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. INTRODUCT 1 ON

o In food precérvation and processing, temperature plays a vital

-

role. Heat steriltization, Pasteurization, freeze drying, freezing and
low temperature storage are in widespread use. |t is, therefore,
important for the food microbiologist to gain an understanding of the

physiological or biocherical factors that determine the temperature
limits for microbial Growth, metabolic activities al temperatures

other than optimal growth temperature, and survival and damage of
Y

«

micro-organisms at non-permissive qgrowth temperatures.

A useful way of expressing quantitatively the effect of temperature
.

Oon a microbial activity is in the form of the temperature co~efficient or

Qo value, which is the ratio of the rate of a metabolic process at one

temperature to the rate at a temperature 10° lower. Another more

sophisticated method js by use of the Arrhenius equation,

v ;uifi-E/RT

where V. = reaction velocity N
A = entropy constant
/
£ = activation energy
R = gas constant
T = absolute temperature

~

A blot of the namikﬂ logarithm of v against the reciprocal of the

absolute temperature T results in a linear relationship. -Arrhenius
‘ -

later modified the equat ion when dealing with biological systems by

?Eplacing Ewith i1, which is referred to as the Jkemperature cha}acter-

istic'', However, unlike chemica] reactions, the linear relationship

d . ]



between biological proceaacee including wicrobial arowth and cnryratic

reactions .w‘ui'th:[n*ru;tm«‘ only holdy over ‘irn:ir’roz-: tande of temperatures,
N

This is becaune in cellular cyotems o whole vequence of enzymatic

Teactions s involved, bl of which hoave their individual temperature

coefticients and h<nat-‘,tdbi]ily, therelore a greater deqgree of

complexity is only to be expected.

Microbial gryﬂ?ﬂ is found to be be«t in a rather restricted ranqge
of temperatures falling ot f correspondingly at tenperatures above and
below this range. At the extreme, growth is not possible and.thesc two
limits are referred to as the minimum and maximum growth temperatures.
The temperature or narrow range of temperaturces at which the oirganism
grows best is known as the opt isun température. Ina living system,
the optinmum terperature may h@ teraed as that point at which metabolic
processes function at a maxinmum rate consonant with the maintenance of
the system. In bgéteriology, the most common meaning of optimun
temperature is the temperature at which the specific growth rate is
maxiral (Ingraham, 1962) .

The fact that all micro-organisms exﬁibit a minimum, optimum and
maximum growth temperature and that these temperature crigeria vary
between organisms has been used Lo separate micro-organfsms into three
main groups, namely psychrophiles, mesophiles and thermophiles.
Psychrophi!es aré a rather iTl-defined group of micro—organism§,
diétingzished from thg»others by their ability to grow at low temper-
atures and now generally accepted as micro—organi§ms capable of )
producing microscopically visfble.co]onies on‘a Soiid medium within
two weeks at 0° {Ingraham and Stokes, 1959). However, Stokes (1963)

later restricted this definition and confined the required Formatiqn of

J



visible colonies toone veek. Tariell and Roee (1067.’:), Turther

w
divided the Dsychrophi-les into obligite and facultative bosychrophiles
according to their optinun growth terperatures.  Povehrophiles with an

optimum qrowsth tevperature of greater than 207 vere termed focultat ive
psychrophiles while those with an optimum t(*-upyr;)tur,'(‘ of Tess than 207
were termed obligate psychrophiley,

Thermophilic micro-organisms are defined as micro-organiaes hnyjng
a maximun growth teperature above 507 (Farrel | and Rose, 19674).
Thermophiles can be further subdividcd,i;to obligate and facultative
thermophiles. An obligate thermoﬁﬂ?]e has an’optimum growth tempofatbrc

.

between 65 - 70° and 4 mininum of 49 - 47 while a facultative therreo--

' N LT *
phile’hasra maximum growth temperature between 50 - 65° and ; minimun of
room temperature or less (Forrell tand Cempbell, 12909),

Mesophiles are generally characterized by their growth opt ima
which lie between 25 3nd 40° . I'n general |, the most favorable
temperature for g;bwth of the organism is rogghly correlated with the
- natural habitat, thuys most, if not all the bacteria that are pathogknic

to or saprophytic on man are mesophiles with g growth optimum around 37°.

Elliot and Heiniger (1965) used a temperature gradient incubator to

study the growth of 14 strains of Caimee T in trypticaée Soy'broth at
3uper—optimal growtﬁ temperatures. They found that the‘maximalrgrowth
temperagures fe]].between h3.2 and 46.7° and that no strain at 10¢/m]
survived 50° for 48 hr. On the other hand, Matches and Liston (1068)
found the minimum temperatures, as determined by visible growth on agar
for 7 serotypes of Salrmorella, ranged from 5.5 to 6.8°, whereas in broth
éu]ture, after 19 days' incubation, the minimum growth temperatares for

o .

S. heidellery, s, typhimuriuwn and .. deriy were 5.3, €.2 and 6.9° <,



respectively,

Lo Miciohial Activitie, Al Superopt ing] vapornture&,

From the above infors GLIoN, it might be asked what s the
physioloq}ch OF biochcmical,haais for maxinu arovth temperature of a.
MICro-orqganisn? Some elausiblc cuguestions of factors limiting
microbial growth above maximum growth terperatyre include the
denaturation of respiratory enzymes {(Edwards and Rettger, 1937, Hagen
and Rose, 1961, 1962; Evison and ko%c, 1965)5 changes in the Propertics
of memhrene Vipids (Luzzat; and Husson s 198&; Byrne and Chapman, larh)
and menmbrane protein (lnouye and Pardec, 1970 Siccardi‘,‘ SR 1971);
denaturation and dearadation of RNA (Ca]ifano, 1952 Strange and Shon,
1964; Pace and Campbel 1, 19675 Allwood and RU%%O'];:]OLQ): the selective
leakage of cellular component s especially RNA derivatfvezras a result
of rupture of the cell membrane (Strange and Shon, 1964 Hagen ¢ 0,
1964 Haight and Morira) 1966; Malcoln, 1967) . The work done in this
department has, shown that temperatures of 30° have no deleterious effect

: . ‘ *
on the activity of alj] enzymes pf the Krebs! cycle In tho‘pSYCHrophile,
fﬂcrfp,ﬂ\xk eruenicl Jye (Ma]celm 1967) . The most important role in

determining the heat sensitivity of this organism was played by enzymes

associated with RNA synthesis and/or degradat ion (Tai, 1967). The

results of Lee (1968) and Gray (1969) Showed a decrease in RNA content

“ of M, ervorhilus at temperatures g3 Feu degrees above the maximum growth

5‘and glutamyl-~tRNA

temperature. Malcolm (1969) reported that both prol

synthetases are temperature sensitive and further suggested these two

amino acid activating enzymes to be the molecular determinants of the

o’



maximus arowth temperature of So o T i th RMA dearadation being
a4 secondary factor.  Late Gray o+ 270 (1973) found that deqgradation of
the 23S and 165 RNA species of s e T occurred at 367,

a temperature just above its arowth maximum ard {he partially destroyed
RNA specica cauld be resynthesized at the optinal temperature of the

organism.  Campbell and Pace (]968) examined the differential heat

stability of rjbo&owcs from a‘variety of psychrophilic, mesoéhilic and
thermophilic micro-oraanisms and {ound-the Ihormal stability of ri?y-
soines corre{ated pbhitgye]y wfth the maximal arowth terperature of the
organisms.,

{At temperatures above the optinun, the growth rate of micro-
organisms usually declines very rapidly. Forrest (1967) founa the fall
in growth rate ana yield of oo nin s beqdn a£ a tewéerature a
little above the accepted optimal temperature of the Qrganism and was
not accompanjed by a similar decrease in qucol&tic activity and the
rate of degradation of glucose continued to increase at high temperatures.
He suggested that the maximal effsiciency of growth might be realized
only over a restricted range of temperature aﬁd that outside this range
energetically uncoupled growth could take place even under condition; of
adequate nutrition.» Ron and his colleaqueS‘(107la;b) sugaested the

immediate réversibﬂe'heat-sensitivity of homoserine transsuccinylase of

(‘ . . - . . . o
VEscherichia col! was responsible for its decreased growth rate at 45°

[ 3

st

_compargd to 40°.




PEe Microbiad ACTivitio. at Subopti g Terperaturds.

Phy<iological Activities
! — A ivities

Pigrent production: Synthes s of the red pignent prodiciosin,
by strains of A R favoured between 20 and 267

although the optimum temperatyre for arowth of the bacterium jq near

37°. The €nzyme that catalyses (he final step the biosynthesic of

prodigiosin, the coupling of 4 monopyrrole with a'bipWrole to aive the
linear tripyrrole, prodigiosin, is dbnormally tcmperat’rc—sensitivc

(Williams . - <., 1965) . On the other hand, the produftion of a red

pigment by (he silkworm pathoaen, .7 " . PoUc var, ;fwnrf at 15”7
but not at 25° has beén traced to the’cf(éét of temperature. on enzyme
synthesis rather than on enzyiie nctivi£y.

Flagella production: Production of flagella is often favoured at
low temperatures and‘is abéent at higher temperatures; such exanmples
include /o777, Dreonctans (Braun qnd Lowenstein, 1923), sooeold
(Morrison and McCapra, 1961), Sl Paratiy i’ i (Jordan o+ af.,
1934) i@?ﬁ@ﬁe?fq 1ypk% (Felix ot 0., 1934) and certain psychrophilic
bacteria (Schubert and Schubert, 1953) . Roberts and Doetsch- (1966)
studied the effect of temperature on regeneration of flagella ip
bacteria that hag been experimentally deflagellated, and showed that
the lhermophlle 5. steaz;thermapkilas 11330 resynthesized f]aée]la at
20°, a temperature below the minimum for the growth of the bacterium.

Polysaccharlde synthesis: There s g tendency for micro-organisms
to synthesize increased amounts of polysaccharides at suboptimal

temperatures. Production of extracellular dextrans by leuconostocs and

pediococci is well known to be favoured at temperatures below the optima



\

for growth of thewe bacteria.  This effect ha‘,!-ﬁcn attributed to the

. . S , Sy .
production by theae bacteria of a dextransucrase that i< very rapidly
inactivated at temperatures 307 (Mecly, 1960) and, with a lactobacillu«,

to the temperature-sensitive nature of the dextransucrase synthesizing

system (Dunican and Sceley, 1963) Tempest and Hunter (1965) reported

"\)
an increase. in the content of cell carbohydrate when the tesperature of
~
Avecflator e oo e continuous culture was decreased from 35 to 25
Ng (}969) found that 7.+ 77 grown at 107 arc wicher in carbohydrate

.- e
(220 of dry weight) than are cells aropn at 37° (8.4 of dry weight) .
Sugar fermentation: Greene and Jezeski (1954) found that sugar
¢ ( C .
fermentatied at temperatures below 307 gave rise to hoth acid and qas,

while above 30" only acid was produced. Similarly, Upadhyay and Stokes
(1963a,b) <tudied a psychrophile which ferrmented alucose and other

sugars with the formation of acid and gas at 20° and lower, but produced

only acid at higher temperatures. This difference was ascribed to a

s '

temperature-sensitive hydrogenase synthesizing system of the cell. Beef

i

spoilage bacteria have been shown to liquefy qelatin and ut}iize'water-

soluble beef proteins more at 5° than at 30° (Jay, 1967); But’whé%hé(

' EC

1

n SN
this effect is due to temperature-sensitive enzymes is not yet kpd@%i
. - .‘ ':‘ - 9 .
B. Molecular Basis for the Minimum Temperature for Growth ) ‘é_

The physioloéical basis for tge fundamehtal.differencéfbetweenr
psychrophiles and mesophiles, namely the ability to g;ow at 0°, has
interested several groups of workers over the‘past decade. As yet,
however, no firm understanding of this abiTity has been reached.

Several theorjes have been put forward to explain the relatively

t

high minimum temperature for growth of mesophiles. The first of these

was formulated as a result of'observations of Ihgfaham and Bailey (1959)
— f

\
“



\ i ‘s 8
and later of Baxter and Gibbons (1962). and Rose and Evison (1965). ¢

postulates that mesophiles are unable to grow at temperatures below §-

10° because, at these temperatures, they are unable to transport solutes
across the cytoplasmic membrane. Farrell and Rose (1967b) have offered °
three basic mechanigﬁw by which low temperature could affect solute

uptake: (a) inactivation of individual permease-proteins at Jow
¥

temperature as a result of low temperature indiced conformationa}‘

changes which have been shown Lo occur 'in some proteins, (b) changes in

Q >

the molecular architecture of the cytoplasmic membrane which prevent
¥

permease action, and (c) a shortage of enerqgy required for the active

EN
]

transport of solutes. According to Farrell and Rose, the possibility

r

of (a) does not seem likely, mainly because this would medn that the

minimum temperature of a micro-organism would vary with the chemical
4 A

composition of the medium, an observation which has not been reported.

The possibility of (¢) is also unlikely, because endogenous respiration
’ ) .
S
pProceeds at temperatures below the minimum for growth (Baxter and

Gibbons, 1962; Rose and Evison, 1965); moregver, the ATP contents of
'
Cardida +iti1<s grown at 25 or 10° are almost identical. This leaves {b)

»

and it has been suggested that, at near-zero temperatures, the fatty
acid side chains in membrane phospholipids of the .mesophile solidify
(Byrne and Chapman, 1964) and this could restrict the mobility of the

permease proteins. However, Marr and Ingraham (1962) found that growth

s

at a particular temperature does not result in a unique fatty acid
composition;_since altering the nutrition status independent 1y of

temperature also resulted in major changes in fatty acid composition.

They concluded that the fatty agid composition of the bacteria does not

By

getermine the minimum temperature for growth.
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Inactivation ol csolute transportoin revonhiles at Jow temnerator ¢
i !
; * £ .o , T
was discovered ab g reault of ﬁrnllmnnqu voscervations by fograhas oo

. -

his colleaqguesy # Howvever, nore recent work in fnarahas ' s Taboratory b
; )
N : . :

been concerned fuith another aspect ob the physiology of micro-or ganie ..

at low Icmpcrglurc:.a Fngrahom Aﬁd Maalde (1967) helieve that, ot
-tempcratureiﬂbe]ow ghv optinun for growth of mesophilic micro-organis,
there is a”ﬁqoqresxipgly more ettfective derangenent of the btochemical

3 ‘ o
mcchanisms.thnt regulate the activity and synthesia of enzynmes and 4ot
this dcranéement Teads ultimately to cessotion of growth. Long betore
a qolécuiar basis for metabolic requlatory processes had been Propo<wed
by Jacob.and Monod (1961) there had been reports that, in ancrdl:
induction of enzyme synthesis by micro-organisms was very temperature
Sensiti&é (Knox, 1953%.. More recently, Halpern (1961) Feported that
synthesi; of glutamate decarboxylase in . 077 o inducible at 37°
but partfy constitutive at 39°. |In addition, tryptophan has been
shown to - tnduce tryotophanuue synthesis in another wl]d strain of
eol’ at 30° but not at temperatures < 15° (Ng and Gartner, 19£3) .
Repression of enzyme synthesis is also often sensitive to temperature,
Gallant and Stapleton (1963) isolated a mutant of ¥, =i B iﬁ which
the extent of nepre§sioa of alkaline phosphatasé synthesis‘by inorganic
'g‘phos)hate decrea ses as 'ho temperature is increased from 20 to 40°
Marr et al, (1964) shode that the maximum dlffercntlal rate of
B ga]actos:dase synthesis in f?’colf MLBO‘in either a constitutive
st¥ain or a msximally induced(wildftype strain is significantly reduced
if the culture fs grown at low temperaturec. -A report by Ng ¢t al.
(1962) %uggestéd that the growth of 7. ©ol7i ML30 at low temperatures

damaged the bactéria in such a way that the growth rate was decreased.



Theoe vorket s showed that The alucoae tepression of = lacton idoae
synthests by this oraanioe occurt ed gt o terperature that coine ided
with damage to the Sacter o, 't has. {ff('” ~uccested on the basis ol .

these tesults that the te: perature atfects the synthesis ob repregqor

D

proteins (Mare .00 o) 1964) | that the aftinity of the repreaaor for

>

the co-jepresaor is influonged oy teoperature (Farrell and Rowe, 1967a)

or that the represuor colecute itaelt iy therrolabile (Udota and
b Shi,orea0y Ay yelt, however, no one hao demonotrat: 4 @ hat thens

effec o can contribute to the high minicus terperature for grovth of

) + 2 PARN
mesophiles.

No oo 0n (1962) studied the eitect of ohiltingwan exponentially
growing culture of 7. - 77 MU30 from 307 to 107 and found that there
“viere no chanages in turbidity and viahle counts for 4 hr. Iy \)nx

later found by Shaw and Mmaraham (1967) that during this lag period,

there was no net synthesis of deoxyribonucleic acid, ribonucleic acid

and protein. In view of their results that protein synthesis commenced
after b hr of laa and that growth did not recormience till aflter
four and a half hours, it would appear that protein synthesis was

necessary for the resumption of growth at low temperature.

o

According to Kaempfer «~* =/, (1968) | initiatjon of protein

synthesis in . ¢~/" involves the ordered association of the two

.

ribosomal subunits,. 505 and 30S, formylmethionyl-transfer RNA (F-met-

tRNA) and several protein factors on the initiation signa] of the mRNA.

v
v

After the 70S ribosome completes the translation of the messenger RNA

» .

molecule, it djssociates at some point into subunits before re-initiat-

ing protein synthesis once/againf I't has been shown (Das and Goldstein,

.

-
/
¢

1968) that at 0° protein synthesis by 7. ¢577 slows progressively and
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’ i
eventuaelhy stopt H(,:‘.uw,/(-l‘\, U e tor e 'fpn[ur?vt Pyt noryg g the
Cella Ore v Yo 37T The Cauee. Or Tthe o Teniperatur e det e
dPPeaArs Lo bLe oan inab g ]9'zy of e Fibhosomes Lo sltach (o ensenger Ry

: . . ) .
Theis eviden e SHOGe Lty thar -y Fibonore hyo oo, b activatoe Cupecialty
A
Once it has been releaaed from Che 3% end of 4 Pecenuer BNA G i
5 i ,

virder to permit TCY T unct fong | PealUachnent g0 (e S'end of g e

A

operon,  Thi ACtivation dpparently nroceedd. oo slowly at 07 (g be

A

.

eftective in Competition with inactivation Processes . They SUMGE L endd

—

N

to carry out.cel] division, a process which naturally requires new

the Tow terperature of fogy ONnprotein synthes i vould explain (he well] -

knowd phenorenon of BN Growt b lerperature, Friedman .- . (1969)
\ . - .

\ ) ..
also found {hat when am exponent INRRRY Arovingh culture of R N A R
] . 0
cooled to below 8 , there (\'\5 (_)'p/\.\f?;"w(jl.{lty accuniulation of 305 and 509
v , . £
\»/

Fibosorg ) subanity due (o block in (he initiation of Protein synthes-
while the elongation of nitiated pProteins contibges unt il they g re
completed.  Thi, low=temperatyr o ribosonal subyuni Uaccumulation has a

sharp cut-of f between 8" and 0%, Ay 0%, no dccunulation of subunits

o

OCCurs.  Most other activities including RNA and DNA synthesis continge
3
at 79, They suagest the failyre to initiate the synthesis of new

proteins at sub-minimal arowth tenperature o responsible for failyre -
proteins.

't is still not knowun to what extent uncoupling of energy

production is the basis for the minimum temperature for growth, Forrest

7 o x‘,,,,177,,
ST oL

(1967) reported that_growing cultures of Ctper
tempe}atures from 30 to 36.7° had activation energies for hoth rates of
growth and glycolysis of 10.3 Keal mble-l, and a constant growth yfgld,

when growth took place below this temperature, the growth yield

’

S AT

o ‘ EREN

:{3 at .

o

'o-
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decteosed and the activation cncergy tor growth increased to 211 Kol
i . . . - .
mole 5 but the act tvat ton enerqgy for (1]\/('()];/\ Lo was unchanaed., The

adenosdne triphosphate pool in the organiom hehaved differently above

and below 307, suquesting thot the cnergetic coupling hetween anabo] |
" o
and cataboliam n?t'\ Tess etfective Holod 307, N (IQCQ) had o itmilar
.
Findings with . o+ ME3O, the vield of which benan to tall of f
i R

precipitously at temper atures below 157 Hiy obuervat ion that arowth
) b - .

was moet rapid on q]uc(\.‘w, slowest on succipate and intermediate on

glycerol at 377, whercas at 137 the rate of qrowth was cqual on all thi ¢

carpon s()ur‘u-m,fsumjm‘)tx that catabolism of  the carbon source IS the
Pimiting tactdr of.qro%th at hidgher temperatures and biosynthesis Timits
growth at low 1cmperat8ré5; There was no defec: ;n enerqgy production
At temperaturces down t‘b.IO’f and Lthe energy produced was actually stored

,
By - . . . -
ln\the Form of quc(wlom.>|nc5kthe alycoaen to protein ratio of cel iy

Q ¢

arovn at 10° was approximately three tires higher than that of cells

'

grown at 37%. Na (1969) cuggested that biosynthesis limits arowth at

low temperatures and that decrease in cell yield with decrease in
’ »
temperature is a result of uncoupling of enerqgy production from enerqy
A
utilization and not due to decreased permeability at low temperatures.

The available evidence cited above ipwbs that the block in

initiating protein synthesis at low temperatd?es is most likely the

>

moleou]ar4baS[5 for the minimal temperature for growth of a mesophile,

3 -

. although further experimentation is,clearly needed.
! kY

io3 "‘

‘ . i . KJ



When boacter iy e Coe e
s gt T e che s

OO Injury tonieont - the 1o ob oo Characterag te Oof he

untrcated Cel b whih Postericts,

CRORTR ATt treatvent, i f (ki

. . N . . Ay .
R N e N S P CalTenacd D i el G Poare gunergl Iy able

Lo repain thia daruge Ui der b avar i ] Conditions and hence recover

their STty to Grow o el b g the unrtreated ¢ cl]a\\. Suh]cth.‘;}]y-

PRt ed D0 G G e e Sreaguent ly chicountered in food

product s

Umproce L ed

whether pors fally he v trosen) dricd o acidificd,  The MOS0

Preauen: I R N SR SRR Pejur e Ll et ¢cupmeed SUNSTUIvity ot

domaced colle (o elective medin . Thi observat ion hage Srportant

irplication. with reaurd to t e detection, and enureration of such

Orqganisms .

A Subdet hat Heating

These condition, of Tniury and recover are well illustrated by
} !

s e e when sublet hal I'y=heated cells exhibit an increascd

s

SENLItivity to walt and are able to reqgain thi-ir salt tolerance when

exposed to suitable conditions.

¢

Expressions of injury that have been reported include: extension of
: e
- ’

the lag phase of growth; more exacting nutrient, temperature and pH

’
4

requirements: reduced Oxyaen consumpt ion and increased sensitivity to

inhibitors and se]ecti‘,ve agents.

~

\ Jackson and Woodbine (1963) showed that when an enterotoxigenic

N t

o



strain of oo ot e et v subiec ted to st et heat

Weatient and wubsequent Ty incculated into nutrien: broth at 377 th

was a dropin o viabda Coung Tl lowed by o Tag phane of grawth. The
v ! 12/," m~ . ""‘ ‘ - tr \

phenorenon: depcribed o on extendad Tan pho ol More recent cor b
T T Y N . ' .

has shown that the exXtbnded 1ao phone o actually TeCOVEery poeriod,

\

v

1

A | - - . [N
Nelwon (IUQ;).WD reviewing the Titorature concerned with Cecovery

\

~. 4

of bacteria in various media, considered that "rich' media dave g

highest r@xovvriox; but recent findinas indicate that this is not
always true. n g later paper MNelaon (1950) 1 evorted that the pHoof
the plating medium most favofgble For arowth of heat-treated oraaniome
ditfered from that tor non-heated celly.

R

An attempt to determine the factors responsible for the improved

arowth of heated -0 0 - S s on cor plex media corpared to

They observed increased survival when casamine acids or a mixture of
eighteen amino acids were used to supplement the synthetic medium.

N .
Subsequent experiments in which sinale anino acids were added to

sxntheiic agar supplemented with glutamic acid showed that combining

o . . . . . “ .
glutamic acid with either lysine, proline or methionine Gave countg of

.heat-treated cells similar to thése with all eighteen amino acids
present.

The influence of various components of recovery media for heat-
treated 2. coli was studied by Russell ana Harries (1968). They found
that vitamins were not inquved in the recovery process and that
although addition of amino acids to a synthetic medium gave increased

recovery, addition of yeast extract was even more beneficial.

On the other hand, Gomez «* a7. (1973) found that expanent ial



15
phase ol ol Tl s e LT2, vty oo and L. el el Ter s grown
in a glucose-salt medium (M-9), harvested at 37" and heat treated ap
50° exhibit a higher recovery on M-9 aqdr than on trypticase ;oy adgar
with yeast exirdct. This phenomenon is known as minimal (:»cdi‘um
recovery. Heat-treated bacteria incubated at 37° in M;9 broth or
distilled water recovered their ability to grow on trypticase S0y agar.,
In accord with recent reports of thermally induced DNA breakage in .
oD (Sedgwick and Bridges, 1972) and its restitution (Woodcock- and
‘Grigg, 1972), they presented evidence of the repair of DNA single-
strand breakage during recovery (Gomez and Sinskey, 1973),

Harries and Russell (196€6) reported increased viab]e'counts of
bheat-treated L. ool when pour-plates were used compared to surface
5pread—plates.. Similar observations were rmade by Baird-Parker and
Davenport (1965) USING L7 e e AU, The} sdggested that
anaerobic or semi-anaerobic conditions may assist recovery. This
finding is interesting in view of tpe effect of the presence of
oxygen during the heating period described abqve. Allwood and Russell
{1966) reporied increased counts when either glucose or phosphate was
incorporated.in nutrient agar used for recovery of heated tipi. rurous.
In view of the findings o% these authdrs that heated cells grew better
at low pH,vit may be that‘acid produced by glucose metabolism accounts

for the effect of this compound,

Staphylococcus aureus was found to require a number of substances
% :

’

~

for recovery aftgr heating (landolo and Ordal, 1966). These were given

as glucose, a mixture of amino acids and phosphate, \Recovéry of the

/

cells was found to occur in the absence of cell di&&siéﬁ. Iﬁladditibn,'
: A

by incorporation of various inhibitor® in the recovery medium, RNA



(

ynthesis was shown to be nécessary Ror the recovery of heated cells.

hus it may wWell be significant first y that variations in tlie

different temperatures (Saunders arifl Campbell, 1966) and secondly that

Repair to thermal injury of . prail oo worens also appears to

be involved in the finding of Bustd and Jezeski (1963) that heal—induced
salt sensitivify could be eliminated by iPcubation of the damaged cells
in a nutrient meaium. Subsequently, Sogin and Ordal (19€7) showed that
ribosomal RNA was resynthesized and Rosenthal and landolo (1970) sho@ed
that 16S RNA was the prime target of degrédation;and as a consequence
the 30S ribosome sdbunit Was aiso destroyed durinq heating while during
recove%y (Rosenthaﬁ 5; 2., 1972) both ribosomal particles were
reassembled and the 50S subunit was turned over and used’ﬁ? a source of
-protein for new ribosome assembly and Je novo synthesis was limited
-Solely to RNA. Clark and Ordal (1969) investigated the effect of sub-
lethal heat upon\the growth of ﬁaiéén5:7a typhimurium on several
- €
commercially available selective media. They found injured &rganisms
to be sensitive to brilliant green agar, Levine eosiﬁ methylene blue

agar, Salmonella-Shigella agar and desoxycholate citrate agar. The

organism recovered its ability tofgrow on these media after incubation

o

in trypticase soy broth. Tomlins and Ordal (1971a) showed that
synthesis of ATP, RNA and protein were all essential for the recovery
of S. typhimurium from injury induced by sublethai heat. They (1971b)
further demonstrated that after infury the 16S RNA species was totally

degraded and the 23S RNA was partially degraded while the 30S ribosomal
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subunits were totally destroyed and the sedinentation coefticient of (he

505 particle was decreased to L7s. The rate-timiting Step in the
recovery of LLov et o o thermal injury was in the maturation of
the newly synthesized vRNA ang the svnthesis of new ribosomy ] proteins

was also necessiry .

Thus present evidence points out stronaly the lesion §f heat
injury of both CUies oo and Loreirea e results in degradation
cf ribosone subunits vith 16S RMA and 305 ribosome subunits being tge
main target. Huret . - @l (1973) added that heat damaged cells of
SLEL e ys May recover their salt tolerance while various membrane
functions remain ifpaired. They later (1974) found that there was good
corfelation between 305§ of salt tolerance and loss of cellular
magnesium &nd suqéestod that loss of maanesium was one of the primary
events in the sublethal heat injury of Jtapi. surens,

Nelson (1956) found a pH of 6.0 to be optimal for recovery of
heated SRarki aureqge when incubated at 37° and ausimilar finding was
reported by Allwood and Russel | (1966) who also reported the optimal
reéovery temperature being(jgf<m 't has begn stated previously .
(landolo and Ordal, 1966) that a pH of 7.2 was optimal for recoVery o}
this organism when.incubatedyat 37°. However, the experimental

7 ( ]
techniques of landolo and Ordal (I966)_d1ffered from those of the >

- L7 P
other workers . * Cé)
Alcaligenes species could be recovered from pasteurized milk by
maintaining at a temperature of 5° for j, period before incﬁbation.at
o ’ : ~
37° (Macauley ot al., 1963). Without the period at 5° recovery of A\
. c . . . Qﬁ : .
viable organisms Was not possible. Tha rate of cooling /rom the heating

temperature to the recovery temperature was stated by Hansen and Rieman
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AR803) to affect survival. More organisms survived when the rate of
cooling was slow. 'Thcy proposed that survival may be due to absence

of cold shock.

B. Chilling and Freezing

Sudden chilling .of a dilute suspension of bacteria from their
normal growth temperature to near O° causes loss of viability (Sherman
and Albus, 1923). This phenomenon, which has come to be énown as 'cold
shock', has since been demonstrated with other strains of iechericny
c2oli and otﬁer Gram negative bacteria (Meynell, 1958 Gorrill and
McNeil, 1960; Strange and Dark, 1962; Strange and Ness, 1963). Gram
positive bacteria are thought to be insensitive to colJ shock, although
Ring (1965a,b) described a\Similar phenomenon in Streptormyces hulvo-
.;cngm;. Susceptibility to cold shock is usually found only in bacteria
from exponential-phase culturt:\TUBErill and McNeil, 1960) and is
dependent on rapid chilling. The occurrence of cold shock is also
affected by the concentration of cells, the-medium in whithgthe cells
are grown and in which they are suspended during chilling (Gorrijl éna
McNell, 1960; Houghtby and Liston, 1965; Strange, 1964). Houghtby ‘and
Liston (1965) -suggested that the re;istanée of E. col7 K-IZoto cold
shock is related to the biosygthetic capabiiity of the cultures since.
cultures grown in'media providing more.preformed nutrients are more
;old shock sensitive. They also opserved that cultures grown at 22°
were more resistant to cold shock than culturgs grown at 35° and that
rapid warming éf a culture gréwn at 22° to 35° prior to cold shock
does notorender\the culturg more sensitive. When a-thick suspension of

Aerobacter aerogenes is subjected.to cold shock, release of ultraviolet

absorbing materials, amino acids and ATP has been observed (Strange and

é
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Dark, ]962;‘Strange and Ness, 1963; Strange, 1964) suggesting a damage
of the cellg! pérmeabi]ity barrier. Strange and Dérk (19€2) reported
‘that sucrose, Mg++, or Ca++ as well és bacteria-free filtrates from
chilled concentrated suspensions of exponential-phase cultures protected
a dilute suspension from Lho.Iethal effect of chilling. Recently,
Farrell and‘Rose (1968) have'studied the effect of chilling on a
mesophilic strain of Zeocuinmon s e oo andta psychrophilic pseudoronad.
They found that the psychrophile, which contains a slightly greater
proportion of unsaturatedvlipids, compared with the %esophile when grown
at 30°, was less suscéptible to cold shock than the nesophile. But
when both are grown at 10°, which causes an increased synthesis of
unsaturated lipids in the bacterial membranes, they are no fonger
susceptible. They suggested that cold shock was 5 result of 3
sudden release of cell constituents from bacteria, following the
‘freezing' of certain membrane lipids affer the sudden chilling and the
consequent development of 'holes' in the membrane; the insensitivity to
cold shock in bacteria grown at 10° could be explained by the lerr
melting point of memb}ane liéids énd hence no 'holes' were formed in the
membrane of these bacteria. Sato and Takahashi (1969) demonstrated
that . coli, P. flucrescerns and ., SuﬁtiZfs were susceppible,to shock
when {n the exponential phase of -growth aﬁd that/the viability of cold
shocked célls fncreased rapidly when incubated at 30° when either Mg+f
or ATP was present in thé recovery Tfié buffer.

The effects of freezing and thaw}ng upoﬁ the microbial cell have
been extensively investigated over a period of almost a century. Pictet
and Young (1884) exposed Saccharomyces'cerevisiqe to temperatures of

=70° for 108 hr and -130° for further 20 hr and found that the

e
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yeast lost its ability to raise bread. Since then wuch worL.has been
carried out i an ctfort to elucidate actual damage to the cell caused
by freczing and thawing and to determine the external manifestations of

) , . '
this danage.  Populat E('ms‘ of coliforss and salsonellae in toods were
found to be preagreussively Tess able to grow on selective media as
compared to ﬂon-sclcciivc media after storage at sub-zero tenperatures
(Gundérson andJRosv, &9“8; Hartsell, IQﬁl). Straka and Stuke; (1959)
noted that thiee 71fain5 of Teoniimrasand one of SLo 0T qave cimilar
colony counts on trypticase soy agar and a minimal glucose-salts ayar

but after freezing and thawing the counts on the minimal agar were

much lower than on trypticase SOy agar.  Similar results were reported
for “nis:llz covnn (Nakamura and Dawson, 1962) and for [orwime e
Shopecocis and B T (Arpai, 1962).

By this time it had become apparent that any measurement of the
survival of cells exposed to freezing was dependent upon the medium
used to assay viability. Those bécteria capable of growth on a non-
“selective ana hiéh]y nutritious medium but not on a simple minimal

salt medium were termed ‘metabolically injured'. From this point,
efforts were directed'towa}ds defining the nutritional modificatjons
induced by freeziné and thawing and assessing cellular damage which
could influence these altérnations. Moss and Speck (1966a) showed “"that

freezing affected the cell membrane as ev?denced-by leakag? of RNA

)’ ,M:'/
nucleotides and short chain peptides from /. eol! Subjectedrlo freezing.
They reported that the peptide fraction offered protection against the
effect of freezing when added to the freezing menstruum of a fresh

culture prior to ffeezing. Moss and Speck (l9ééb) identified short

chain peptides in trypticase that were instrumental in promoting growth
-~
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of the injured celle, thus contirming the report of Strala and Stokes
(1959), that freezing Cagand certain cells of 4 bacterial population to
lose their ability to yee inorqanic nitroden. A« g result of Studying
metabolic Injury in Lo ST ol and U, Maclcod and his

rcolleaques {(1966) concluded that freczing daraged the cytoplasmic
membrancs in the bacteria, with the results that toxic tons,. which are
.43
. ~ S AW
Present in trace dmounts, can penetrate the bacteraa.f Fie enriched
redia Pernit growth of "the metabolically injured bacteria by providing
1
cotipounds that chelate the toxic metal ions. An extended laq period
similar to that caused by sublethal heating has been shown to occur
following freezing and thawing (Postqgate and Hurter, 1963).  Arpai (1a63)

suggested that the extended lag period was in reality a recovery period

during which darmage to the cell wds\ropafrod. Ray and Speck (lQZ?a)
, j
found that #. « "7 gave more rapid maximum recovery from freeze imjury

’

in a complex nutrient medium‘such as trypticase soy broth supplerented
with yeast extract than in the minimal glucose-salt med}um. However
repair in inoraanic phosphate buffer with or without MgSO, was also
possible and occurred at pH values from 5to 10 with an obtfmu% between
8-9. The cells.showed repair above ,15° with maximum repair QsﬁﬁEFn 25
to 35° after a test period of 2 hours!' incubation in the phosphate
buffer, The ‘injured cells were then found to be extremely sensitive to
surface active agents common in seleétive media such as sodium desoxy-
cholate and sodium lauryl sulfate, as well as to lysozyme (Ray aAd
Speck, Lg]Zb) and the repair process was demonstrated in~the absence of
DNA synthesis, protein synthesis, RNA synthesis and mucopeptide
synthesis but7found ATP synthesis to be essential. Similar finding was

obtained by freezing Salmoneliq anztwn (Ray et al., 1972), Many of ‘the



manifcxgations of injury resulting from heating and frpexind, naseely

teakaye of cellular mater ol » INCTeaned Sonsitivity 1o aelect jve wedia

and f‘(;-,(:()vc:r;;, are also exhibited o] Towing frv(‘/v—dr'yihl(; (Sinatey and

Silverman, 1970, Ray . - R VAN
- The nost recent observations on injury are thove of Jackoon (19h) .
He found that storage of s at 67 resulted in an

increased Sensilivity to a selective medium, mannitol-salt-agar

cotpared with o non-selective mediun, trypticose soy agsr.  On transfe:
from 5 to 377 the cells rapidly recovered their ability to grow on
mannitol-salt agar.  Patterson (1974) CUnfirméd these findings and also
shOWPd‘Lhat §10faue of LT At 57 resulted in similar manifestarion,
of injury.

The forcuoinq literature review was written with the intention of
providing the reader with a general introduction to the tenperature
relationships of micro-organisms, together with a more detailed
consideration of some of the more significant and fnteresting findinas.
The whole topic.is too broad for exhaustive examination. However, it
does iflustrate quitg.clearly that biological systems exhibit many
deviations from a linear response to temperature, and also that the
activities of micro-organisms at terperatures other than the optimum’
are not necessarily either qualitatively or quantitatively related,

In particular, there would appear to be a dearth of information on.thé
effect of temperature.betwéen op;imum and 0°. For food;borne pathogens
énd indicator organisms, this range .is 37-0°. As large quantities of
food are stored in this range, especially between 0-10°, it fsvsurpFiSﬂ

ing that this field has not received more attention. The present

investigation was, therefore, undertaken in én"atte1pt to provide some



dota on the arowth and viability of typical food-barne organiose in

the range 0-377. ‘ )

g%



MATERIAL S AnD METHeDS e

l. T(‘(";)vr\!(ur‘:‘ (;!(,'(fl.(-':t ('Iluffv'*.
4
Tt Do, Sl b et
Sty R ({f”%fxll‘) A
T R COowere used in (he tudy. The culture. ot L
O Soand o0 Vere obitained oo the Pooving Pl L.,n‘)('i'niuf‘,’ Aol

Public Health Eduonton, Alber ta, Canada.  Stok CUltures wore
»
Maintained o L° o, LYYPLIC SOy agar and subcul tyr od monthly.

Two med iy were vsed in the (pes fronts s (1) 4 complex nutr jeng
medium, tryptic 2Oy broth (TSB) and (2) o minijmg |} tediun, wlucouv~§alm
broth ((_3(38) Containing alucoga 2.0 - KHPOL 7.0 ar KH PO ?-.0 o
Sodium citrate 0.5 q; MaSO0.L -7 .0 0.1 g (NHQ>pSOa .9 q and dist 1 1ed
Water to lite}. Glucove was Sterllized by sutoc!iving cenarately
from the 4,14 solution and mixed after cooling.

The above media were adjusted to pH 5. A and 7 with pre-determined
arounts of sterilized Poltassium hydroxide or sulphurijc acid, or the pH

. -

was adjusted before autoclaving to give the final desired pH.

‘ ;
/\

Preparation of Inoculun t

o The inoculum Was prepared by subculturing the organism three times

at the mid-Togarithmic stage of growth at 37° (absorbance at Lon ap

-0.35-0.4) . The culture was then harvested by centrifugation at §°

(Sorvall RC2-B) and Fesuspended with the growth medium "to absorbance
w r% )
1.0.  The growth medium of the inoculum was either TSB or GSB.

. 24



Measurcenent of Growih

0.1 ml of the prepared inoculum was placed into each of a series

of ()pti(_al]y. ::1.1{(“(‘(1 tubes-of 3/h in. diameter congdaining 10 ml ot e,i[iul-r

SB or GSB -(pH &, 6 or 7). The tubed were then placed into the holes of
a static temperature gradient incubator. *The incubator consisted of an
aluminum bar in which 6x16 holes were drilled at a b5-degree anale. A
temperature gradient was created by heating the bar at one end and
cooling at the other egd with a compressor control circuit as designed
by the Technical Service of the University of Alberta. The temperature

o

exhibited by water in the various test tubes had been recorded an(iéhown
to remain constant within *0.2° for at least 2 weeks. The temperatures

' ¢
to which the orqanisms were exposed were 0, 2, 4, 6,9, 11, 14, 16, 19,

21, 23, 25, 28 and 30°. Samples were withdrawn for the measurement of
absorbance and viable count. Absorbapce of the culture was measured
every few hours at 450 nm in a spectrophotometer (Bausch and Lomb
Spectronic 20). Viable cell counts were determined ;{'O.time and-every

5 days for 15 days by the pour-plate method using tryptic soy agar (TSA)

'.'k » \
“as the plating medium. The plates were incubated for 24 hr at 37°.

Dilution of samples was made in 0.17 peptone water at 0-4°, The pH of
the culture was also measured with a Zeromatic |1 pH meter (Beckman
Instruments Inc., Fullerton, California, U.S.A.) on the final day~3;

incubation.

I, Effectyof Low Temperature on falmonella heidelierg
A ] ’ ~,
\ . ; .
Test Organism and Growth Media

A

S. heidelberg was used throuéhout"the study. Both tryptic soy

broth and glucose-salt broth were used for the preparation of inoculum



and subsequent experinent@ ion,
Plating media: (1) corplex rich medium, tryptic S0y aqgar 4+ 0.§

yeast extract (TSYAB, (2) minimal medium, glucose-salt acar, (3)

selective media: desoxycholate agar, MacConkey aaar and brilliant areen

»

aqar.

Glucose-salt aqgar was prepared by adding 1.5 of Bacto-aaqar to

glucose-<salt broth. Al other media were supplied by Difco L®oratories

Ltd., Detroit 1, Michican, U.S A, and ull were sterilized as recommended

by the manufacturer.

-

3
Preparation of lnoculur and Growth Conditign -~
S A

For the stuﬁy of eftect of suboptimal temperature on qrowth rate

and ATP production, inmediate temperature equilibration was desired.
. £
A

K} Also a cell Concentration ul absorbance 0.3 was required to tacilitate
the getermination of ATP, Therefore, the inoculum was prepared by
subculturing the organism three times at the mid-logarithmic stagg of
growth in glucose-salt broth\at 377, harvesting by centrifuqation at
20° and resuspending with a small volume of growth mediun. The inoculum

“was then put into 100-200 ml of medium in Ertenmeyer flasks pre-

P
=)

- r
tempered to the desired temperature in a Metabolyte Refﬁ]geraged

e
-

Water Bath Shaker (New Brunswick Scientific Co., Inc., New Brunswick,
New Jersey, U.S.A.) shaking at 175 rpm. The accuracy of the temperature

control of this unit is *0.2°. The determination of cell yield is

. o | j

described under the section, 'Yiald Coefficien{ﬂ. .
\ 3

g; For the study of cold injury at sub-minimal growth temperature,

: ; ,

ufless otherwise specified, inoculum was prepared byfharvesting

exponéntial]y grown culture at 5° and resuspending in a small volume
‘ L

of qrowth medium. Incubation was carried out in the Metabolyte
-
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<

Rofriudrdtod Water Rarh Shaker gy described above or in a New Brunswict
Poyeh Othere i ubator ohakeg (New By UNSW i Ch SO ey itic co. , New
Jeraey U.SUAL) with 4 sensitivity of 0.2 When Targer volunies of

cultare WOT e T eguited such as tor t he dctormindlion of macronolecuylar
J i

COMPOSTEIon Ot 1] s during qiop dae, the inocalum Was added to 1 ity e

of medium in 4 20t rlenmneyer f lask. The flask wase fitted with 4 side
h Al
arm-and contained . Tetlon coated stirring bar. Prior to inoculatfon,

the fla.k Of "medium wgs placed in g ]7”x]2”x12“ Plexiglass tank fitted
with g coonlant circulating device that maintained the level of coolant
in the Plexi-glays {ank above the Jevel of medium in the flask. The

coolant was stored in a separate Water bath fitted with g heating and

refrigeration sSystem.  The temperature of the coolant in the bath was
controlled by o ST Gt thornmrequlatmr (Prvcision Scientific,
Chicago, Filinois, u.s. a.) with a sensitivity of ~0.g°. Agitation of

the medium in the flask was achfeved by the use of 4 non-heating
Tagnetic stirrer (Bellco Glas; I'ne., Vineland, New Jersey, U.S.AL) .
For the study of recovery of t@y cold-injured cells, unless otherwise
specified, the cells were h4¥§e§ted by centrifugation at 2-5° and
resuspended in coly recovery meﬁstrqum. Portions of the cel} suspen-
sion were inpcu!a;ed either into the recovery menstruum prete%pered
at the desired recovery temperature, or into cold recovery menstruum

which was then incubated at the desired temperature,
- .

Viable Couni

Dilutions of samples were Prepared by transferrlng I ml aliquots
to screw capped test tubes COﬂtaunlng 9 ml sterile 0.1% peptOne water

held at 0- oo myoof dPpropriate dilutijons were then surface-
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were incubated at 37h-for-2h hr and the colonies were enumerated.
Further incubation did not increase the colony counts.

Plates of smedia were prepared by pouring approximately 12 m]

sterile media into petri dishes in a Laminar f]ow hood (The Raker Co.,

Inc., Sanford, Maine, U.S.A.). The covers were left oft.the petri
dishes for 20-30 min in the hood to ensure that the surface of the
plates would be adequately dry before use. Poured petri dishes were

inverted in stacks and stored in a cold room at 47 but were alvays

used within 2 weeks of preparation.

Dry Weight
- L4

A §b ml sample of the culture was harvested by centrifugation at
0° and resuspended in 6 ml 0.05 M phosphate buffer, pH 7.0. 5§ ml of
this suspension was transferred to a dried aluminium foil cup of known
weight and the whole unit placed in a drying oven at 100° for 24 hr.

The dried material was cooled to room temperature in a desiccator,

weighed, and the dry wt/ml of the original culture established.

Yield Coefficient

Minimal medium minus sodium citrate containing 250 ug glucose/ml was
placed in a 300 ml Erlenmeyer flask and inoculated with a washed
suspension of cells from an exponentially gtowing culture (102 inoculum).
The flask was incubated in a Metabolyte water-bath shaker at the
desired temperathre. The turbidity of the‘cdlture was followed unti]

a constént reading wés obtained. The increasé in dry weight and
residual glucose in the filtered medium were determined. The yield
coefficient, K, was computed from the equation K = (G-Gg)/C, where G

4

and Go are cell mass (ug dry weight/ml) at the end of the experiment
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and at zero-time, respcctivefy, and C is the qlucose concentration in
Hg/ml at zero-time. Glucose was. determined by the enzymatic Glucostat

reagent (Worthington Biochemical Corp., Freehold, New Jersey, U.S.A.).

Determination of Nucleic Acids and Proteins

The preparation of bacterial samples for nucleic acid and protein N
’ \

analyses was carried out according to the procedure of Schmidt and
Thanhausser (1945). O ml of culture was removed at the desired
interval and centrifuged at 10,000 rpm for 10 min at 2°. The super-
natant was discard;d and the pellet was washed twice in 0.1 M K,HPO,/
KH,PO. buffer of pH 7 (0-4°) and finally resuspended in 30-ml of the
phosphate buffer. The protein and nucleic acid content was then
determined as fol lows:

Protein -7 -

The protein content of cells was determined colorimetrically
after extraction with alkali accord%ng to the method of Lowry ct 7.
(1951). 5 mi of the buffered sUsSpension was centrifuged for 8 min at
10,000 rpm iq a 12 ml conical centrifuge tube. The cells were
resusbended in 1.5 ml of IN NaOH and the tube capped with a marble and
placed in a water bath at 37° for 2 hr. The tube of diaest was either
sealed with a paraffin film fdr storage in the refrigerator (4°) until] .,
assay within_Z wegks Or estimated immediately. The actual estimation
involved 0.5-1.0 ml of the alkaline digest + 5 ml of reagent D
(prepared by mi;ing é% Na;C03, 1% CuS0,+5H,0 and 2% sodium tartrate
in the ratio of 100:1.:1) which, after 10 min at room temperature, was
supplemented with 0.5 ml of Folin-Ciocalteau reagent (diluted 1:1 with
water).  The tubes were left at room temperature for a further 30 min

when the absorbance at 66Q M was measured. A standard curve was
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Prepared using bovine serum althumin (Calhiochcm).
Nuclte IC_lLL
¢ The remaining 25 | portion of t(he buf fered suspension was

centrifuged and washed once with 10 ml 0.2 N HC10. at 0-4° After
centrifugation the cells were rc%J&pcndcd in § ] 0.3 N HaOH and
incubato%}in capped tubes in g water bath at 37° for 70 min with mixing
once or ﬂvicc during incubation. After cooling to 0%, to facilitate
maxivun precipitation on addition ot acid, 3 ml of cold 1.2 N HClO,
was added, and the Preparation allowed (o stand in ice for 3 further
20 pin. The samples were centrifuged and the resulting supernatant
transferred to a test tube for RNA estimation. The precipitate. was
washed with 10 m] cold 0.2 N HCT10., centrifuged and the supernatant
added to the RNA sample.

sThe resulting precipitate was dissolved in 3 m] 0.5 N HCth‘at
80° for 20 min, This Preparation was then centrifuged, and | ml aliquots
of the supernatant used for the DNA estimation, by a slight modification
of the Burton (1956) procedure,

The RNA content was determined by the_orcinol] me thod (Schneider,
1957) using thé 1-2 ml aliquots from above +2 ml 0.2 N HC10, and adding
to this 4 m] FeCl,/HC] reagent (0. 1% FeCl3+6H,0 in conc. HC1) . This:
was mixed and 0.4 m] orcinol reégent added (107 /arcinol in 952 ethasol).
The mixtu}e was heated ‘in capped test tubes 41;/;0 min in a boi]iﬁg
water bath, and the fntensity of thé'greeﬁ color read at 660 nm in a
DB-G spectrophotomete}. A standard curve was b?eparéd using Djribose
(Calbiochem).

The 1 m] aliquots for the DNA determination were mixed with 2 mi

diphenylamine reagent, (1 g dfpheny]amine in 100 ml of glacial acetic
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acid plus 2.75 ml H-S0, supplemented with 0.5 ml of agueous acetalde-
hyde solution, 16 mg/mlL immediately before use). The tubeg, again
capped with marbles, were kept at 30° for 16 hr. a‘ter which the

absorbance was measured at 600 nm (Burton, 1956) .

ATP Determination

Samples were prepared by pipcting 7 ml cell culture in glucose-
salt medium into 0.4 m1 70% HC1Q.. After mixing and holding at room
temperature for 20 min, the samples were cooled in an ice-bath for

. -

15 min. After centrifugation the supernatant was neutralized by
titration with a solution 0.5 M with respect to triethanolaming wand 6ﬁ
with respect to K.CO0; using a combination pH electrode (Fisher |}
Scientific Co., Ltd., Pittsburgh, PA., U.S.A.). The neutralizing
solutions Qere added stowly and with constant mixing in order tg avoid
localized regions of alkaline pH.  The pH of the neutralized sample was
between 6.5 and 7.0. Following a 15 min stérage period in ice, the
‘Sqmples were centrifuged to rémove potaésiﬁm perchlorate. The clear

supernatant was stored in an ice-bath unti] used for the assay of ATP
: ’ v

'

using the firefly luciferin-luciferase system essentially as described
by Cole et al. (1967). WortBington freéze-dhied firefly extfact, which
contained éO mM magnesiugy sulfate and 50 mM potaésium arsenate buffer
when recﬁnstituted, was suspended in Qater at a coﬁcentration of

10 mg/ml. The suSpensién was allgwed to stand for 10 hr at 0°; it

was then centrifuged and the superhatant solution was used fo}-the
assay. The following aquQots were added to an acid—cleéned glass
scintillation vial:l2 ml of a buffer solution'containiqg 0.1 M HgSOQ
and 0.025 M gjycylg]ycine (pH 7.5), ana.IO—lOO ufiters of the ATP

sample; 50 uliters of firefly extract. Within 7 Bec of adding and
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mixing the firefly enzyme, the vial was intrqduced into the éountinq
chamber of a Unilux 1] Nuc]ear-Chiéago liquid scintillation counter
and the light flashes were counted for three successiQe periods of 12
sec. The first count of 12 sec was usually h{qh and was discarded;
the second and third counts were close and were averaged. The
scintillation counter channel was sct as for tritium counting (naximal
amp]ifier gain in the attenuation, upper gate 9.9v, lower gate 0.5 V),
and the photorwltiplier coincidence circdit was switched out. A
standa;d curve was prepared using ATP (sodium salt, 98¢ pure, Sigma).
Figure 1.
Fluorimetry

Altered permeability of cold-injured cells was demonstr;ted by the
ability of 8-anilino-1-naphthalene sulphonic acid (ANS) to penetrate the
cells. Aqueous solutions of ANS do not fluoresce when excited by
ultraviolet light; in the presence Qf protein the dye combinés with

negatively-charged groups and the conjugate fluoresces strengly when

“

excited by light of wavelength 346 millimicrons (Weber and Laurence,
1954) . When washed cé]]s were suspendedain df]ﬁte so?uiions of ‘this
dye no f]uores;ence was observeg, indicating ;hére were no groups bn
the surface of the celd withv@hich_;ﬁe dye could combine. Treatment
with a membrane-binding antibiotic, howevér; resﬁlfed in increasing
fluoresceqce, presumably the alteration}inAcellu]ar #ermeability
allowing the dye to genétrate the cell and combine Qith cel? protein
(Newton, 1954). ANS has also been shown.to form a fluorescent
complex with Aérolacter acrogencs when the osmotic barrier is

destroyed (Matthews and Sistrom, 1960; Strange and Postgate, 1964;

Allwood and Russell, 1968).
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FIG. 1. Standard curve for the estimation of ATP.
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Intensities of fluorescence were measured in g Turner 11} Flydro-
meter{(G.K. Turner and Assoc., Palo Alto, California, U.SLAL), fitted
with a 405 fi)ter giving an exciting wavelength of approximately 4g
mi]limicrons, and a No. 2 filter giving a recording wavelength greater
than 480 miTlimicrons.

Ten ml of culture (10° cells/ml) was harvested/ghd b my of ANS

(Eastman Kodak Co., Rochester, New York, U.s. aqueous solution with
d concentration of § M was added with mixi sion was
allowed to stand at room temperature for 15 mj € measurement of

the fluorescence.

Determination of
The variouys states of the bacteria) cells after cold Storage were

def ined according to landolo and Ordal (1966) - (i) the number of

injured cells was determined by the difference in viable counts on a

complex mediym and the count on a selective medium; (i) uninjured cells

the comblex"medium before and after cold storage. Recovered cells were’
those in}ured cells which regained thejr ability to grow on the

selective med ium,

«

Effects of Inhibitors on Viability and Recovery

lnhibitbrs of DNA, RNA,‘protein, cell wail and ATP synthesis were .
incorporafed into the storage and retovefy menstrua so as to é}ucidate :
what biosynthetic Process or processes were involved in the néc0very
AF the ability of injured cells to grow on se]ective'medium.- The

following antibioticg and metabol ic inhibitors were used:,chloramphenico]
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100 ng/m) » hydroxyurea 500 g7t , Z,Q-dinitrophcnoP 80 Hag/ml o) fqomycin
o 1ig/mi1, gramicidin 10 Hg/ml, Penicillin G 100

;1;;/tUSiqma Chemical Co., St. Louis,

100 11g/m1 ,

.

La/ml, D-cycloserine

Missouri, U.S.AL) fluorouraci
rifamycin 1o va/ml rifanpin 10 bg/md | nalidixic acid 1g ISVANE!
(Ca]biochem, Sa_n Dicao, ,California, U.S.AL): sodium Cyanide 100 ;J.g/"?:l
and sodium azide 500 1ig/m (Fisher Scientific Co.

, Fair]awn, New JlffSe)',
U.S.A.).

v



RESULTS

o Effect of Sub(ﬂ)tinu;l Temperatures on the Growth and Viability of

A.’"{::’)‘,N’A’h'!. _'u'- «
. ]
[
Although /o: v oy r “PP. normally have an eplimum arowth temperature
a : .

of 377, they can survive and even increase in punber at much lower

teniperatures (Matches and Liston, 1968) . éﬁpwever, the amount of

G
information in this area is very timited. The purpose of this study was

initia]ly to determine the pattern of growth and viability of
: §

.ﬁzhwvu"fﬂx:incubated at sdb-optimal growth termperatures . By using the
< X . ’
temperature gradient fncubator, small temperature gradients and long

- % '—‘v--.. . B .. - -
incubation times wégﬁ'made possible. .-, A PR S AT TR and
: . } « ’

Do NEL O were used in the study as they are among the strains most

frequent!y isolated from human sources (Morbidfty and Mortality Reports,

1965) .

‘A, Growth and Viability in Tryptic Soy Broth (Temperature Gradient
Incubator)

v —mzPdlor)

The effect of temperature and pH on the growth of <. U0L¢UZ[FP in

at 450 nm, The results of tqa’ preliminary study are shown in Figs., 2,
3 and 4., At any particular pH. level it can be seen that the higher the
nncubatlon temperature the faster was the rate of growth and in most
cases, the htgher was the population density. The most noticeab]e
dlfference between pH level is seen in the maximum populat ion density.
At pH 7 the absorbance always exceeded 1.0 when growth occurred, but at

PH 6 the max imum absorbance wasal.O or less, and at PH 5 the maximum

36
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. , \ .
absorbant o did ot e el 0.8 unir..

Fhe minious\tenperature ot which orowih could be Tnitioted woe

¢ QJ[ PG oand 7 odnd 4o Gl pH ®

B

The reaulre on the viability of o, 07 L Grown ot pH G 0 and
J oare sheemn in fian, O, b ond 70 accordance with the results, on
»
absorbance, the hiaheat nusher of viobhle cella was Found at pH 7. The
arovith rate increased with increasing temperature at pH 50 6 and 7.
! .
Aot interest iaa chaervation i the logs of \/i.)hil.it\/ At pt Lo
.
PH 70 In both Case, the Ton, of viability was mosgy tapid at the hiche
incubation te peratures. This 04 most apparent in Fig. 7 where it can
N ,
be seen that the Jood of viability is rmore rapid with increasing
(
incubation terperagture. in comtrast the viabilly of cultures qQrown at

PH 6 was Laing sined at alrost the maxioue Tewe] nntil the end of the

. - . . .
experiment, cventit the hicher incubhgt ion temperature.,

The final pit o the broth cultures was deter ined to <ee if

different incubation terperatures: had an effect of the qross metoholion
of the cultures. The results are presented in Table I, In most cases
where arovwth occurred at pH 7 the final pH of the culture was more
alkalfﬁé than the initial pH. lﬁ contrast the final pH of cg}tuqes

grown at pH 5 .and 6 were more acidic than_the initial pH.
. [ R

The behavior of [Lcmpi e gng ) sy 0 exposed to the same

experimental conditicns were very similar to those of .. ju " 77,0

¢

(Figs.  8-19 and Thblé&&2 and 3). »
’ . . k-]
B. Growth and Viability ihlﬁlucose-ﬁalt Broth (TGMperaturc Gradient

\,

» AN N
Incubator) I AN >

AN

This experizenp was undertaken to compare the growth response in a

.

simple medium, gluaose-salt broth (GJQ) vith growth in the complex

~ S
N
~
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LOG COLONY COUNT /mi
ce

FIG.

5.

Effert of temper

-
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dture on the growth and viability of

SN tryptic soy broth at pH 5.
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LOG COLONY COUNT-/ml

[0 o]

Flg,

6.

S

Effect of temper

Salmenella heide

TIME (days)

ature on the growth and viability of

ficrg in tryptic soy broth at pH 6
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LOG COLONY
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FIG.

7.

5 0 15
TIME (days)

Effect of temperature on the growth and viability of

Salmorellia heidelberg in tryptic soy broth at pH 7.
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TABLE 1. Final pH of cultures of . olm e/ ls il Llicr: after arowth at
different temperatures in tryptic soy broth, pH 5, 6 and 7.
-Final pH after growth at an initial pH of
Temperature ' g 6
0 5.0 6.0 7.0
2 5.0 6.0 . 7.0
4 5.0 6.0 7.01'
6 5.0 5.5 6.0
9 5.0 k.9 6.3
11 5.0 5.0 6.7
14 L.9 5.1. 7.0 °
16 h.7 5.2 7.5
19 L7 5.2 8.2
" 21 L6 5.3 8.1
23 4.6 5.3 8.4
25 4.6 - 5.3 8.6
28 n.d. 5.3 8.7
30 b5 53 8.8
n.d. - not done.

&
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FIG. 15. Effect of temperature on.the growth and viability of

Salmonella typhiramiwm in tryptic soy broth at pH 6.
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TABLE 20 Final ploob Cultures of - = el g ter arowth at

different temperatures in tryptic woy broth, pH § 6 and 7.

Final pHoafter giouth at an initial oot

Temperature . 5 £ 7
0 5.0 6.0 7.0

2 5.0 6.0 7.0

I 5.0 6.0 7.0

6 5.0 5.5 6.1

9 5.0 5.2 6.3

1 5.0 5.1 6.7
1 4.9 5.3 6.9
16 I 8 5.4 7.6
19 L7 5.5 8.1
21 b6 5.4 8.3
23 b6 5.4 8.4
25 h 6 5.5 .
28 L6 5.4 & 8.7
;30 L5 5.4 8.7

¥..l. - not dore.



TABLE 3. Final pHoof culture:

different temperatures,

Temperature

—_—
0
2
4

6

30 -‘x&"

coof

>

'

.
Final pH atter arowth

\J’WO\COOOO

AN I un

“atter arowth

n.d. - not done.

v

_— 3
in tryptic soy broth, pu 5, 6 and 7.
Atan dnitial pHoo!
' /
—_—
6.0 7.0
6.0 7.0
6.0 7.0
5.3 6.0
b.7 6.7
4.9 7.0 :
b.9 7.5
5.0 8.0 0
5.1 8.2
5.2 8.3
5.2 8.4
5.3 8.6
5.3 8.7
5.3 8.8
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medium, tryptic S0y broth (TSB). 1n view of the similar results for 419
B t )

three cultures in (he Previous experiment only o, Lol used,
Glucose-valt broth gave ruch slowver and less total arowth than
tryptic soy broth i all temperatures and all Jevels of pH.  The
results for absorbane (Fias. 20, 21 and 22), viahle ﬁounts (Figs. 23,
24 and 25) and final pH (Tabile by a1 indicated that the minimal
temperatures at which arowth occurred in G5y at pH 5, 6 and 7 were e,
9° and 9° respectively.  The cultures arown At pH 5 oand 6 died of f
rapidly in the stationary phase at temperatures above 21° (Fias. 23 and
24) and the final pH of the cultures were around 4.2 and 4.4 respect -
ively (Table 4). op the other hand, cultures grown at PH 7 survived

equally well both-.at high and 1ow temperatures of incubation (Fig. 25)

resulting in a fipa) pH around neutrality (Table 4) .

I Effect‘of Saboptimal Temperatures on Growth Rate, ATP Synthesis and
CCell Yield of R R N N

Frank ¢¢ o7, (1972) studied several properties of psychrophilic
pseudomonads qrown ip batch culture in nutrient broth at 2 and 30°,
No djffcrénces waéfﬁ%éerved in the size, catalase aﬁtivipy, deoxy-
ribonucleic acids, riBQQESIe{c acid orf protein content of cells grown

A ) .

at cither temperature. InvéngZation in this Department also found that
there was no significant difference in the hacromolecular composiiion
of S:'Eypkimyrfuw grown at 10 and 375 (Hsu, 1972). o0n the other hand,
there is a dearth of information on the effect of temperature on ATP
synthesis and cel] yield. |

S hetdellers was ysed in the study and the:cé}ture medium ‘was

’

glucose-salt broth (GSB). An exponentially growing cultyure at 87°'Was

.

4
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-

TIME (doysg\\'
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ature on the growth and viability of
Salmoncllq Giorie

salt broth at pH &,

15

63



LOG COLONY COUNT /|

(@]

~N

TIME (days)

FIG. 24, Effect of teriperature on the growth and viability of

ST D0 e i glucose-salt broth at pH 6.
. ~



LOG COLONY COUNT /m

P

10

~O

L Py

( 23(}) ?{{(J

LT —ewEsLO L L .

e s

| I ' 1

FIG. 25,

/ 5 10

TIME (dO)-/-s‘) |

Effect of temperature on the growth and vi

Salrmomella holleliers in glucose-salt brot

ability of
h at pH 7.



TADLE Pinal pHoof culture, of atter g
different teperatures in alucowe—walt hroth ) pif S, f ot
¢ S
Final pHoofter arowty ot an initiod TIENEY

Terperature ) 6 /
0 5.0 (.0 /.0
? 5.0 6.0 7.0
4 X g 6.0 7.0
6 ) 5.0 670 /.0
9 5.0 .8 6.7
1 b3 b a 6.8
R b4 4 g (.8
16 b 4 4.9 £,.Q
10 L b L 9 7.0
21 bk .7 /.0
23 b3 b6 71
5 4.2 b q 7.1
28 L 2 L ¢ 7.1
30 4.2 L 6 7.1

.Y = not done.



inoculated e GO bresterpercd ot the toat Lerpetatyr e, %’70""”’ W
imniediate and expenential at 187 ,nd ay hiuhm; temperatures {(Figy. 26,
27 and 28) but AT 5T Or Tower LOmperatures growth wye preceded by g
lag period (Fige. 28 and 29) . The 1o et iod ot 1y 9 and 7° could be
as tona as 2, 8 4nd 12 by respect ivedy D Tha p(x(f_{(ﬂ\rn Of ATE Gonthesis
Was very similar (o Hm.I o arowth (f ts. 26, 27, 28 and 29)
fmmediately Upon temperature Shify (o 159 or Fower (f](:n‘c was o shdrp
decrease in ATP synthesiy in {he laa phase. However synthesisg was,

resuncd just betfor e the dnitiotion VU oaiowth. [yep At/ and 97,

2
¥
‘?

\

temperatures (losye to the mining! urux-,\yw':;r(-raturv of the urqani}::‘,

N ,
- . \* .
dbprecirable anounts o!f ATp et e synthes i oped (<7T717717TWT&Qrvq /x;(;y closely,
\..

to the growth rate. Avr 77, onty trace amounts of ATP were excreted from
ﬂ‘\
y’,‘k!l\
the cells into the cediun (F . 2a9) Since ina?ﬁix growth medium, GsSB,
! P A J ?

growth was 1imited By the energy CoYrce, Thereowaa g drop in ATP

<

content when {he colture dntered the stationary phaoe of arowth,  The

rapidity of the drop in ATP content TS u‘fcctgg by the qrowth

RS

temperature . ThuAhithr the growth temperature, the more rapid was the

decrease in AfP content At the stationary phase.

The change in generation time with growth temperature in GSB s

»

presented in Fig. 30. 1&% generation time of =, hnf&ﬂfﬁaﬁf at 37° was
60 min and this time.increased Progressively with decreasing tegperature
until at 18° it was 196 min. At temperatures lower than 18°, the
generation time increased rapidfy. The generation time at 15, 9 and 7°
were 342, 1320 ang 1980 min respectively. A typical relationship
between growth rate and incubation temperature, plotted ag%ording to
Arrhenius s shown in Figq. 31,7 As tRe growth temperature is decreased .

from 37 to'l8°, the growth rate decreases Progressively and shows a
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Fincar relat Tonshiph boy
reciprocal of the abao)

deviates {rom Pinear.,

.

at 9 and 77 with greatd

from Tincarity in low i
: A

yield (Fig. 31). Cel)

een the Togariths ol GEOwth rate and the

>

e terperature. - AU about 157, the curve

AN
The Tincar ity of the curve js further divton ted
Yo Tovered specific growth tates.  The deviation

CEPCTAture rowth is retlected in decreaved ol

yicld was relatively con<tant from 17 to 187

below which the yield was no Tonger independent of growth rate and

began to fall off preci
“ »
Growth of the orgg

(Fig. 32). Instead the

to form colonics. The

»

ﬁ the culture was plated

Oon tryptic soy agar + 0
brilliant green aqar.
although negliGible at
time. %Whis increased s
known phenomenon of cel
of hea{ihg, freezing, f
ments.  Since there js
temperatures beléw the
(Jackson, 1574) f@rthe

bers grown in glucose-s

1L Cold Injury and Re

—

A. GSB Grown Culture, €

pitously.

niser did not occur at 59 in glucose-<alt broth
'cuitulr(- showed progressive lQ*,s of the ability
loss of viability was much more apparent when  —
on desoxychotate agar and MacConkey aﬁar than

.Sd fcaxt extract (TSYA), glucésc?snlt agar(ﬂii
The diffcréncc in;cbunts on thege media,,

the start, becomes phogrossivelx greater with
ensitivity to c¢rtain selective media is 3 viel ]~

v

lular injury and has been observed as a resujt
J Y i

-

¢ L .
Feeze-drying, irradiation and chemical treat-
little information on the effects Sf non-freezing
minimal growth temperature on microbial activity

Fexperiments were carried Out’ using S iicddo!-
4 .

alt broth or tryptic soy broth. S

covery of Sudm nofia keldclior; - o,
) : .
old Stored in GSB o ;
‘.“_._—_.“'”-—— ——

When exponential growing &, heidaiiers in GSB was inoculated into

fresh media p%e-tempere

‘ %

-

d at 0, 3, 5 and. 6°, there was no growth from

2
A x
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0-5" and only 1imited growth at 67 during the 10 days! im:uh(/l ion -
indicated by the Counge on ISY gaor (g, 33) 0 The grodual de Pine in
counts on TSY aqar at 0" indicate: that some of the cells died. A

the storaqe temperature increaed | ron 07, death became Tess and Tos @
obvious. Although there wge no drastic death of cells during storage,
counts on the selective medium, desoxycholat e adar decreased after 2
days' storage and bécamy pronounced af ter 19 days' storage at 0, 3

and §° rgiulping ina difference of 2, 1.3 and 0.9 log‘ryclcs between

u

counts on the twh media.  Cultures stored at 67 aiso showed < Yight
-

Serl:,itivity to desoxycholate agar after 7 days of <toraqge. The decreane

in counts on desoxyckolate agar compared to TSY agar was interpreted

e a
as loss of tolerance to t selective agar as q result of cell sinjury
. 1 -
but not death, because tTw\inj-éf’ed cells could Actually recover from
Ltheir sensitivity to dosoAychola{o agar in the absence of growth when
incubated at 25° (Fig. 34) . 1t (an be "seen that the cold-stored cellsy
exhibit a lag of 2.5 hr ip GSB at 2% when cnumerated on TSY aqar.
- - g = . }:"‘ ) ..
During this lag phase, the celtbs, cdnv ctely recover their tolerance to
the desoxycholate agar or MacConkey agar. Both the shape of the :

recovery curve and the abscnce of an incrcase in {he counts on TSY agar .

.

during the lag Or recovery period indicate that this is a recovery rather

. 4
v Py [ . J

than a growth process. The minimal glucSse-salt agar gave similar
) . _ P :
numbers of viable cells as TSy agar indicating that there was no

v

ingrease in nutritional rcqu|rcmeﬂt of the cold-stored cells. This js

furthcr substantlallzed by the fact that the injured cells had

. - s [ o ., . ~
ESsentlally the sdme rate of recavery 'in the. complex rich medium, TSB.
. ] - .o, i _ i

and the minlmal growth meduum GSB (Fig. 35). : ' S

.

To underctand the mechanism inyolved'dufﬁng\the reCovcry process,

“~w
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vhaole (oo Ine bt ! gt Ty e, Pecovery oo the et O el e
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colonie, on Tay dret s ATLer 2 he of i ubation 40 20 s Uhe Ty e
colla o over o theiy ATty te cren an decorvehot g, e SRR
Presence of ol the fnhihicog fented g, 30) . The Pevesh, Of (el
. . -
oy 1 i DHA A CATP . ot ; H VAP
protern, RHA D DNA Lo AT Vs al o deteragned during Fecovery ot
&

PCETT 5700 A Great propertion of i Cojured, col e had Fecovered thegy

% .

tolerance to deioxycholate awar within bo g durina-whieh fpractically

:

- . . i - ‘» ! N
MO InCreaae in the Tevely o cotlolgy protein, RNA Aol DA o el 4,

o) L

\A.fhm‘(:@’_% ATE Jevelds ERCT ey ed raoidly.

The fact thiat injured cella Can rocover in the aboerce Of DtOtein,

. 2
KNAL DNA 50l cel ) vl synthetio and do not show increased nutrigiang

reauiresent indicates that the Ferovery process cay he g sinple process

: .
in which the endovenous ﬁs«:rvc of the colls might play an important .

role. "This was studied by suspénding injured cells in phosphat e

~ ¥ o
buffer (0.0(»ZM, pH 7.2) and recovery was Yollowed at 2h°. As shown in .
“Fig. 38, phosphate was able to support recovery. To Yurther siybeotant-
late that the.recavery process is g simple~process without corplex S
. . . - . .

o .
-

n?’rabolic synthesis other inhibitors (hyd?-oxyurea, penicillin, sod ium

\

cyanide, chloramphenicol or fluorouracil) were added to the simple *
R
recovery menstruum, phosphate buffer and tNe rectvery process at 207 was

followed for 2 h- '(Fi_q. 39 and 40). The rate of recovery in the .}

presence of A1l the inhibitors was very sirilar to that in phosphate )

| . -
a
' . .
- . . . °
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Platihg media: e, tryptic soy agar + 0.5% yeast extract;
o, desoxycholate aqgar.
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buttfer alone and FeCovery was oot within 1.6 hJr,

Further “intformsg fon on the hoehavior of culturey du g o Taee in
. ‘ N g

3

GSB at 29 was tound with the abuervation that the wddition of Z,A*di;
nitrophenol o t he storaoe pediae dreatly protected the cells from
fncr(*a:t(‘:d Sensitivity to desorychalate gogr (Fio. L1) .. /\lf’t‘-(,‘r 4 drys !
storaqe, thé viable countn,~with nnd without 2 Q-dlnltruphcﬁol were
1.2 X AIO‘nY cells/ml and 7 xe10" col1. ARy reuvpectively. Wh(*nvﬁodiur«
azide was added instead, tho ro?vrnnce of the cckls tdwgfd-deséglcholate
Mas protected. “OW;VGF, sodium azide alse increased thelrmrtafivy rate
of tHe cells aé{indfcafed by a d}Op of 0.4 ]oq.cyélo of couﬁtg'on>TSY
aqar:f‘ip, o
' b : L . )

Z,Q—dfnitrophvnbl whether added g fow.minUtes before or afger th¢
temperature Shift to 2° protected the cells -aqainst Teakade of cellylar

;- .

ATP-during é(onaqc (Fia. 42), ‘ln }ts absence, the ini1ial'rat¢ of ATP /
ledLan was rapid and reached naximum at about 2 daysf‘stornqe. Thg'RWA
and DNA nggent of the quturEs during.storéqg ié SHOWT in Fiﬁl L3,
The pattern of RNA and DNA deuradat}on of thé cells dia nét differ 5uch

-

initrophendl;’although

whether stgfed in the presence or ébsenCQ'of 2, b~
the RNA levgl of the cells preincubated with £he inhfbi?g} ra few

min before transfcr to 2° was comparatvvely lower, It appears tQat<RM#h’"’
and DNA deqradat;on bear no direct relatlonshlp to desoxycholate A\\
sensnttvnty of the injured cells.

t During cédd storage, & consnderabje amount of 260 nm absorblng o
materialqappéared in the storage med idm (Fig. 44). MNejither cell lysis

nor death occurred as indicated by the absorbance of culture (Fig. 4%)

and counts on TSY agar (Fig. 41). In order to discover whether the cel]

membrane was damaged durtng cold storage, the abiTieyTsf the dye, ANS to
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FIG. 4, Vrabfllty of cnleonally retdellers n glucose-salt broth with
or without Inhibitors of ATP Synthesis at 2%; “inoculum growvin
n GSB at 37°. ' ,

Stqrage menstrua: o, GSB; &, GSB + 2,4-dinitropheno]; a, GSB +
sodium aziide, - ’ '

Plating media: T, tryptic .soy agar + 0.5% yeaét extract;
‘ T"=--, desoxycholate agar. :
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.
penetrate the celly was detepmined (Fia. 45)Y . After storaur, ANS Las
) b - . - 4 ’ : . -
able to enter into the intured cells aond they fluoresced <tronagl
, bur, Y , y

4

s

. ' - . . ) B ‘>

compared to thé norral cells.  When the injured culture was incubared
. ) Co . ey " - kS R

at 377, it recovered its toperseabiliey to ANS. 2

Previous experinents chowed that .. La'ff‘ﬂjyf‘was rendered
hY

LSensitive to desorycholate ator with reference 1o TSY aaar during cold
ﬁ ) .

B : \- -

. . . . * . . S A, ’

storage.. Another phenomenon veas observed when LT PN e g
y . . ) . s ’ - ’ L e
i inotulated into fresh GSB pro-temperod at 5%, no matter whether the
: - p . » RO

inoculum waé obtained dircctly from the qréwth vessel at 277 or b

Charvesting the culture at 18° and then resuspending in small portions
of GSB at:roow temperafure. leimediately upon transforr}gd the culdture
to 5%, ‘the viable count on the rich medium, TSY agqar, was considerably

. ) ,

less (2.5 log cycles) than the cdunt on the minimal alicose-salt aaar
, g cy : _ _

46). On further incubetion at 5%, the éulture,gradua}}y recoveyed-

. L L - ¢
its sensitivity to TSY agar . The rLCOV&ry progess was almost

'compl~ié 5fter_8 hr at 50 and aftér 2 hr'at 20%. On the other hahd, the

!

_&ou Won desoxycholate agar was not 5¢gn|fxcantiy dlfferent i}bm,that

b= h .
/on qlucose salt agar durlng the 8 hr lncubatnon at °5° (data net shown! .

Y

The failure of F: szdwfﬁrﬂr to grow-on TSY agar upon chi]ling is
. » .
analoqous to the well dchnented phenomenon of /'cold shock!' (Rose

1968), but it would be mor e appropruate to interpret the present

o

observatlon as damaqe rather than death of thc cells as the organlsms

canvactually recover the ab41|ty’to grow on TSY agar ewven at 5°
. Y . « : ‘

i

The fact:that the recovery of S. heideliorg from its sensitivity

~to TSY agar can occur at 5° indicates that certain nmetabolic activities.

can proceed at 'such a low temperature and contribute to the recovery

process. As some activities continue at these temperatures<and others

- .
o
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The ab;llty of ANS to penetrate cold-injured and. recovered
cells of Sulrongila hollo i ‘oo Culture A was ‘injured in
glucose salt broth for 4 days at 2° and recovered Tor 20 min
at 37°; culture B was similarly injured for 10 days and

recovered for 1" hr; culture C was normal cells without cold

storage., o .
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do not, 11 was congidered to he of nterest to find aut which o TVl e
were involved o [ he Tecovery of T Lo i om it sen i tiviny o

. )
TOY agar . This was studied by dncorporating vetabolic inhiliitor . into
GLBR and Tollowing recovery at 50 (Fiqgl by k8 g ho) 0t the
. A ,

inhibitor tentod, chloramphenicol, hydroryurea, penicillin o 2, -
dinitrophenol did not ohon, o signifloant arount o inhibition f

either on the rate or total anount of r'«tcova-ry}jn 658 during the 8§ hr
|

incubation at 570 Powever , hoth rifamycin and ritaopin inhibited the

L

recovery process conpletely.  Both inhibitors stop RNA synthesis 1Y

irreversibly binding to DNA-dependent RNA polymerase. Rifarmpin also

'S
produced some cell death during the recovery period (Fig, 49) .,
+
B.. TSB Grown Culture, Cold.Stored. in TSR
R " -~ 4 ) L - N
Exponential cultures \()T e crogrown in TSB at 377 were

@ransfcr't'g><1 to fresh medium pre-tempered at 5, A and 8°. Viabhility was

determiged by plating out the Cu.ltures at reqular intervals on TSY agar

A

and desoxycholate agar. The results are shown in Fig. 50, [t can be

P

seen thgf;the loss of viability was greater on desoxycholate agar than

on TSY agar at §'and 6°, :fhe differenee in éounts on theltwo media,
,9although negligible at th; start, became progressively greater with

time. Cultures incubated at 8 gave similar countse on bOEP media and

growth was demonstrated at this temperature. Some growth.Qlso occurred

Lo
] M .

2 < - » -
at 6°. At®5°. the cultyre was injured more rapidly and to a greater

extent than that at 6°. .

s
L

The effect of temperature on recovery was studied by suspending
the injured cells in TSB pre-tempered at 5 to 35° (Fig. 51). QThe data

show that the recovery procgss is temperature dependent. The hi%her
‘ ¢

the ‘temperature, the faster is the rate of recovery. The recovery at

€
.

s
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GSB at 377

_Plating media:
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25 and 357 was very rapid while that at 15 was much slower . hoere was
;// - ’
no recovery at 5% even atter 14 o incubation.
Recovery was also evaluated at 7 pH levels from b to 10. The

increase in numbers of colonies on desoxycholate agar, indicating the
»
rate and extent of recovery, was rapid and essentially the same at DH
6, 7 and 8, but much fess at p 5 and 9 (Figs. 52 and 53). MNumbers

observed on TSY aqar indicating death dropped gradually at pH & and a.

There was no recovery at pH 4 and 10 but rather rapid death was

observed (data not shown) .

The qffect of metabolic inhibitors on the recovery process is

- N

shown in Figs. S4-57. MNone of .the following ighihitors affected thé
recovery signifikant!y: chlorahphenicol, nalidixic acid, rifampin,
sodium azide, gramicidin, 2,h-dinitrophenol, penicillin and cycloserine.
Thé recovery wds essentially complete at 2 hr incybation in TSB at 207,
The ability of injured cells to recover in simpfe>recovery’menstrua was

then tested with glucose-salt broth, phosphate buffer (0.063M, pH 7.2)

)
<

and disti]béd water at 20° (Fig. 58). Recovery in phosphate buffer
was almost equally efficient as in glucose-salt broth., Distilled water
also permitted significant amount of recovery.

‘So.far, if has been demonstrated that injury of S. heldeliery
occurred at refrigeration temperatures. As some microbiaf actjviiies
can continue‘at these temperatures and others cannot, it was again
decided to determine the effect of épecific metabolic inactivation on
cell injury .and deafh. This experiment was conducted with 5. heidellber:
“grown in TSB at 37° and transferred to fresh med ium plﬁs oné of the
fol]owiAg inhibitors pre-tempered at 2°: é,h-dinitrophéno], rjfampi},

<

hydroxyurea, penicillin, sodium azide, oligomycin, chioramphenico] and

2
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FIG. 52. Recovery of Jalrinecila iwilelicrs in tryptic soy broth of pH 5

. and 6 at 20°; organism grown in TSB .at 37° and co]d-thured
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" pH of broth: &, 5; o, 6.

, tryptic soy agar + 0.5% yeast extract;
————— , desoxycholate agar.
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pH of broth: o, 7; 0, 8; A, 9.
, tryptic soy agar + 0.5% yeast extract;
------ » desoxycholate agar.
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azide.

Plating media: ——, tryptic soy agar + 0.5% yeast extract; -
————— , desoxycholate agar,
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fluoiouracil. f Pg. 59 showe that 2. h-diniy rophencl protects the coells
both fron injury and denth Compar ed with the contagpl, 765, Ditampin, on
the other hand, Tncrenced both cell injury ond death. Cell injury and

death occurred Luch rore drastically in the presence of pvnicillin
. . \ . . - ) -
(Fig. £0), while «u Ttures containing hydroxyurea were very <imilar 1o

the “control. Olicomnycin olso gave gimilar results to the control, but

sodium a;ﬁdg induced cell death (Fih_ f1). The effect of chloramphen-

Jcol and fluorouracil was not signiffcant]y ditferent from the

control {(Fia. 62). During cold storaqe, the inhibitors had bheen given

anmple of time to cnter into the culls. AT of {he inhibitors with the
\

exception of 2, L-dinitrophenol endered the cells sensitive 1O
F oherolg

desoxycholate auar. The recovery $Vﬂm %d(h seantnvxty was tested”

- //

the presence of residual inhibitors by transferrino each of the
cultures to a shakiﬁq water bath at 37° after 7 days of cold storage.

Samples were {aken from the recovery flasks at intervals and plated on
~ ’ ’
TSY agar and desoxycholate agar. The results (Figs. h3 and £hy) chow

that all cultufes recovered from injury in the preéeﬁce of the

residual inhibitors tested.

-C. TSB Grown Culture; Cold Stored “n Distilled Vater

The effect of cold storage in dlstllled water on (. Juldeller: was
also examined. Thé “culture grown in TSB to exponential phase at 3744&f
was harvested and washed twice with distilled water at 0-5° and finally
Storedrin distilled water at 2°. After b da?s' stpraée, iﬁjured cells
héd developed and aliquots werec then inoculated into tubes Qf TSB ,
cbntai%inq inhibitors pre—tempered at 0-5°. Af;er the first sampliﬁgf
t%e culture was then incubated in a water bath at '20° and subsequent

’

recovery was followed. The re§u1t inFig. 65 shows that chloramphenlco\
) .

"&»'
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FIG. 60. Viability of Sz2/mna/a neddellers in o tryptic soy broth plus
hydroxyurea or penicillin at 2°: inoculum grown in TSB at 37°.
Storage menstrua: o, TSB; &, TSB + hydroxyurea; o, TSB +
' . penicillin, .

» tryptic soy agar + 0.5% yeast extract;
---- » desoxycholate agar.

Plating media:
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62, Viability of (i, /0. follolE e i tryptic soy broth plus
chloramphenicol or fluorouracil at 2°; inoculum grown in TSB
at 37°.

Storage menstrua: O, TSB; A, TSB + chﬂoramphenicol; »)
fluorouracil.

TSB +

Plating media: ——, tryptic soy agar + 0.57 yeast extract;
----- » desoxycholate agar.,



LOG COLONY COUNT /ml

FIG.

chloramphenicol; o, TSB + penicillin.

Plating media: tryptic soy agar + 0.5% yeast extract;

----- , desoxycholate agar.
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63. ‘Rccovery of TSB grown .Jalrssinllag he 2ldellery at 37° after 8
days' storage in tryptic soy broth p]us fluorouracl]
ch]oramphcnlcol or penicillin at 2°
Recovery menstrua. o, TSB; Ag TSB + fluorouracil; +, TSB +
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FIG. 64. Recovery of TSB grown Salmonellq helldelbers at 37° after 8
days'- storage in tryptic soy broth plus’ hydroxyurea, sodium
azide or‘o]igongin at 27,

Recovery ménstrua: o, TSB;-A, TSB + hydroxyurea; +, TSB +°
. Sodiumﬂgv;de; o, TSB + o]igpmycin. s
el

Plating media: , try Yic soy agar + 0,5% yeast extract;
‘‘‘‘ , desoxycholate agar.
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65.

Recovery menstrua: o,

] v
TIME.

5(3/2’(;’1’.‘7
or. chloramphenicol at ;
and eold-injured for 4 ays in

TSB; A, TSB + nalidi

N

OUFS)

in tryptic soy broth plus

o

fluorouracil; +, TSB + chloramphenicol.

Plating media: —, tryptic soy agar + 0,
meme- , desoxycholate agar,

P

57 yeast extract;

Ie

xic acid;lo, TSB +



[RNE

h
14

fluorouracil ung nalidixic acid .do not inhibit the recovery proce s,
Fh TSB. However, the recovery proceas s (:omplt“t'mvalocl'.é(i Dy the
presence of sodium azide and. peniciilin (Fi.u. ABY . in n(h;iti(m, hoth
inhibitors induced <on ve cell death., Similar firwdim:‘. were olseryed
when injured cellte were allowed to recdver in GSB inatead of TSR,
Recovery occurred in the presence of chloramphenicol, r ‘i fﬂp‘mpin-,
- @ :

fluorouracil and nalidixic acid (Fiq. 67), but was inhibited completely
by penicillin and drastically by 2,1'>dinitrophcno} (Fig. £8). /

GSB has been shown to be very eff'icicn’t in thﬂe recovery process.
The abi]i{} of the ind{vidual~components to aid 'in recovery”was studied
By ;uspendinq the injured cells in each of the ingredients in the same
conce%tration and pH as in the GSB. The inoculated test solutions
Were incubated at 20° and samples were plated at time intervals to 2
hr (Figs.” 69 and 70) . All the components of GSB, phosphate, alucose,
cit“rate, magnes ium eu]%ate, ammonium sulfate and distilled water alone
could not permit the recovery of injured cells. Instead, injured cells
showed appreciable loss of viability in distilled water, glucose,
ammon i un sulfafe and sodium citrate. Normal cells on the other hand,
could survive very well in distilled water and practicalty no death
‘could be detected on TSY agar up to 2 hr incubation at 20° (data not

shown). The stress of low temperature imposed on the organism in
[

distilled water appears. to be more severe than in TSB. Under such a
hypotonic cold environment, the cells apparently were rendered not
only sensitive to desoxycholate agar but also osmotic stress. The -
recovery of injured.cé]js to normal can probably be demonstratéa‘wuth

the return of normal osmotic resistance as well as desoxycholate

toledance An éxperiment was conducted by inoculéting injured cells
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67. Recovery of calverne{ie b Cd
rifamycin, fluorouraci], nalidixic
20°; organism qrown

injured for 4 davys

SO

in tryptic soy broth at 37° and cold-
in distilled water at 2°.

Recovery mcmstguac o, GSB; A, GSB + rifamycin; o, GSB +
fluorouracil; +, GSB + nalidixic acid;
X, GSB + chloramphenicol .

118

in glucose-salt broth plus
acid or chloramphenicol at

»

Plating media:s~————3 tryptic soy agar + 0.5% yeast extract;

..... , desoxycholate agar., '
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into GSB awhich was then incubated at 2 for recovery., At intervals
)

samples were plated on 16Y daar and desoaycholate agar SO ag to Jdeter-

mine the percentaae of cells that had retained the t()](~r'()n(_e/r[(;
’ : o

desoxycholate and at the sare time, the tolerance to ourotic Streos,,

Osmotic tolerance was detormined by harvesting the culture sample which

was then washed twice with cold distilled water.  The suspension v.as
finally incubated ot 25° for 1 hr.  The initial and final counte on
TSY aqgar wos determined before and after the incubation. The recults

(Fig. 71) show that recovery was acconpanied by both a returp of

resistance to desd¥ycholate agar and osmot ic stress, both ofwhich

'?\“
followed each other until 70 min of incubation, after which the forner
rate decreased whereas the latter proceeded at an undiminished‘rate.

Previous experiments on GSB arown .. R>;€»ff~~g showed that

. v '
injured cells had increased permneghility to ANS. The ability of RNase
L d
Lo penetrate TSB grown culture after cold storage was studied by deter-

minina their survival in phosphate buffer (0.0G}M, pH 7.2) during
incubation with the enzyme at 26° (Fig. 72). Normal cells grown in TSH
at 37° were‘harvested; washed with distilled water and resuspended Tn

phosphate buffer plus ribonuclease (100 g/ml). The cell suspension

°

was then incubated at 25° and viability was determined by plating
samples on TSY agar at intervals. The normal culture was able to

survive well up to 2 hr of incubation. When the organism was injured in/
distilled water for Vi days at 2°, it showed rapid death within 30 min.

When fhe injuredggul ure was allowe% to recover for 1.5.4r"in GSB at

.

. . . Y
25°, it retaingd‘ﬁts ability .to survive under these conditions.
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DISCUSSTON Avp CONCLUS T ONS

The initial ai. of the present study was (o determine the clitect
of sub-optimg] Lemperatures on the growth and viab”’i[y of salmone ] ge
in tryptic SOy broth (TSB)*and glucose-saly broth (GSB) at PH 5, & and
7, using a t(zméeruturc aradient incubator.

’

The dota indicated that TSB ¢ pH 6 and 7 could SUpport abundant
growth at 6% but npot ay L™ while that AL pH 5 could support sTight
arowth at 14" 4pq abundant growth atel6’.  Thie finding reinforced
MOSU workers ! conclusions that food should be held helow 5% at aljy
tines to Prevent the growth of salmogellae (Prescott and Geer, 1936;
Prescott and Tanner | 1938, Anaelotti . - i l96f; Matches and Liston,
1972). 1t should be emphasized at thisg point that althouch growtk
was obderved at 6° in TSB at pH 6 and 7, this occurred under idea]
conditions for salmonellae. A complete nutritional medium was used,
free ;romAcompeping microflora and natural inhibitors that would be
Present in the actyas] food product. 't is not possible to extrapolate
the behavior that occurs‘in a laboratory medium to that in a food
product or the environmental situation that actually ‘exists in a food
pProcessing estaglishment. However, the minimal growth temperatures
were derived under ideal Iaboratory condltlons and, as’ such, would -

.represent the absolute minima below which no qrowth of salmone?lae
will occur. |
L : '

Matches and Liston (1968) reported that as the temperature was

decreased towards the minimum, the most obvious effect on the growth

9
of salmonellae #3S an extension of the lag phase. This lag could be as

! 7\]25 ' ‘ .
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long as § days in case of ., redde B and 26 days in case of .. Sl
Turiut and i Leriu. o Our results did not show suéh a long lagq. Instead,
growth in TSB gt pH 6 and 7 was rapid even at 6° and reached the‘maximum
on the tenth day of incubation (Figs. 6, 7, 15, 16, 18 and 19) . The
long lag of Jow temperature found by Matches and Liston could be due to
the fact that they used a smaller inoculum and an inoculum obtained
from the stationaéy phasé. 'n agreement with our results (Figs. 5, 14
and 17), the§ found that salmonellse were unable to grow over a
temperature range of 2-12° at pH & (Matches and Liston, 1972).

An interesting finding is that the survival of salmonellae grown
at low temperatures is much greater than organisms grown at higher
temperatures, Th}s is probably related to the change in pH of the
medium which js more noticeable at higher femperatures, augmented by
higher temperatures of incubation (Tables 1, 2 and 3). Thus cells
grown in TSB at pH § agd 7 having their final pH on the critical acid
or alkaline side respectively at or above 21° died off rapidly. The
death.rate’was enhénced al temperatures further above 21°, 0On fhe
other hand, cells grown at pH 6 did not yield enough acids to be
lethal and their survival was great even at higher temperatures. The
survival of salmone}laé at low temperatures perhaps also depénds on
the previous history or make-up of the organism. Smith et 47, (1a74)
Qho also found that Highér iemperatures enhanced death of gram-ﬁegative
bacteria at their stationary phase, broposed that a prerequisite>f0}
long-term survival of vegetative cel] cultures was completion of
secondary metabolism. Thus environmental factors such as temperatu}e, PH,
redox poténtial, trace metal and inorganic pH;sphate cdncentrations

that permit good yields of secondary substances should. favor longevity;
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those that suppress secondary metabolism should cause early death
(Demain, 1968; Weinberg, 1970, 1971a,b; Smith ¢t al., 1974).

S. hetdeliera grew much more slowly gnd gave less cell yield in GSB
than in TSB at all temperatures and pH levels. The organism could grow
in GSB at@iow temperatures of 11, 9 and 9° at pH 5, 6 and 7 respectively
(Figs. ZOLZS). But incubation was cafrried out in a static temperature
gradient incubator and the oxygen availability might‘be limited and
become critical in the initiation of growth in the minimal medium at low
temperatures. In fact, when aerated the organism could grow well at 7°
and slightly at 6° in GSB at pH 7 (Figs. 29 and 33). On the other hand
the reason for the lower minimum temperature of growth in GSB compared
with TSB &t pH 5 is not clear; Growth in GSB at pH 5 and 6 yielded
comparatively more acids than in TSB (Table 4) leading to a faster déath
rate in the stationary phase at temperatures above 21°. However, growth
in GSB at pH 7 yielded a final pH around neutrality and; hence unlike
that in TSB at pH 7, led to long survival of the crganism even at higher
temperatures.

The data‘on the effect of temperature on generation time and growth
rate of 5. keidelberg in GSB indicates that the organism shows the =~
teﬁpe;ature response of a typical mesobhile (Ingraham, 1958). At temper-

. -
atures below 18°, growth rates are greatly slowed and deviated from the
Arrhenius equation (Fig. 31). At these low temperatures cell yield is no
more constant and i; jndependent of growth rate. Instead it falls off
precipitously. Forrest (1967) and Ng (1969) found similar results with
Strep. faecalis and E. coli respectively and concluded that decrease .in

; N
cell"yield with decrease in temperature was a result of uncoupling of

energy utilization from energy productioni. This was due to the limitation

-
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of certain biosynthetic processes and not due to the limitation of energy
production nor decreased permeability. The present data show that ATP
synthesis was not decreased at low temperatures nor was the leakage of
ATP from cells stored at 7° significant (Figs. 28 and 29). Therefore,
the failure of sugar transport coupled with loss of permeability confrol
at low temperatures as 3 possible basis for thé minimaf growth teé er-
ature of bacteria (Farrell and Rose, 1967a) is not stported. -
The above hypothesis, that biosynthesis limits growth at low

temperatures, is further supported by the findings of Das and Goldstein
(1968) and Friedman ot a7. (l969)l' The formerbworker demonstrated that
at 0° protein synthesis in F. coli{ slows progressively and eventuallyé
’stops, while RNA synthesis continues at an undiminished rate. The -cause

. -
of low temperature defect on protéin synthesis appears to be an‘inability
of free ribosomes to attach to mRNA, The evidence suggests that a rib-
osome has to be activated once it has been released from the 3' end of
a ﬁR&A(§Frand, in order to permit its functional reattachment at the §5'-
end of a new operon. This activation app%gently proceeds too slowly at
0° tobe effective in completioé with inactivasion processes. The low
temperature effect in protein synthesis could éxp{ain.the well knéwn

. : i .

“phenomenon of minimal growth temper&ture. Friedman et al. (1969) found
that lowering the temperature of Z. coli to 8° reéuftgd in an accumulation
of ribosomal subunits due to a block in the initiiﬁion of protein synthe-
sis while the elongation of proteins initiated before the temperature
~‘I shift continues until they are complefed. This lTow température ribosomal
subunit accumulatioﬁ has a sharp cut-off between 8° and 10° and thus
E. coli can initiéte protéin synthesis at 10° and above but not at 8°

or below this temperature. However, most activities including RNA and
. %
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DNA synthesis continue at 7°. They suggested that -the failure to
initiate the synthesis of new pProteins is responsible for failure to
carry out cell division; a process which naturally reqUIres new proteins,
As mentioned earlier, growth rate of .. heideiions s greatly
diminished towards the minimal growth temperature and deviates from

the linearity of the Arrhenius plot. Most workers point out that

'

biosynthesis and not catabolism is the limiting factor at low temper-
atures. It would be of interest to find out the effect of temperature
on the rate o% protein, RNA and DNA synthesis during balanced growth of
S. heidelierg. An Arrhenius plot of the data might show which bio-
synthetic process is affected at low témperatures.

In any study on the effect of low| temperature on micro-organisms,
the phenomenon of cold shock must be recognized and taken into
-account. It is a well documented phendmenon that may result in damage
or death to micro-organisms upon sudden chilling of 4 dilute
suspension of bacteria (Farrell and Rose;\l967b). Shock occurs only
under specialized conditions but when these coﬁd;tions are met

survival can drop as’much as 10,000-fold. Suscéptibility to cold

shock is usually found oniy in bacteria from exponentiat phase cultures
(Gori]]_and McNeil, 1960) and is dependent on rapid chilling. The
o0ccurrence of cold shock is also affected by the cbncentration of cells,
the medium in which the cells are grOWn and in’‘which they are suspended
during chllllng (Gorll] and MCNel] ‘1960 Houghtby and Liston, 1968; |
Strange, 1964). In the present work cold shock did occur when |
exponenttally growing S. hezdelber in GSB was ;nog¥iifed iﬁto Fresh

GSB pretempered at 5°, no matter whether the inoculum was obtained

®

directly from the growth vessel at 3Z° or by harvesting the culture at
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18° and résuspcndinq }n a small volume of GSB at room terparature.  As
many as 2.5 loa cycles of cells were damaged and rendered incapable of
growth on TSYA. However, when the chiltled cells were enurerated on
GSA instead, cold shock was not dcmonstréted. The ability of the
chilled cells to grow on minimal mediom rather than on the complex rich
medfu% is the reverse of the phenomenon of 'metqbolic injury' rerorted
on micro-organisms subjected to freezing (Straka and Stokes, 1959;
Postaate and/Hunter, 1963; Moss and Speck, 19ffa; Kuo and Macleod, 1969)
or subjected to sublethal heating (Nelson, 1943; Allwood and Russell,
1966; Russell and Harries, 1968) . However, it is similar to the

)}

'minjmal medium recovery' effect observed in radiation éensitive
organisms (Ganesan and Smith, 1970) and sublethally heated /airm i
(Gomez -~ 0., 1973). . N

Upon further incubation at 5°, the chilled -, heldelicra gradually
recovered from its sensitivity to TSYA (Fig. LhA). " Sato and Takahashi
(1969) reported that cold shocked /. c077 could recover in magnesium
solutions at a temperature-as low as 3; and thefrecovefy process
required energy synthesis. However,kin this study, recovery of <.
heildelierg from cbld shock occurred in the presence of 2 ,b-dinitro--
phenol (Fiq. b8); The difference in these findings is probably due to
the fact that the recovery mensgruum employed in this experiment was
glucose-salt broth rather fhan magnesium solution. Although 2,h4-di-
nitrophenol is a potent inhibitor of oxidafive phosphorylation, it does
not inh{biﬁ'the production of ATP via substrate level phosphorylation,
for example, from. glucose in Staph. qureus (1andolo and Ordal, 1966)
and S..fépﬁiﬁuriuw (Pierson, 1970). The rééults élso showed that

rifamy¢§n and rifampin which are potent inhibitors of RNA synthesis,
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irreversibly binding to DNA-dependent RNA polynerase, inhibited the

recovery of chilled .. /o "/oiiop: (Fig. b)Y . Thus RNA synthesis s
required in the recovery process at 5°. As mentioned earlier, RNA-
synthesis can procced at temperatures as low as 0 and 7° in ©. oo °

(Das and Goldstein, 1968: Friedman ./ wl., 1969},

Cold shdck has been shown to alter membrane perimeability leading ot
to leakage of 1J.V.-absorbing compounds from A. aeroacnes (Strange -and
Dark, }962) and stimulate auto-degradation of RMA in the organism
(Strange and Postgate, 1964). The recovery process of Q; idellers s
mdch faster at 20° than at 5° (Fig. 46). Similarly that éf Fooeli s
favored at 30% than at 3° and is facilitated by magnesium ions (Sato
and Takahashi, 1969). Magnesium ions are well recognized as cofactors
of many enzymatic activities, an important stabilizer of ribosomes
(McQuillen, 1962) and are able to diminish RNA degradat}on in heat
stressed i aorosence (Strange and Shon, 1964) . They also affect
membrane porosity (Scherrer and Gerhardt, 1973).

Unlike cells grown in GSB, .. heileliverg grown in TSB was more
resistant to cold shock and no Significant djfferencé'betﬁeeh counts
on GSA and TSYA was found (data not shown). This is in agreement
with the finding of Strange and MNess (1963) that susceptibility to
cold shock in some bacteria decreases when the organisms are-grown in
nutritionally complex media rather than in chemically deffnéd\media.
Groyth in nutritionally complex media in geﬁera] leads to an increased -
éynthesis of unsaturated fatty acids by bgcteria (Kafes, l96b).) Rose
(i968) suggested that susceptibility to cold shock.?n Grah-ﬁeéativé

bacteria méy be a function of the content of unsaturated fatty acid

residues in the membrane lipids.
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't is concluded that cold shock of ., ﬂy'ul'f.wg in GSB <hould be
interpreted with Caution as the chilled organism shoved cellular injury
Father than ddath.. njury is probably due to altered nlrmbrane perie -
ability and ribosome intcgkity and s manitested as loss of ability to

form colonies on TSYA.  The injury is reversible and can be rcpaiagd
when RNA synthesis taka place. Th?-rcsul(s question the use of :ich
media as pre-enrichment procedures for'thv isolation of chilled food-
borne patho%ens and it s sugaested that GSB e probably nore appro-
priate for the pre-enrichment step in the isolation of chilled salmon-
ellae.

During prolonged storage of GSB qrown or TSB grown [ Qi e
at 0-5° in GSB or TSB Fespectively, the organism was injured and
rendered unable to grow on‘€esoxycholatc agar or MacConkey aqar (Fiq.
32). This observation ig different from cold shock as both GSB grown
and TSB grown cultures showed the same injury; viable counts on TSYA
and GSA were practically the same and both media supported many ﬁore
colonies than desoxycholate agar,

' The phenomenon of increased nutritional requirement was not
6Bgerved'with GSB grown .7, neideliery when stored at 5°, Counts.oniTSYA
and GSA were simjlar during recovery as was the rate 'of recovery in TSB
and GSB (Figs. 34 and 35).® These findings differ from results with
E. coli and o, ana tum subje;ted to freezing, ‘both of which showed
increased nutritional requirements or better recovery in a rich medium
(Aoss and Speck, 1966agb; Ray et al., 1972)

) Analysis of GSB grown g, heidellerg did not show any appreciable
degradation of RNA DNA and protein .during storage at 2° The

[

recovery process of GSB grown and TSB grown cultures from injury was
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similar. Both can recover in the presence of inhibitors of RNA, DNA
protein, mucopeptide or ATP synthesis.  The endogenous reserve of such
cultq}es probably plays an important role in the recovery process, as
both can recover véry well in phosphate buffer. On the other hand,

ATP synthesis during recovery from Injury caused by freezing or freeze-
drying in S. anatum has been reported (Ray ¢¢ l.,-1971 and 1972).

The difference in results could be due to the fact thaf freézing and
freeze-drying are more severe stresses causiﬁg metabolic injury of the

. ‘;\:‘
cells with increased nutritional requirements or could be due to the

~

use of different plating media. g

As mentioned earlier, some microbial activities,'including RNA anq
DNA synthesis, can continué even below fhe minimal growth temperature

h A5G . . :

(Das and Goldstein, 1968; Friedman et al., 1969). Such unbalanced
metabolism could also occur in . netdellerg at 0-5°, but could not
be the cause of injury observed in the present study. Firstly,
ini&Fy occurred not only at sub-minimal growth temperatures but also
at 6°, about 0.7° above the minimal growth temperature of G, heédeiﬁerg.
AF this tempeyatufe some growth and presumably balanced metabolism
occurred in ?BB. Secondly, addition of antimicrobial inhibitors Yo
the storage menstrda at 2° did nét increase or decrease the perceﬁtégé
of injury sibnificantly, witE the exception of 2,b-dinitrophenol (Figs. -
. 59-62). Friedman et ql. (1969)lf0und that incubation of E. coli at
0-5° led to accumulation of ribosomal subunits. Such accumulation was
complete within 3 hrs at 5°, but this probably can not be related to
the injury of S. heidelberg which developed gradually and became

significant only after several days of incubation at the same

temperature. Moreover, no significant d{fference in the amount 9f
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injury was noted b res chilled in TSR and in TSB plus

chloramphenicol whi presence, will halt the accurulation of

ribosomnal sy BNperatures

The pres Hcillin during cold storage of V. fol i e in

~of the organism.  This is probably due to the
ondition, cell wall mucopeptide was not synthesized.
Fprotective effect of 2,b-dinitrophenol on chilled

7clear, but is probably due to a physical rather

than a biochenjcal JRfcct since oligomycin, also an inhibitor of ATP
} ; ] N Y ’

synthesis, does no: JlEotect the cells from injury (Fias. 59 and £1).

Although the exi~* mechanism of cold injury of \TSH grown or GSB

~.

grown . helloller: when sfored in TSB or GSB respectively is not clear,
i -/

|

7

it appears that cold

L

_ y produces some kind of damaae to the cell

envelope of the organ '}csulting in increased permeabflity. ‘There is
leakdqge of U.V.-absorbing compounds from the organism durina cold

storage and the dye, ANS, which normally cannot enter the cells, can

&2

now do so (Figs. Ll and L5).  The recovered cells regained their | \
impermeability to the dye. The fact that injured cells are rendered |
sensitive to desoxycholate and MacConkey agar would indicate that the \
oufer structure of the cells was damaged. The agars contain f%sbect- /,
ively desoxycholate and bile salt which are surface-active compounds.
ft is knewn‘that in the gram—negative bacteria, the oiiter lipopoly-
saccharide layer of the cél]'wa]l protects the mucopeptide layer of fhe
wall and “the Iipo-proteih layer of the membrane a@einstfthe action of
hydrolytic enéymes and surface—activé agents respectively. lHencé

normal cells are not sensitive to dcsoxycholaté'or,MacConkey agar.  Cold

storage probably induces some steric or chemical change of the
D ' :

L
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lipo-polysdccharide layer and allows the surface-active agents to come

in contact with the ¥ b-protein layer 'of the membrane. The damage

to the cell envéﬂppe isireversible and can be recovered. The fact that
recovery is favored at pH 6-8 and is much faster at 35° sugaests the
process may involve an enzymatic reaction.

The stress imposed on the TSB grownkﬁ. hellciiers during cold
storage in distilled water appears to be more severe than in TSB..

Under such - hypotonic environment, the cells are constantly subjected:

'

t<: both cold temperature and osmotic stress. The organism becomes
senéifive.to desoxycholate agar ahd has an increased permeability, as
evidenced by the ability of RNase 2Q enter the cells. Permeability to
. )
RNase isllost when the cells are allowed to Fécover.'"However, unlike
cggls stored in fSB, the injuréd cells cannot recover in simple
s;bstrate solutions such as phosphate buf%gr ang‘the recovery pfocéss
requires the synthesis of mucopeptide and A%ﬁ (Figsli6f and 68). This

i

indicates that the injury involves not only th lipo-pdiysaccharide
"layer of thé;yell wall but also the mucopeptide\\@qer.H It is well
known that the cytoplasmic membrane f;?ng immediatgjy benea}h the wall
is so fragiie that ‘it i;% to be protected by the cef] wall ég%inst
osmotic forces. The wall must bé rigid and there is ;Bundant gvidence
that the mucopeptide component confers this property on the cell wall
as a whole (Mandelstam and McQui]lén, Iég%)] The cell wall mucopeptide
of S. hetdelberg probably undergoes some kind‘o% change or degradation
during cold storage in distilled water. This isN;urther substé%tiated
by the fact that injurea cells died of f much more rapidly than.ghe

normal célls in water at 20° (F*q. 69) and the recovering cells resumed

their resistance to osmotic pressure gradually in accordance with the
' §
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Con
.3

/ ' . o FX
Increasing tolerance to desoxycholate (Fig. 710%™ 5
In conclusion, storage of .. et el at refrigeration
/
températures results in damage to the cell envelope of the organism

/

and%renders them sensitive to surface-active agents. The damage may

/ -2 .
bé due to altered lipo-polysaccharide/or mucopeptide of the cell wall
fﬁepending on the storage menstruum. The injury is reversible and is
dependent on the pH and temperature and conceivably on enzymatic
reaction(s). It is suggested that pre-enrichment procedures should-be -,
employed in the isolation and detection of salmonellae from foods

. . ]

stored at refrigeration temperatures, possibly in glucose-sajt broth to
compensate the phenomenon of 'minimal medium recovery'. The purpose
of the pre-enrichment procedure would be to allow the cells to recover
from the cold injury without being exposed to inhibitory or selective

substances)which might be unduly toxic to the‘injured_cells. In
addition, selective agents such as brilliant green agar that are not °

surface-active should be developed and employed. Since cold injury

% ‘
very?often leads to increased permeability of the cell envelg}e, all

plating diluents should be prepared in disti])led water free g%%toxic
& s

L N .
trace elements. |f direct enumerat.ion of the organism in the foéﬁg
é&,‘p“'
sample is required \ appropriate inhibitors»to prevent multiplication
~ {

the cells, but to allow rec0very;'could be added to the recovery
menstruum,
The results reported in this thesis support earlier studies on

the effects of environmental stress on injury to micro-organisms.

1

Namely that injury is a very complex bhenomenon and the.extent of injury

and Fecovery is markedly affected by experimental conditions. With

increasing pressures for bacteriojogica).standards for foods, it is

T~
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