B in 0.65% saline, sorne 

. ++ 
lOBs of Mg may occur. Such a 108s may make the cel! more susceptible 

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

1 
It would appear that freezing and thawing of Esche~ichia coZi 

45lB in the presence of salts results in an a1tered permeability of the 

cytoplasmic membrane, and this alteration is reversed by incubation in 

PKM recovery medium. Mg++ appears to be the essential c?mponent of this 

medium and effects a repair of the membrane without protein synt~esis 
, / 

or an energy requirement. The rapid recovery of salt tolerance of a 

frozen and thawed population would suggest that Mg++ participates in a 

chelati~g effect in the membrane ta bind lesions which may result from 

108s of Mg++ from the membrane during the freeze-thaw process . 
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