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1.

I, INTRODUCTIOW

The problem of maintaining quality of meat from the time thet
the animal is killed until the meat is eaten by the consumer is one
that only partially has been solved. This problem arises largely from
the faoct that meat serves as an excellent medium for the growth of
many kinds of mioroorganisms, Meal preservation, then, is based prie
marily on the control of microbisl growbth. This oomcept has been

stated forcefully by Jensen (52, p. 4):

Reduced to its very fundamentals, the manufacture and
subsequent handling of food products may be cosidered

as a rece botween man and microbes to see which will be
the first to consume such materials. FPractically every
process employed in the paocking industry hinges upon

the reductlion of microbial growth and is within the prove
inoce of the bacteriologiste~refrigeration, pickling, smok-
ing, curing, certain condiment treating, heat processing,
cenning, rapid trensportation, "prompt handling", and
aseptioc procedures,

Such processes as freezing, canning and extreme desicoation, although
they effectively restrict development of microorpenisms, are expensive
and lower acceptability of the products. Consequently, the bulk of
production is marketed as fresh or cured meat. The recent trend to-
ward pre-packaged, solf=service meat seems likely to accentuate the
spoilage problem by increasing possibilitlies of mishandling.,
Satisfactory preservation involves factors in addition to microbial

control, The ideal preservetive would extend the storage life of meat
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without introducing health harzards or detracting from esccepbability;
it should not sorve as a substitute for quality. Turthermore, it
should bo oconomical and adaptablo to comneroial application. The
likelihood of finding o "perfect"” proservative is probably slizht.
Hovever, it appears that carbon dioxide, when applied in tho storage
atmosphere as an adjunct to refrigeration, can delay micerobial prolif-
eration and also conform reasonably well Lo the othor criteria mentioned
above,

Tho effectiveness of carbon dioxide in prolonging keeping +time
of moat has received some abltention in the past. Considersble exper-
imental work has been carried out on a variety of meat products with
favorable results. In addition, there hes been a notable practical
application. During a five~yeer poriod just prior to Vorld Var II,
lorge quantities of wnfrozen beef wore shipped from Mustralia and New
Zealond to Fngland under atmospheres containing CO0ss This beef arrived
ot its destination in excellent cmdition (76). Previous to that time,
such shipments of meat without freezing had not been feasible,

. The principal objective of tho present work is to study the ine
fluence of carbon dioxlde on rate of growth of spoilege organisms on
cortain meats as evidencedby chanpges in organoleptlic propertles and
numbers of mioroorgenisms present, The effeoct of COs on tho accept-
abllity of meat also receives some attention. In addition, the effect
of temperature, relative humidity and initial microbial load in keeping
time are considered as well as the offocl of temperaturo and initial

load on the inhlbitory proporties of COp,



Cut=up chicken end frankfurters were used in the work reported
here primarily because of their availaebility. It is belicved that
Pindings obtained for these products penerally will be aponlicablo to
othor moats. Chickon represents fresh mont while the frankfurter
ropresents a cured, comainuted meat, RBecause of the considerable differ-
ences In composition, organoleptic properties and microbial flora of
these two products, results are presented in separate sections,

Although tho worl does nol contain a speecific study of methods
of applying carbon dioxide 4o meat storage, soms of tho points brought

out may be helpful in that connection,
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11, IEVIEW O LITERATURR
A, Goneral

Darly studies on applications of carbon dioxide storage and tho
offect of COp on microorganisms seem to have been carried out largely
by Gorman investigators. The first work found on the storage of moat
in 002 atmospherés was that of Kolbe (59) in 1882. later, very thorough
investipgetions were undertalken by the IPood Investipgation Board of +the
Department of Sclentific and Industrial Research of Great Britain in
the decade between 1930 and 1940, and oubstending work was carried out
in Mistralia at ebout tho same time. Very little work of this nature
has been done in the United States,

The only sizeable roview whioch applies specifically to this problem
was that of Fisk (25), and he omitbted or gave very limited treatment to
soveral important aspects of tho problem, It would seem, thom, that a

roasonably ocomprehensive literature review is indicaled at this time,
B, Miorobiology of Stored Moats

The importance of the role of mioroorganisms pgrowing on the sur-
faces of meel stored at refrigerator temperatures above freeozing was
recognizod many years ago. For inatance, Glage (31) in 1901, desoribed

the rapid growth of closely related spocies of bactorla on the surfaces



of meat held at low tomporature, In 1908, Richardson and Scherubel
(85) notod that pleces of meat began to decay or mold on the surface

rathor quickly, whereas tho progress of interior decomposition vms slow,

l. Iloroorganisgms of frosh meatls

a. Bagteria., Glage (31) isolated e number of spocies of "Aromo=-
bakterien" from tho surfaces of meat stored at low ‘tomperaturo ond high
humidity. MHe found that the surface of ‘the meat became coverod with
tiny drop~like colonies which grew in size and finally coanlesced 1o form
a slimy ocoating. Accompanying the growth of those organisms was a char-
ancteristlc aromatic odor which he considered rather pleasant in the early
stages. OGrowth was best on the cut musole, although it occurred to some
oxtont on the fat and ocomneotive tissue; +the surface of tho meat was not
peptonized and tho bacteria did not penetrate into tho meat, Slimy meat
fod to rats and mice did not produce siockmess. |

Glage oonsidered that he had seven species, one of which predom=-
inated. The bhaoteria were ovel to rod shaped with rounded ends and
ocourred occasionally in chains, Thoy were motile, vory aerobic, lique-
fied gelatin slowly, and turned litmus milk alkaline; they prew well ot
2° ¢, but poorly at 37° Cey and tho optimum temperature was thought to
be at 10 to 12° ¢, On fresh moat those organisms produced a grey coating
which later became yellow. Judging by Glage's description, it seems

likely that the "Aromobakterien" wore closely related to bacteria reported

08 Achromobacter by Haines (35) and several other investigators and as

Pgeudomonas by Ayres et al, (1),
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Brever (4) studied tho bacteriological flora of various types of meat
purchasod from small markets. le ground cuts of meat and made plate counts
from dilutions of the ground meat. Only a few samplos of each type of meat
were tested; and the counts varied tromendously., Brower concluded that
propared meats usually contained more bacteria thon fresh meats, that smoked
meats contained a much smaller numbexr of bacteria than fresh meats snd that
the colon group predominated amonp the types of bacteria encountored.

The last conclusion seems questionable in view of the fact that numbers of
coliform bacteria were debermined solely on the basis of colony appearanca.
He could not account for the faoct thaf numbers of colonies on plates incu=-
bated at 20° C, were usually much larger than the numbers on plates incu-
bated at 37° C.

Prescott ot al. (83) roported that the formation of a slimy coating
with disaprecable odor on beef in cold storage was due to an almost pure
culture of a bacterium capable of growth at temperatures slightly above
freezing. Apparently these bacteria were not studied further.

Haines (34) described the rather rapid spoilage of o quarter of heef
storad at 0° C, by an organism of the Pseudomonas group, laines (36), in
a study of the baoterial flora of some slaughterhouses, found that somovihat
loss than half of the bacteria were cocol and the remainder were rods, the
ma.jority of tho latter being soll types. Of the baoteria found in the air,
9 per cont from a "good" slaughterhouse were intestinal types as comparod
with 19 per cont in a "poor' one,

I detailed study of bacteria forming slime on the surfaco of chilled



Te

beef was made by llninos (85)s The organisms which made up the slime woro

almost entirely membors of the Achromobacter group. A nunber of orpanisms

belonging to tho gonora Pseudomonas and Proteus were also found. About

120 strains of Achromobacter were studied and grouped on the basis of ocule

tural morphological and physiolosical charactoristics. Rergey's lanual
(3rd edition, 1930) was tho standard refereonce for this worlk,
In studies of the initial flora of Australian beef, Fmpey and Vickery

(24) obsorved that 95 per cent of the bacteria capable of growth at «1° c.

consisted of several types of Achromobactor while tho remainder wore spocios

of Pseudomonas end Micrococeus. During storage the relative mumbers of

Achromobacter and Pseudomonas increased at tho expense of the micrococei.

In further studies on chilled boof Empey ond Scoti (23) invostipated
tho initinl contamination aoquired by beeofl surfaces during drossing and
found that more than 97 per cont of tho organisms vieblo at 20° C, were
baotorle. Usually less than 1 per cont of the microorganisme growing eb
20° C. wore viable at =~1° Ce, ond at -1° C. yeosts and molds made up &
gpreator share of the populetion. Tour principal genora were found among

the bactoria vieble et ~1° C., viz., Achromobactor, 90 per cent; illoro-

s 28 reen s st 10 B

1l por cent. Zmpey and Scott decided that most of the organisms comprising
tho initial flora on besof surfaces had come from tho hide and heir of
slaughtered animals,.

TZallman et al. (70) isolated bacteria from the surface of ffsuh and

stored beef. Thoy made no mention of storage conditions for this beef or
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whether any of 1t had reached or approached the slime stage before iago~
lations were made. The genera and number of spocies ropresented among

tho isolates follow: IMicrococcus 22, Flavobacterium 15, Bacillus 12,

PE vty

Achromobo.cter 9, Diplococous 1, Gaffkya 1, Staphylocococus 1, Bacterium 3,

Sarcina 1; total 65,

The slimo nnd intestinal contonts of the haddock wero found Lo conbain

lergely species of Achromobacter by Stewart (99). In addition, orpenisms

of the genora Micrococous and Flavobactor and on a few occaslons Pgeudo-

monag were encountercd frequently in the slime. Of 247 cultures isolated

from the haddook slime, 140 were considered to be Achromobacter and 40

Miorocoocus. Tho Achromobacter were classified into 15 types on the Lasis

of bilochemical aotivities aond one of these contained sevenly per cent of
the ocultures. These organisms were desoribed ag Gramenegative, none-motile
osocoobacilll occurring in paire and short chains, produocing no change in
litmus milk and gelatin, and variable as to nitrate reduction and fer-
mentation of glucogse. HNone of these types could be identifiod with species

of Achromobacter listed in Bergey's Manual; however, some types were con-

siderod to be rolated to the following speoies: Achromobacter fermentationis,

Ao pollucidum, A. multistriatum, A. geniculatum, A. pestifer, A. venosum,

P=Sulh

A. ravenoll, A. litoralis, A. guttatum, and A. dendriticus. IHaines (35)

in his study of Achromobacter from slimy beef also was uneble to identify

any of his types with species listed in Bergoy, although he montioned that

two of thom resembled Achromobacter multistriatum.

The development of a surface slime with accompanying off-odor iu a

very oommon cause of spoilage with poultry held at low temperdturos above



9.

freezing., !allman (69) investigated slipporiness of young ducklings and
found the chief slimo~forming orpganism Lo be a spore=~forming capsulatod

bacillus closely resembling D. mesenteriocus.

Lochhead cnd Landerkin (68) stored drossed poultry (prosumably New
York dressed) at temperatures of 30° and 329 F, Thoy observed that tho
first odor was due to the development of bacteria on tho skin surfaoce, nnd
that surface spolilage was far advanced before thore was any notable inercasoe
of bacteria in the muscle. They listed the prodominant bacterial typos as

Aohromobacter (3), iMioroocosous (2) and Flovobactorium (1).

Gunderson ot al. (32) studied 186 cultures obtained from the surface
of freshly killed chicken. The bacteriael pgenora found and tho rolative

numbors werc: Ilicrococcus 50, Aloallmenes 38, Achromobactor 54, Para-

colobactrum 13, Ilavobactorium 9, Proteus 7, Dacillus 7, Pseudomonas 6,

Staphylocooccus 5, Microbacterium 4, Iborthella 3, Sarcina 2, diphthoroids

2, Galfkye 2, Streptocoocus 1, Corynebacterium 1, Neisceris 1. Also

numorous Egcherichin and Aerobacter were observed. From eviscerated poultry

which had been stored frozen were obtained Escherichia %, Aerobactor 1,

Miorocogcus 7, Aloaligenes 3, Achromobacter 10, Paracolobactrum 4, Ilavoe

bectorium 1, Proteus 1, and Staphylococous 1.

A variety of bacteria were isolated from the skin of fresh and do=
frosted, frozen cut-up chicken by Ayres ot al. (1). Among the genora found

werae Pseudomonas, Microcoscus, Achromobacter, IFlavobacterium, Alealisenes,

Proteus, Bacillus, Sarcina, Streptocoacus, Fherthella, Salmonells, Dscherie-

chia, and Aerobacter, Howover, whoen plecos of chicken wero stored et low
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temperatures to incipient spoilage it was found that the surface flora
consistod almost entirely of cleosely related bacteriu which were shown
to belong to tho goenus Pseudomonss,. Again it was not possible to make
species identification using Bergey's lanual (sixth editiom, 1949), but

typos were found which wore similar in many respects to Pseudomonas och-

racen, Ps. peniculata, Ps. mephitiocn, Ps, putrefaciens, Ps. sinuosa, Fs.

sopnis, Ps. frapi, Fs. multistriata, Ps. pellucida, Ps, desmolytioum, and

Ps, pictorum, 4Aside from Pseudomonsas ,Gram=negstive cocol were ocoation=
v~ o s it b g oaores ottt nts s sovs s ctrere

ally found in approcioble numbers and on rare ooccasions IMlavobocterium on

pieces of chicken which had reached or approached the sliming stase. The
cocel wers very inert biochemically, and their role in the spoilage of
chlcken was not determined; it was also impossible to identify them.

Soveral investigators reported that obvious deterioration first
became evident at a definite level or range of bacterial numbers on the
meat surface., Haines (35) roported thet slime formation on boef became
apparont when the number of bactoria per square centimeter of beef sur-
face was 107°5. The corresponding mumber piven by Lmpey and Vickery (24)
was 5 x 107, According to Scobt (90) the slime point for beef with normal
water contont was 10° or slightly greater. Sohmid (89) gave a surface
count of 5 x 107 Lo 108 as indleating the limit of saleability for beef,
Lochhead and Landerkin (68) first observed odor from New York dressed
poultry when the numbers of bacteria per square centimeter of skin were
in the range 2.5 x 106 o 108, Ayros ot al, (1) with outsup ochickon

observed off=odor dt aboul 108 and slime formation et lO8 to 109.
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b, Molds. Tho early literature on mold spoilage of meat stored
at low tomporatures wms roviewed by DBrooks and Hansford (68), Thoy found
that the importent mold species ocausing deterloration of cold=store moeatb

ocoming to Ingland from the southern hemisphere were Cladosporium herbarum

(the cause of “"black spot"), Tharmidium chaetooladioides, Thamnidium

elepans, lucor racemosus, lMicor mucedo, Ilucor lusitanious, Penicillium

oxpansum, FPeniclllium anomelum, and Sporotrichum carnis.

The most common mold genus growing on beef stored at =1° C,, accord-

ing to Empey ond Scott (23), was Penioillium, followed by lucor, Cladospor=

ium, Alternaria, Sporobtrichum, and Tharmidium in thet order. Empoy and
Vickery (24) reported that the largest part of the mold development m sidos

of chilled beef was causod by the species Panicillium expansum. Ayres

'ggljgg. (1) reported finding Ponicillium and Oospora on fresh out=up
Fchioken. and Gunderson et al. (32) also encountered Oospora on dressed
poultry.

¢. Yeasts. Desoriptions in the literaturo of yeasts causing deter=
loration of chilled fresh meats were infrequent., A study of cold=-store
meat reaching the English market made by Brooks end Hensford (6) rovealed

that important yeasts were Saccharomyces sp., Torula bobryeides, and Vardo~

myces anomala, Yoast genera found ocourring in the initial contamination

of Australian beof by Empey and Scobt (23) and found to be viable at =1° C,

T S e St T o o
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Cryptocooous from cut-up chlcken,
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2. Hleroorgenisms of cured meals

The miocrocbiology of cured meats apparently has not been studied to the
oxtont of that of fresh meats. It seoms reasonable Lo expect s somewhat
different flora than that encountered on fresh meats. Products which have
been smoked or cooked generally should be free of all orpanisms but sporo-
formers; microbial growth developing during storage is largely due to cone-
tamination after processing., In order for microorganisms to develop. on
cured meats they must be able to tolerate the oonsiderable quantities of
salt usually present, One would expect only organisms capable of prolife
eration at low moisture oontents, such as molds and some yeasts, to prow on

dricd sausages,

surface and interior of sausapges, le found that those were usually
diplocouci and very similar in tholr charsoteristios to staphylocoecoi,

They were slightly pathogenie for rabbits whose resistence had beon lowered.
aurel made no mention of the conditions under which the sausapes hed

been stored. His incubation temperature (36° C,) probably oliminated

the possibility of isolating miorcorpenisms responsible for slime al low
temperature,

Roderick and Norton (88) isolated micrococoi gquite consistently from
slimy frankfurters and succeeded in reprcducing slime on sterilized sausages
with pure ocultures of these organlems. A number of strains werc differ-
entiated on tho hasis of biochémical roactions, Most of these had no

pigment although a fow wore yellow or orange in ocolor. They were asrobic
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nnd grew best on animal matber; wery lew were proteolytic. Golatin

rarely was liquofied and nong was oapable of peptonizing milk; a few
formed a curd in milk, MHost of the straina fermonted one or more sumars,
almost always without gas production. These organisms were able to tolerate
salt in higher concentretions then could be used in sausages. They were
illed by heeting in water for 10 mimubes at 60° Ces and wore destroyed on
the seusages in tho usual cooking process, Roderick and Norton concluded
that slimes on sausepges were caused by coeci, thal sausages were infacted
aftor heat processing, and that condensation of wator on tha sausage

surface was conduocive to tho spread of these baoterian,

According to Jensen (52, p. 181) almost any saprophytic bacterium was
capable of produocing slimes on sausage surfaces under the right conditions,
Howover, Miven (81) thought that growth on f{rankfurtors was largely limited
to Gramepositive varietios,

Ingram (149) isolated yellow microcoaci and several types of bacilli
and lactobacilll from slimes on baoon. Is also exposed plates of Lresh
pork conteining various smounts of salt Lo the atmosphere of a oold storage
room in which beoon was kept. Vhen the concentration of salt was less than
4 per cent, he obtained Psoudomonas almost sntirely., From 4 to 25 per cent
salt tho baoterial flora consisted largely of yellow miorococoi,

Garrerd end Lochhead (29) isolatod Grame~negative cooci or cucooid
rods frem fresh pork sides on e nutrient egar containing salt, They stated
that these were similar to bacteria found by Landerkin (unpublished work)

to be tho most numerous bacteria on & per cent salt agar vlates from slimy
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bacon, These unidentified baocterie were of intorest beocouse of their
nroncanced lipoiytic activity. Of six tvpes dosoribed, four reduced
nitrate, five were lipolybic, two produced hydrogen sulfide, none liquo=
{fied gelatin, and none produced acid in dextrose, sucrose or laotoso,
They were non=motile, non=chromogenio nnd nonespore~forming.

b, Yoasts. Kuhl (60) found a white yeast in prectically pure
oulture on slinmy ssusage, The fermenting power of this yemst was un-
usually slight,

Mrok and Bonar (78) discovered that the pasty slime on several samples
of wiener sausage was oomposed of a mixture of yeasts und bacteria. All

of the yeamst isolates wore similar and wore acnsiderod to boe Deberyomyces

Guilliermondii var. nova zeolandicus Lodder, Growth was obbtained on

sausage from 4° to 31° ¢, and was heavy from 10° to 28° Ce3 the opbimum
tomporatbure range was 22° to 28° C, Tho yeast tolerated high concentrations
of sall, vas weakly fermentative and ligquefied gelatin in pgiant colonies
aftor 30 doys' inoubabion at 20° C,

¢, lolds. Yesair (112) made a study of molds isolated from sausages
and various cured meabt products, A nwmber of mold spooies wers obtained
from the surfaces of sausage, baoon and ham and identifled as Penicillium

expansumn, Asporgillus gplavcus, fAsporgillus clavetus, Asporpillus niper,

Macor ragamosus, Rhizopus nigricans, Alternaris tenuis, Monascus purpur-

ous, and Yonilis sitophila. Al)l of the molds studied and their spores were
killod within five minutes at a bemperature of 1400 ¥, Yesair pgave the

standard temporature for sausage dry rooms as §§° P, and standard relative
AN
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hamidivy as 70 per cent. These conditione did not prevent growth of

molds,

3., Liodo of action of COo on microorranisms

From tho begimning, investigators have tried to account for the ine
hibivion of certein microorganisms by carbon dioxide, ¥Farly workors
aseribed the offeot oither to reducticn of hydrogen ion concentration or
roducbion of oxygen tension. Subsequently these theories were repeatedly
ghowm to bo untenable, and other possible mechanisms were suggested,

Frankel (26) emphasized the fact that COz was nob an inert gas, and
that faoultetive and anaercbic as well as ameroblc spocies were inhibited
by 100 per cent lovels, le concluded that the effect of COy could not be
explained on tho basis of oxyzen removal. Brown (14) found that mold
growth was independent of oxygen concentration within wide limits, and
Tomkins (102) observed thet the influence of COs on the growth of molds
was also independent of oxygen oconcentration within wide limits., Coyne (18),
toran ot al., (77) and Callow (15) proved that tho substitution of nitrogen
or hydrogen for carbon dioxide did not give comparable results,

Killeffer (58) and Valley ond Hettger (105) thousht that tho offeoct
of C0y on miorobial growth was due to lowering of pl, Killeffer noted
that the pH of meat was changed but slightly by 100 per cent COs; he
oxplained that only a thin surface layer mipght be affectoed by the pas.
Valloy and Retiger found that pure oultures of bacteria which were most

inhibited by COz on an artificial medium were also most affected when
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the pll wvos lowered by othor means., By increasing tho buffering cupacity
of tho medivm, thoy reduced the amount of inhibition caused by o ;jiven
concentration of 002. Callow (15) ocbjocted to the findings of Valley and
Rettger on tho basis of their ovm data. lle pointed out that in 18 of 27
cases, thoir cultures doveloped less in (€O than in air on medin of the
same pH,

In a study of the effect of COs on meateatteclking molds, Tomlcing (102)
adjusted tho pH of the medium to the samo and lower values than those
caused by the COp concentrations used. The retardation in pgrowth caused
by €0y was much greater than that due to pll alono, Easentially tho same
rosults were obteined on artificial medium by Coyne (20) with bactoria
obtained from fish slime and by Haines (37) with bacteria from slimy beof.,
lleines noted that 20 per cont COy changed the initial pll of nutrient broth
from 7.4 to 6.8, Vhen the pll of broth was adjusted to 5.8 before inocu-
lation, the rate of growth in alr wes vory little different from tho rate
“in broth of pH 7.4.

Tomkins (102) reported that 0Oy retarded both germination and growth
of molds, whereons lower pH retarded growth but not gormination., He cone
sidered that tho effect of 00y on living systems was more like that of
anmonia than that of other inhibiting gases and vapors, and attached
signifiocanoco to the fact that both produce physiologioally sotive ions

vhon dissolved in wabtor,

Coyne (20) omlled attention to the faot that some of the cells of a
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presumbly pure culture were influenced less by CO, than others, & phenom-
enon which hod boon noted many years earlier by Frankel (26) and Frankland
(27). Coyno ettributod these differences to varintions in cell permen-
bility. Ue suggested that the permesbllity of cells to COp might allow an
internal pli which did not depend on the pli of the medium, lle also sugpestod
that €Oy within the cell could interfere with some enzyme system. DBriggs
(5) discussed the influence of €0y on the uptake of ions by plant cells.

Jooobs (50) observed that saturated solutions of carbon dioxide were
ruch more toxic Lo toad tadpoles than were solutions of hydrochloric,
oxalic, salicylic, formic, acetic, or butyric acids of tho same pil,
Turthorore the toxieity was retained vhen the solution wes made neutral
with sodium bicarbonate. The greator toxicity .oi‘ COg over othor acids
was ascribed to its abiliby to penetrate living cells., /M alkaline bicarbe
onatew~carbonic aocid solution was found to give a sour taste, perhaps due
to the rapid ponetration of COg into the taste buds,

The action of €O, solutions on the color of flowers of Symphytum
perepsinum which contain e natural indicator dye wes studied by Jacobs (51).
The intermal pH obtained did not depend on the pH of tho solution, but was
apparently determined by the penctration of COp molacules inte tho cells.
Afber several hours, however, equilibrium apparently was attained betweon
the cell contonts and the outside onvironmeni,

Haines (37) thought that the influence of COg on microbiel growth
might depend on its action on dehydrogonating enzymes. Ireliminary exper-

imonts showed promise, but apparently this work was never finished,
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It was shovm by Xidd (66, 57) that €0y retarded germination of
plant seods by depressing aerobic and anaerobic respiration. The amount

of inhibition was influenced by temperature and €Oy concentration,
Co Effect of COp on lMieroorganisms

A survey of the pertinent literature ravealed the following facts:

(a) iicroorgenisms vary in their sugceplibility to 002.

(b) Tho concentration of CO2 employed determines its effectivoness
within limits,.

(¢) Such factors as teomperature, microbial load, and the emount of
noisbure end nutrionts available affect tho influence of €Oy
on ‘the organism.

Although those facbors are not independent of one anothor, thoy will be

concidered soparately for convenrience,

1, Fffect of CO» on bacteria

Although Kolbe (59) recopnized that the meat he stored under 002
kept betler bocause of interferonce with the normel development of microe
organisms, ho dié not conduct any studies on the organisms invelved,
Ubher investigators in the latter part of the 15th Century showed that
various specles of bacteria were affocted by cerbon dioxide., Their find-
ings'ware roviewed by Frankel (26), who was the first to carry out ox-

tensive glbudies on tho efleoot of COg on baoteria., Pure cultures were

stroaked on the surface of gelatin agar in small flasks and stored under a

stream of pure COz. The extent of growth was ocompared with that in control
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Tlasks containing alr. Frankel divided the many species studied into five
groups on tho basis of the reosistance showm to 002; In tho first group he
placed those speoies which seemed capsble of prowing in pure €Oy aboub as
well as in airj in the second, those which developed in €O, but whose grovth
vos more or loss inhibited. The third group conteined species which did not
develop in CO, at room tomperature but did at 37° C, In the fourth and
fifth groups he placed the species which failed to grow in pure 002, the
difference being that those in the fourth group were not killed and pgrew
whon subsequently exposed to air, whersas those in the fifth group were
killed by the exposure to COpe The great majority of the saprophytic species
wag found to belong in the group whish dld not grow in pure COp end yot was
not killed by it. Frankland (27) confirmed the resulbs of Frankel on
soveral species of bacheria,

Carbon dioxide was found by Valley and Rettger (105) to be of smll
Yalue in destroying or inhibiting bacteria in ice cream and in milk., Christ-
yakov (17) studied the effect of CO, on 37 different linds of putrofactive
basctoria and found that only five were unnffeoted.

Coyne (18, 20) investigated tho influence of €Oy on the growth of
bacteria isolated from fish slimo by Stewart (99). One loopful of a broth
culbure was usod in inoculating cavh plate with sevon suoccessive strokes,.
Plates were incubated in desilocators in whioh tho desired concentrations of
COs had been obteined by evacuation and subsoquent addition of the necessary

quantitios of COg and alr, For controls similar inooculatod plates were



20,

incubatod in alr under tho samo conditions., 4 scoring system based on

the amount of growbth alonp the wvarious lines of incenlotion vwms used for
detormining the effectiveness of COpe Various cancentrations of (O
ronging from § Lo 100 per cont were employed. It wee found that C0p
gonerelly inhibited growth, but that tho mmount of inhibition varied widely
with the kind of organism used. In scme casos complote inhibition was

obltained while in othors it was almost neglipible. Types of Jchromcbacter,

Flavobacterium, Micrococous, Pseudomonas, and Bacillus were markedly in-
. ? —_ i Arboaloodiclettndl Y

hibited at 0° and 10° C, and somo offect wes noticeable at 25° and 3‘70 Ce

On the other hand Asyobsctor, Proteus and closely relatoed genern were

only slightly affocted by COye Coyne coneluded that the Lzéo of 20 por
cont CO; in conjuncbion with storage at a temperaturs of 0° ¢, would
almost ocompletely inhibit the growth of those beocteria responsible for the

gpoilage of Lresh fish,

r-a—.

domonns and Achromobaoter isolated from meat wms studied by Haines (37).

Baoterie were prown in flasks of nubricent broth, and the enlturoes shaken
conbinvously during experimeats. COp~air mixtures in tho roquisite pro=-
porticas wero passed through the flasks and over tho surfaces of tho medium.
Alir was supplied to tho control flasks. Tho ontire apparatus was held in

o constant temperaturse room. At sultable intervals sampleos woere talen
aseptically for dilution and plating in order to follow the increases in

nunbers in the culbures, Carbon dioxide oomcentrations of 10 ond 20 per
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contt and bemporatures of 0°, 4° and 20° €. wore used., laines observed
that COp in these concentrations had littlo ackbion on Protous, bmt ine
creased the lag poriod and longthoned the generation time by about ono-

half for Psendomonss and Achromobacter st 20° C, 4% 0° C, tho goneration

times were moro than doubled by 16 por cont (023 no benofit wes ohtained
by increasing the COZ level to 20 por cent, However, there was a differ-
once in the offects of 10 and 20 por cent COp at 4° C. The maximum number
of cells obtained was the same with or without COp, the difference baing
in the timo roquired to atbain this maximum.

Scott (92) inooulated thin slices of boef musole with pure cultures of
organisms lkmowm to grow woll on meat surfeces at low temperature. S+trips
wero hold at =~1° C, in desiccators some of which contained atmospheres
having 10 per cent COy and some with atmospheres of air for controls,

Tho humidity was adjustod to 99,3 per oont so that the water content of

tho meat would be normal (300 per cent water on a dry weight basis).

(The experimentel techniques omployed are discussed mcre extonsively on page 35

of this review.) For two types of Achromobacter the rates of growth in 10
per cont CO, were 0.40 and 0.46 of the rates in sir. For a Psgudomonas
culture the rate of prowth in 002 wng 04,25 of that in alr.

Mallmann et ale (70) studied tho action of COy aoncentrations of
less than 10 per cent on organisms isolated from meat. DBoakers containing
storilo nubtrient broth were inoculeted in duplicate with a lmown mmber of
organisms and stored at 3.6° to §° Co One oulture of each set was placed

in a chamber centaining COs3 the othor in a chamber with air. Covers on
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tho bealkers woere kopt loose to allow free commmication with the wtmospheres.
CO0s concentrations employed were 10, 5 and 2.5 per cent and sevoral spocies

oach of Vlavobacterium, Achromobacter, ilicrococcus, and Bacillus were

tested. The data viore presented as por cent incroase or decrease in numbers
of baoteria after 14 days. In general, 10 por cent COy always gave &
reduction in mmbers, 5 per cent gave a small reduction or a smll increase
and 2.5 per cenlt allowed some inerease, but nob nearly as much as did 0O

per cont, Carbon dioxide appeared to have less effect on Ilavobacbtorium

and aAchromobactor then on !Mlerococous and Baeillus. The authors concluded

that 10 per cent CO2 vas the nminimum amount that would give a reduction in
the bacteria responsible for meat spollage, and that 2.5 por cent CO2
would malkeo possible a longer storage period for meat and e possible incrense
in humidity of the storege rooms,

The finding that 10 per cent 0Oy would effect a reduction in organisms
of this type is not in agreemont with the resulis of othor investigators
(20, 37, 92). It is diffioult to evaluate this work since neither the
numbers of organisms initially present nor +the numbers presont after the two
woole storage period ere plven, In addition, the source of the oulbures
used is not olear (particularly the efie and condition of the beef and the
tomperature at which it was stored), so it is impossible to tell whethoer
the organisms tosted were actually capable of rapid growth and slime proe
duoction under the oonditions of the experiments. Then, too, one vwonders

how accurately conclusions can be drawn for the storage of beef from work

carried out with broth oultures, Iaines (35) hos obtained fairly good
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on boef surfaces in tho absence of COps The generation time for the
gprovih of a mlxed flora on beef surfaces at 0° €, was mbout one-third
longor than the genoration time calculatod for a pure strain of fchromo=
bacter in broth at the samo temperature., Scott (92) found the ratio of

tho growth rate of Achromobactor sp. In air to growth rate in 10 per cent

COp at -1° C. using strips of beof, !is results were similar to those
observed by laines (37), who tested o like organism in broth under
comparable conditions.,

The effoct of carbon dioxide on food polsoning organisms was investie

gated by iallmann ot al. (70) using the same experimontal methods desoribed

above. A number of oultures of Staphylococcus and of Salmonella were held
under atmosphores containing 0, 5 and 10 por cent COg at a temporature of
3450 Lo 5° C, (38.3=41° F,). It was found that in all cases the low tomper=
cabture gave a conslderable deorease in numbers in air and that the amount

of roduction was not changed signifioantly by tho presence of €Oy The
conclusion was reached that use of COa as a supploment Lo refrigeration

did not ereate any new health hezards.,

2. BIffect of CO2 on molds

The effloot of COp on various frulterot molds including Botrytis,
Fusarium and Alternaria has been studied by Brown (14). He found that
gormination and growthwere retarded by oarbon dioxide., The extent of

growth was measured by determining tho average length of the germ tubes,
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tho percentago of spores germinating on glass slides and tho diameter of
colonies on agar plates. The concentration of COp which prevonted
goermination of séorea at ordinary tomperetures wus about 20 to 30 per
gent vhon spores were sown in water und aboult 50 4o GO por cent whwen they
were sown in e good nubrient medium,

Tomkins (102) observed the action of C0s atmosphores on molds lmown
to cause deterioration of meat. Ilio inoculated spores ab poinbs in agar
plates vhich were stored at various tempsratures from 0 to 20° ¢. ond with
COW concentrations from 0 to 30 per cent, At sultable intervels eithey
the extent of germination wes debermined microscopically or the colony
diameters were recorded. In goneral, COp wes found to incroase the latent
period of germination, to reduce the rate of elongation of gern tubes
and to docroase the rate of growbh of colonies; tho percentage of spores
eventually germinating was not changed. It appeared that a greator reduc-
tion in growth rate was brought about by earlior ineromonts of COy than by
lator ones, Growth was retarded more by COp than was germination. The

mold speoles used in the study were Thamnldium elegens, Thamnidium

chaotocladioides, Mcor mucedo, Penicillium oxpansum, Sporotrichum carnis,

and Cladosporium herberum. AL temperatures up Lo 20° C,, 30 por cont

COz almost oomplotoly prevented growth of all but Sporotrichum on artie-

fioial media. At O° C., 10 por cent COs reduced growth rate to about 50
per cent of the wvalue in air.
Iieces of lean beef were sprayed with a spore suspension of Thami-

dium cheetocladioides by ioren et al. (77), and stored in pas~tight jars

ot some unspecifled low temperature with atmospheres containing 0, 20, 40,
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G0, 80, and 100 por cent C0s. Although mold growth appoared in 8 days
withoul COZ, none of the samples stored under the various COp concentra-
tions ghovied mold growbth on the 19tk day of storage. '/ith 20 per cont
002 some yeast growth appearod on ‘the 18th day. The exporimont was re-
peated with COp lovels of O, 4, 8, and 12 per cent., The corresponding
times Yo the first appearance of mold were 9, 11, 15 and )19 days.

In a third experiment ioran et al. incculated plates of nubrient

agar ab ainglo points with spores from pure mold cultures, The three mold

species tried wore Tharmidium chectocladicides, lfucor mucedo, and Clado=-

gporium herbarum. Plates were stored at (O levels of 0, 10, 20, and

30 por cent and at temperstures et 5 degree intervals from O to 20° C.

The time taken for each colony to reach a diameter of 0.5 oms was recorded
since this was regarded as the size of colony {irst clearly visiblo on a
meat surfoce, A&t all ltemporatures and with all of the molds an inorease
in 002 concentration of 10 per cont caused n considersable reduction in

the rate of growth.

3. Lffoot of COs on yoasts

Frankel (26) observed that beer yeasts grew about s well in COs as
in air, Scott (92) investigated tho influence of 10 per ocent COp at -1° C,

upon three species of yeasts belonging to the genera Geotrichoides,

Candida and liycotorula. 'hese apocies, which previously had boeen found
capable of multiplication on beef at low temperatures, wore growm on

thin musole slices in the exporiment, Tho rates of growth in 10 per cont
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COy for Candida, Geotrichoides, and lMycotoruls were 0,46, 0.55 and 0,83

respectively of the rates in air with muscle cf normal moisture content,
s Othor Varisbles Concerned

Aé was previously mentioned the offeotiveness of carbon dioxide in
retarding grovth of microorganisms dopends not only on the concontration
ond ‘the susceptibility of any particular organism to the gas, bub elso
upon other conditions., In general it avpears that any factor which tonds
to delay growth will enhance the growbthe-retarding proporties of carbon
dioxides This contention has beon stated in an inberosting manner by
Brovm (14) “... tho carbon dioxide retarding factor has greatest effoct
when tho energy of growbh is small". The next section of this literature
roview will be devoted to a dotailed oonsideration of thoso elements which

affect the "energy of growth".
1, Tempersture

ae BLffTect ol teompeorature on microorganisms. Theore are numsrous

isolated examples of the growth of particular bactoria at low temperatures

in tho literature, but few systematic studies of the common saprophytos

over the whole range of their viability, Iuach of the earlier work was re=-

viewed by Glage (31), Horowitz=Wlassows and Grinberg (46) and llaines (39).
llnines (39) estimated tho rate of growth of a numer of common bactoria

at the following tomperatures: 37, 20, 15, 10, 5, 0, =1, =2, =3, and =5° C,

Pfure cultures of bacteria were stroaked on the surface of nutriont agar

In petri dishes ond incubated at the wvarious temperatures, The time talen
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for growth to appear on the first two or four sireals was rocorded. The
sgar remained unfrozen at all tomperatures above =5° €, unless special
steps were taken to bring aboubt seporation of ice., &t ~5° some plates
frozo and others remained suporcooled., Irom tho results obtained laines
divided tho comnonly ooccurring bactoria into four groups as follows:
Group l==tho staphylocoeci, not growing below 10° C,.3 Group 2e-~most

strains of B. coli, B. proteus and micrococei, ceasing to grow in the

rango 5 to 0° G Group 3--some strains of B. prolous etc. oapable of

growth ot 0° C,; Group 4=-many strains of Achromobacter, Pssudomonas,

and various yessts growing rapidly at 0° ¢, (sometimes in five days), and
dovm to about «5° ¢, on unfrozen media. Tn no case was bacberial growth
obsorved on frozon media below =3° C,

Horowitz=iilassowa and Grinbers (46) isolated microorganisms from cold
storage rooms ab ~2,5° C, by exposing plates of media Lo the air, and
testod the isolated cultures for ability to grow at 0, =3 wnd =5° ¢, To
provent freozing, three por ocent MNaCl was incorporated with the medium for
-39 C, exporimonts and five per cont for =5° C, A number of specios were
found to grow at 0 and -3° C, ond some at =7° ¢, These ineluded many coocol
and spore-forning rods, some yeasts and a great number of molds,

llaines (34) followod the rato of growth of microorgenisms on the
surface of a stored carcass of lamb hold frozen at =5° C, Ho found that
there was first a deorease in numbers followed by an increase, due mainly

Lo the growth of yoasts and molds, At =100 C, no inerease in numbers
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occurred, Ilaines observed an increase in soluble nitrogen in boef stored
at 00 C, indicating that approcisble chonges occurred due to growth of
mioroorpanisms, This led him bto the pelief that rapid cooling would axtond
storage -1ife not oaly by slowing baoterial growth but also by decroasing
the rate of production of soluble nitrogenous matter which constituted a
hettor food supply for organisms than native protein.

Ilninos stated that tho freezing point of muscle in full rigor was
about =1° C, Heat wes considered "ohilled" whon it was stored botween O°
and =2,5° ¢, Of course there was slow ice orystal formation in tho lower
part of tho temperature range for chilled meat. Frozen meat wac genor-
ally stored at =5° C, end below.

The rate of growth at several temperatures of & pure strain of

Achromobacter from slimy beef was studied by llainos (35). llo obtained a

genoration time of 1,3 hr, at 20° C,, 6.6 hr, at 49 C, and 9.1 hr. at
0° C. in mbrient broth, ¥For the growth of a mixed flora on the lean
surface of beef at 0° C, he oanloulated an "avorage" generation time of

12.8 hr,

Brooks and liansford (6) found that some strains of Cladosporium

herbarum would develop from spores at a tomperature of «-6° ¢, and vould

ovontually glve oconsiderable growbh., Torule botryoides, Sporotrichum

carnis, Penicillium expansum end Thamnidium sp. developed slightly at

this tomperature and readily at 0° ¢, lacor spe, Saccharomyces sp, and

Viardomyoes anomnla did not develop at «6° C, bub prew at o°® C.e All of

theso spocies were lmown to atback cold~store meat.
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The rate of growth of Sporotrichum carnis on Czapelk's agar at tompor-

atures from =10 to 30° C, was investigated by limines (33). Ho obtained
good growth at =5° C, and somo growth at «7° C. on suporcooled agar, but
under no conditions was thore growth o frozen ager during two months of
incubations Since grovwth ns measured by the increase in length of tho
germ tubes was found to beo logarithmic after the initial lag phase, the
slopes of the growth curves plotted against temporature indicated the
rolation between temperature and the rate of growth during tho logarithe
mic phase, The shape of tho ocurve indicated that at ~10° C, growth on
supsraooled ager became infinitely slow,

Tomperature undoubtedly has & great offoot in determining the types
of mioroorganisms which will devolop on meat surfaces. Ilines (35) mde
plate counts at 37, 20, 4 and O0 C. from surface slime appearing on
beef stored at sbout 0° ¢, Tho count at 37° C. was loss then 0.1 per cont
of tho count at 20° C. and counts et 4 and 0° G, were about one-third of
the count at 20° C, The organisms isolated from the 37° plates were mainly

those of the groups ilicrococous and Probous while at the other tomperatures

of inoubabion tho organisms were largely or entirely fAchromobacter.

Fmpey and Scotbt (24) in studying the initial contamination acquired
by bos!l surfaces during dressing found that 99 per cent of the organisms
vinble at 20° C, weore bacteris. Usually, less than 1 per cent of the
population vms viable ab «1° Ce,p ond the porcentages of yeasts and molds
wore groater, BStatlistical treatment of date on microbial populations obe

teined {rom beef, hides, olcs, showed that tho percentage inoidence of
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organisms viable at =1° ¢, decreased during surmor, and also showed a
decroase with decroansing geographicel latitude. In othor words the pro=-
portion of the contaminating ormanisms viable at ~1° C. was hicher when
the onvironmental temperature vas lower,

The effect of low temperatures on the growbth of microorgenisms has
beon summarized by laines (31, %9) on the basis of his own oxperimonts and
those of others. The lower limit of growth of microorgenisms on unfrozen
medle is botween =5 and «10° C. and probablfy is close to =7° C, Bacterial
grovth seldom occurs on frozen tissue below =3° C,, although yeasts and
molds grow dovm to aboutb -7° €.

Ieines oonsidered the inability of some organisms to grow on frozen
substrates at temporatures at which they would otherwise be eble to grow
to bo due to o reduction of moisture conteont of the modium caused by ice
soparation. Moren (74) studiad the amounts of Lce present in mammalian
miscle et temporatures below freezing. At -3° Cey T0 per cent of tho water
of mmeclo was pregent as ice, al -5°, 82 per vont, and at -10°, 94 per cent,
Walter (108) by meoans of osmotic prossure determinations on various organe-
isms measured their ability Lo extrect water from tholr environmenis. e
found that bactoria could exert a maximum "suoking pressure" of 52 atmos-
pheres while for certain molds tho value was 220 atmospheres, This
phenomenon was cited to oxplain tho reason that molds are bebier able
to grow on frozen substrates than are baoteria,

Various investigations of the effect of temperature on tho growth

rates of orgenisms responsible for spolilege of meat in cold storage quite
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gonerally have shown that they grow most rapidly at tomporatures in the
neighborhood of 20 to 25° C. Horowitz-lassown and Grinbery (46) sugpestod
that the term "psychrophile” Le used for cold tolerant organisms and that
those which grew only at low tomperatures be knovmn as "psychrobes",
bvidence from their ovm work and the work of others convinced them that
there were no true "psychrobes". Thoy found thet e species which had
boen held at low temperature would grow moro rapidly at a given low tompor-
ature than would the same organism after holding ot room temporature,.
Previous passage at 0° C, appeared to augment ‘the ability of an organism
to grow at =3° C,, and previous passage at 0° and =3° enabled spocies o
grow at ~7° which had not grown there originally. Serial transfors at
a given low tempersture also improved the rate of growth,

Scott (91), on the other hand, believed thal three sirains of

Achromobaoter, a strain of Condida and a strain of Geotrichoides which

he studied, were truly "cold~preferring". This concopt wms based on the
fact that the ratio of the rate of change in growbh to the rate of change
of temperature boosme constant at less than 15° C, and attained its maximum
value bolow 10° C,, and also on the fact that the maximum cell production
ocourred in tho region of 10 to 15° C,

Sovaral investipntors have discussed the application of tho Arrhenius-
Van't Hoff equation to miorobial growth, Layne=-Claypon (61) and Crozier
(21) belioved that tho equation held, wheroas lisines (33) and Mulmer end
Buchanan (28) thought it did not. Scobt (91) contended that, although

the equation did not hold over the entire tomperature range of growth, it
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was valid for a range of sub-optimal temperatures. This guestion will
be considered in more detall later.

Sohmid (89) and Scott (91) observed thet a deorease in temporature
inproved the inhibition resulting fron s glven reduction of relative
hunidity on the growth of microorgenisms on mneat surfaces,

b. Effect of temperature on COs activity. Frankel (26) first obe

gserved that meny spocies which would grow in COp at their optimum tenmper-
atures fallod to grow when the inocubation temperature was roduced. fcocord-
ing to laines (37) 10 per cent COp longthoned the goneration times of

Pgoudomonas ond Achromobactor by about one~half at 20° C,3 at 0° C, 10

per cent more than doubled tho generation times. Coynoe (20) found +that
the inhibitory action of COs on the bacteria responsible for the spoilage
of fresh fish was always groeater at temperatures bolow tho opbimum for

-————

had no significant effect upon staphylocosel and paratyphoid orgenisms at
eithor 3.5 = 68° C, or at 18 - 20° C,

Brown (14) roported that the retarding aotion of carbon dioxide on
germination and growth of verious molds was more marked at lower teompere
atures. Irom a study of the effect of COy on meateattacking molds Tomiine
(102) found thet the relative retarding effect of any given COp concen=
tratlon was greator at lower tompsratures and that lower concentrotions
could inhibit growth at lower tomperstures. Moran et al, (77) studied the
growth rates of meat-attacling molds at various temperaturcs and COp levels.

Their data indicated that a doorease in temporature inecroases the effect-
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cheotocladioides to atiain a colony diameter of 0.5 om. in 10 por cent
CUs to the timo roquired in air is 1.3 et 20°, 1,7 at 15°, 1,8 at 100,

245 at 5%, and 3,0 at 0° C,

2. Relative humidity

Although it long has been recepnized that the humidity of the storapge
atmosphere influences the storage~life of meats and other foods, this
subject has received mich less oriticnl attention than has tho effect of
torporature, Glapge (31) and Richardson and Scherubel (86) recorded soon
aftor 1900 that high humldity aided tho formntion of a microbial slime on
meats and thatl deplcoatlion sorved as a prevontative. /Mnother 30 yoars
passe;:l bef'ore fundamental studies were undertaken on this matter.

o, LEffoct of relative humidity on microorganisms, As was previously

mentioned, Vialtor (108) calculated the "sucking" or "swelling" pressure of
various organisms by osmotic pressure meesurements, lo obtoined meximum
values of 52 abtmospheres for baocteria and 220 atmospheres foxr spooies of
_Zﬁ_é_r_x_i_.gﬁ:_}}_igy__n and Asperpilius. Thooretical caloulations indicated that the
minimum reletive humidities for growth were 96 per cent Ior bacteria and
85 par cont for molds. 1Microscopic examination of pure cullures of various
microorgenisms in equilibrium with differont vepor prossures confirmed the
theoretionl values., Walter believed that the limiting humidities were not
affected by temperature.

Tomkine (101) observed the rates of germination and growth of several
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mold spoclea at various relative humiditvies and temperatures. At any
given temporature, the rate of growth Jdecreased as the humidity decrecased,
For ony one mold spocies thore ves an optimum tomperature which gave the
most ranid rate of growth, and the further the temporature was removod
from the optimum the slower was tho pgrowth rate. As the temmratire was

changed from the optimum, the range of humidities allowing growth beoams

narrower, or instance, with Alternaria oitri (temporature optimum near
30° C.) Tomkins obiained growth down to 83,8 per cent relative humidity
at 30° Cey 85,8 por cont at 25%, 87.6 por cent at 180, 90,8 por cent at
10° C, and 94.2 por cont at 5° C. The availability of nutrients improved
the rate of growbh and increased the range of humidity and temperature
within which growth was possaible,

Sonmid (89) sbored small pleces of moat under different lovels of
temperature and humidity with the objoetive of determining conditions
whioh would pive best keeping tims with minimum weight loss, Ile emphasized
that the oommon bellef in tho meat industry, that spollage of storod meat
by bactorial surface grovth would occur ornly when ‘-bho dow point was oxe
cooded, was incorrect. Sohmid interpreted his resulis as showing that a
reduction of 1° C, in storage temporature would allow an incroase in rel=
ative humldiby of about § per cont. Ile suggested that highor humidities
be used at o temperabture of 0° ¢, to reduce woight losses, but thought that
the highost permissiblo relative humidity wes 90 per cent. Sclmid oconsidered
that tho rolalionship between baocterial development and relative humidity

could be oxpressed approximately by an exponontial function,
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Socott (90) eriticized tho work of Sclmid on the grounds that the wapor
prossuro of ‘the 'msecle was not in equilibrium with that of thoe salt solu-
tion over which it was stored. Io mainteined that the relative humidity
at the surfaco of tho meat would be higher than that of tho surroundimng
atmosphoro because of diffusion of molisture from the interior to the sure-
face., ©Scott aveoided this difficulty by oquilibrating thin slices of beef
misele with sulfuric acid solutions of various concenbrations in dosio=
cators bofore studies of tho growth of microorgenisms woere undertakon,
rfber squilibration, the moisturs contents (per cent of dry weight) of sec-
tions of musels strips wore determined. Fresh bheef mmscle was found to
be in equilibrium at 99.9 per cent relative humidity, at which humidity
tho mean wabor content was 300 per cont. (Brooks (10) obbained an equi=
librium value of 99.4 por cent rolative humidity for fresh frog muscle.)
Some of the mean water contents cbiained at other humiditlos were as
follows: 99,0 per cent rolative humidity, 246 ner cent; 98.0 per cont
relative humidity, 146 per cent; 97.0 per cent relative humidity, 105
por cent; 95,0 per cent rolative humidity, 75 per cent; 90 per cent rele
otive lumidity 46 per cent. (These figures give some indication of the
onormous welighlt losses that my be obtained from small pleces of meat
by reduchbion of rolative humidity.)

Scott inoculated muiscle strips with pure cultures of several types of
bacteria and yeusts lmown to grow on boof surfaces at low tomperature.
Growth rates under the several condlitions of storege woere followed Ly

moans of plate counts. Tho organisms used were two strains of Achromo-
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Candida ond HMycotorula. A bacterial slime was produced at reletive
humidities of 99 por cent and nbove, when the number of cells per square
contimetor of surface was 10° or somowhat groater. At 98 per cent rel-
ative humidity growth became visible in the same range, but the colonies
did not conlesce to form o continuous slime. At relative humidities of
06,6 and 97 per cent, the numbers of baocterin per squero centimetor

s omotimes reachod valwes of 10° without growth becoming visible to the
naked oye. Yeasts produced slime at 99 per cent rolative humidity when
their numbers wero betweon 2 % 100 and 107. When the rolative humidity was
97 and 98 per oent, small transparent discreote nodules formed and at 96
por cent theose became opaque whito. The characteristioe Bi)oilage odor
was more pronounced et high humidity.

Limiting lovels of humidity, below which growth did not occur, were

gy arg s s

and 90 per cont for yeasts. Ioderate reductions in humidity did not
chango the generation time of bacteria appreciably, but did extend +the
lag phasej however, near the limiting humidity generation time was also
extonded, Soobt conoluded that development of baoterie on stored beef
oould be restricted by mintaining the water contents of surface tLissues
below 90 por cont (equivalont to a rolative humidity of 96,5 per cent at
the meat surfaco), and that desicoation was not a practicsble methed for
inhibiting yeast growth on heof,

Some diffioulty was exporienced by Scobtt (92) in applying the ocone
clusions reasched above to the storage of beef quarters, He desoribed

slow growth of Achromocbacter at =1° €, on muscle having o surface waler
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content as low as 70 por cent. It was found that the bacteria were
acbunlly prowing in tissue of greater water contenbt; sbout 20 per cont
of the final population (3 X 10° per sq. cme) was 2 mra, or moro benoath
the surfacs. “coblt also sugposted that the activity of wmter in surface
tisaues did not fall in accordance with the measured water contonts at
tho surface since it had been indicated previously that crystalloids
migrate from the surface to deeper layors during drying.

In a lé.ter study Scobt (91) found thet, at temporatures of 2 and 4° C. »

the eritieal wabtor contonts for the gonus Achromobacter differed litile

from tho values determined at -1° Cey although at 4° C. a rolative humide
ity of 96 per cont did not completely inhibit growth,

Hpines (35) obsarved that whon smoll pleces of boof were stored over
o sulfuric acid solution giving a rolative humidity of 70 per cent, the
rosulting leoping-time was 1itble better than that obtained with beefl
stored over wator at tho samc tomperature (0° C.)e laines and Smith (40)
statod thet small lean picces of meat held at 70 per cent relative humid-
ity lost 9 per eent of their weight in three weeks and acquired a very
undesirable appearance, yet the rate of growth of bacteria on the surfaces
was only rebarded by aboub one~tenth as compared with the growth rates of
bacteria on pieces of meat stored with 100 per cont relative humidity,

Rodorick and Norton (88) noted that low humidity and adequate air
olrculation were important in preventing the developmont of micrococous
glimes on frankfuritors. Yesalr (113) stated that growth of molds in sausage
dry rooms could not bo prevented by any practicable combination of temper=-

ature, humidity and air circulation,
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The importance of air movemont, in addition to relative humidity,
has been recoguized by soveral investisators, Haines and snith (40) used
the term "drying power" Lo denoto the corbined effeot of those two factors.
They reocosnized that accurate measurement of air movemont in cold storage
is wery difficult, but suggested thot drying power be evaluated by neasure~
nont of the weight lost from & bLlock of 20 por cent gelatin of lmovm area
in a given time, Ilaines and Smith expressed drying power of tho air in
terms of grems of weight lost by a el block per 100 sq. cm. of surfece
per day. These authors gtated thab small pleces of lean meat with cut
surfoces could not be dried eﬁough to provent growth of microorganisms
without prohibitive weighl losses. In tho case of sides or quarters of
boeef, in vhich the covering of fabty connective bissue hindered diffusion
of moisture from the interior, elfeobtive drying of theo surface was possible.

The general conclusions of laines and Smith are supporbted by Scobt
and Vickery (93), The latter notod that, when sides of beef were hoing
coocled, the rates of evaporation deponded largely on the difference in
tomperature batween the air and the surfoce of the moat, and relative
humidity played a comparabively minor role. The bulk of the weight loss
occurrod within the first 24 hours, and the total loss during the cooling
poriod wes approximately 2.4 por cenl when conditions weroe employed that
offectively controllod mierobial growth (about 88 per cent mean relative
humidity at «1° ¢.),

Bates and Highlonds (2) studied tho effeot of the physiocal conditions

mainvained during storege on the growth of microorganisms on meat. Some
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roletionships botweon tomporature, relative hunidity und eir velocity,

and rate of baocteriel growth and weight loss were shovm. Newell et al.
(80) stored lots of young chickens under various types of refrigeration,
half of each lot belnp eviscerated., Weight losses were obtained in all
lots oxcept those stored in ice. Iviscerated birds not only had the
groatest welght losses bLut also spoiled earlier than non=eviscerated birds,

be Effect of relative humidity on COs activity., The only work found

relating to this problem was that of Scott (92). Ho employed the procedure
described on page 30, with the oxcepbtion that some of the containors were
given atmospheres containing 10 por cent CO2, Presence of €0y extendod

the lag periods and this effeoct was markedly accentuated as the humidity

was reduced, The oritiocnl relative humidity for Achromobacter was 97

per cent in the presence of CUp as compared to 96 per cent in air. Rol=
ative tolerance to 10 per cont COp was oxpressed by tho retio of the rate
of growth in COp to the rate of growth in air. At 99.3 por cent relative

humidity (normal water oontents), tolernnce of Jchromobacter to COp was

about 0,43; at 98 por cent it was 0.5 and at 97.5 per ocent, 0.2. Critical

humidity for tho growth of the yoasts Candida and Geotrichoides was 92

por ocent with 10 por cont COp and 90 per cent with air. MMycotorula was
considerably more resistant Lo €Oy and desiceation, Yoasts differed from
baotoeria in that tolerance to COs was greatest at intermediste wwboer oon=-
tents instead of at normal water ocontonts., Scott discussed the applica-

tlons of his findings to meat storage,.
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Tho idoa that tho extont of the oripinal contamination will influence
tho length of time for which a meat or meat product can be suocessfully
stored has been widely accepted by miorobiclogiasts, However, critical
ovaluation of the effect of amount of initial contamination on keeping-
timo of meats hns seldom been undertaken.

a, BEffect of tho initinl oontamination on storage=life. Impey and

Vickery (22) stored quarters of beef at a tomperature of -1°C, and o
relative humidity of about 95 per cent. In the first experimont the
initial counts showoed 550 bacteris and about § molds per sq. om. of muscle
surface ocapable of growth at -1° Ces in the socond experiment the initial
counts were only about ono~tenth as greet, The quarters with tho higher
counts kept for 16 days; those with the lower counts for 45 days.

Haines (35) followed tho rate of growth of fAchromobacter on ploces of

lean boef at 0° ¢, and determined tho times required for slime production
with various initial counts., Iis values for initial counts per sq. om. of
surface nnd timo of appesrance of slime are; 40,000, 8 days; 173,00, 10
days; 2,700, 11 days; 43, 18 days, "laines and Smith (40) plotted logar=-
lthms of the initial counts apgainst time in days for bacteria to reach the
eritical number producing slime and obtained a sbtraight line.

dyres ot al. (1) determined the times for the development of slime on
chioken thighs with differont initial counts stored at 40 and 50° F, and
100 por cent relative humidity. Tho initial counts and corresponding keop-

ing=times wero as followss: at 500 Fe==8 X 106. 1.5 days; 104, 2.5 days;



4.

2 X 102, 4.5 doyss ot 400 Fewe3 X 106, 2.5 days; 104, 5.5 days; 109, 2 days.

sy v

b. LEffect of CQ& on the influecnce of initial contamination, Brown

(14), from a study of the effect of COy on the growth and germinetion of
molds, decidod thet effectivencss of COp in retarding growth was somewhat
groater whon tho denslity of +tho spores was increased, and that less effect
was obininod when some growth had oocurred before COZ atmospheres were
applied.

Empey and Vickery (22) found that a 90 per sent reduction in initial
contaminetion increased the koeping=-time of quarters of beef stored in 11
per cont CO; at =12 C, from 23 days to G7 days. The ratio of tho keeping-
times with low contamination +to those with high contunminetion were rbout the

same with and without CO,.

4., Composition of substrate

It is well known.that chemlcal mekeup of the micrcorganism's environe
mont has a profound influence on its growbth. MNeal seems to be a wvery favor-
able medium for miorobial development, HNo evidence wes found in the litore
ature that growth of spollage organisms was bebter on fresh meat Trom one
animal than on that from another,

In the case of sausage products which may be smoked and/br oured &
different situation exists, ©Smoke is believed to impert certain inhibitory
compounds to meat, and salts used in curing also affect subsequent miorobial
developmont, Urbain discussed curing methods (103, p. 675-078), Literature

relative to effoots of smoke on microorganisms has been summariszed by Jensen
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(52, pes 188=200) and Jensen (63). Investigations of the action of nitrates
and nitrites on bacteria wore discussed by Jemsen (52, p. 11=30) and
Tonner (100, pe 864=885), Tho same authors (52, p. 344=358; 100, p. 861«
863) reported on studies carried out on the inhibitory properties of
sodium chloride.

Ingram (49), in order to loara something of the flore developing on
bacon, exposed plates of minced fresh pork conbaining various amounts of
sald to the eir of a bacon cold storage roOm. ¥ith less than 4 per cent
salt, the f"lore. developing was oomposed almost entirely of Pseudomonas.

The molds Thammidium chaetooladloldes, Peniodllium and Cladosporium, and

in addition, micrococei preduminated when salt conceontration ranged from

4 o 10 per cent. With 10 to 25 per cont salt, the flora consisted of
microcoooi and an unidontified species of Ponicillium., Examination of slime
from bacon disclosed similar micrococel together with species of Bacillus

and lectobacillus,

Jonser (52, pe 181l) states ".....prectically every saprophytic
mesophile and psyohrophile can grow on the moisture film of the ocasing
(of sausage) ond thus form e slime." Niwon (81), however, believod that
‘the bacteria developing on frankfurters usually were limited 4o Gram-

positive variobles.
E, Storage of Meats in COg

In evaluating the efflomcy of moalt storage in carbon dioxide atmospheres
it is not sufficient to kmow the offect on miorocorganisms causing meat do=-
torioration; the ochanges that take place in the mealt wnder the conditions of

storage and the influence of COs on these changes must also be considered,
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1. Goneral considerations

a. Chanres in loan., (1) Protein denaturation, Smith (95) observed

o 30 per cent reduction in soluble protein in reabbit muscle held for 24
hours at 30° C, wnder sterile conditions, Agcording to Horan (76) de=-
naturation of proteins was very slow at 02 C. but became significent at
higher temperatures. He considered thils an argument for rapid cooling
since denatured proteins weres more rapidly abtacked by baocteria, Ioran
also reported that freezing donatured nroteins, From changes in soluble
nitrogen in stored beof Haines (34) concluded that microorganisms could
cause oconsiderable changos in protein at 0° C. Gibbons and Reed (20)
demonstrated that the degree of autolysis of sterile tissue made a con=

sidernble difference in the chemiocal chanpes subsequently produced by

Proteus vulegaris.

No reports were found on the effect of COp on changes in protein.

It seoms possible that the longer storage times permitted by €0y storage
mipght allow increased autolysis,.

(2) Tenderization. The "aging" or "ripening" of beef has boen roviewed
by Bate-Smith (3). Mo statos that the rato of tonderizing was faster at
highor temperatures as was the likelihood of apoilage from mioroorgenisms.
The amount of ténderizing achieved increased with time.

Cerbon dioxide might be useful in tenderization of meat by allowing
increased atorage times or storage at higher temporature,

(3) pil, Winkler (110) showed that, to somo oxtont, pH determined the

color of meat, the meat tending to be darker at highé} pll, Bate-Smith (3)
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reviewed worl: supporting this opinion. According to Haines (37), unpub-
lished measurements made by bh.C. Smith indicated thot the chango caused
in fresh juice by saturation with €O, was less than O.1 pl unit., Xill-
effor (58) roported that samplos of meat stored in commercial COs (near
100 por cent) never dropped in pi more than 0.5 wnit, ioran ot al. (77)
observed that beef stored in puro CO0g for 19 days had a pi of 5.4 as com=
pared with 5.6 to 5.9 for normal beof. According to Bate=Smith (3), beef
in full rigor normally varied in pH betuocen 5.4 ond 6.0 with greater ox-
‘tromes occagionally encountered. S5till greater veriation was obtained
with porks. It would appear, then, that moderate concentratione of COy
would have little effect on color and taste as relatod to pH.

(4) Mavor. XKolbe (59) found that beef stored in 100 por cent COy
tasted as pood as fresh beef after eight days at room temporature but wms
slightly sour in taste after two and threo weeks, Vhether the scurness
was due to COZ or miocrcbial growth was not detormined. Callow (15) believed
that piocces of pork which had been stored for 70 days in commercial 00y at
0° C, was superior in taste to fresh pork because of increased tendernoss,
Horan (76) statod that COy stored beef reached England from fustralin snd
New Zealand in porfeoct candition. No invesbigators have reoported off-
flavors in meat caused by carbon dioxide.

(5) Pigments. Kolbe (59), Horen ot al. (77), Callow (15}, and othors
noted thet storage of meats in high concontrations of COs caused discolor=
ation or loss of "bloom". It is now quite gonorally aoccepted that this
phenomenon is due to the ascceleration of the oxidetion of tho muscle pigment.
Although tho misole pigment is actually myoglobin (Urbain and Jensen (104),
it has ocommonly been referred to as hemoglobin in the earlier litorature.

Heroaftor, whon tho term "hemoplobin" is used in referring to the reactions
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of muscle pigment, it should be understood thet the informotion prosonted

is actually for myoglobin. For the study of pigment reaotions in tho "toste
tube", blood hemoplobin is almost always usoed booause it is so mich more
oasily obtained than myoglobin,

Farly work on the oxidation of hemoglobin wans roviowod by MNeill and
Hastings (79). Those investipators studied tho effect of oxygen tension
upon certain oxidations of heonoglobin., In their worl: oxygen was used to
"aotivate" some ecasily oxidized substance which in tumm oxidized tho iron
of tho hemorlobin moleoule to mothomoplobin, The results obbained indicated
that tho substance oxidized to mothomoplobin was roduced hemoglobin, and
that the addition of either oxygen or carbon monoxide caused the formption
of a different substance more diffioult to oxidize. Thoe optirmum oxygen
tension for the formation of methemoglobin vme about 2 mm., which allowed
most of tho homoglobin to exist in the roduced steto,.

Brooks (8, 11) investipated the oxidation of homoglobin in laked
ox=blood under different conditions of piH, Lemporature, and oxygen pressure
and showed, by ohomlcal analyses, that the deorease in homoglobin during
the resction was acocounted for by the formation of methemoglobin, A
reduction in pH inoressed the rate of oxidation; tho relation bolween plI
and tho logarithm of the velocily constant, k, appeared to be linear.
Voloeity consbtants determined with different blood samples differed, bub
the goneral rolationship between pll and wvoloeity constont seemed to Lo
the same for all sampleas. The rate of oxidation increased as tho tomper-
ature inoroased;‘the tomperature coefficient caloulatod from the ratio
kogo + kjgo was approximately 4. The maximum rate of oxidation at 50° C,
ocourred with approximately 20 mme. oxygen pressure, hut dropped off rapidly

as preasure approached zero and dhanged vory little above 200 mm., The
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rate of oxidation at difforent oxypgen prossures was proportional to the
concentration of reduced hemorlobin. DBrooks thought that tho function of
oxygren wes to determine the concontration of the other reactant, to oxidize
the unoxyreneted ferrierndiocals, and to ivhibit the oxidation, Tho follow=-
ing possible formula for the reaction was sugpgested:

(Hgib), = (1121~m) 4 4 21,0,

Brooks (7) made observations on the formation of methomoplobin in
ploces of fresh frog miscle between zlass plates. Ne methomopglobin wos
formod in the ebsence of oxygen, but in the presence of oxygen it was
formed slowly in tho oxygenated region of the tissue and most rapidly at
somo distance from the surface. The dopth of oxypen penotration, os de-
tormined by pigment colors, was about 2 mm, after equilibrium had been
attained at 0° Cesy after 100 hrs. it wme about 4 mm., the inorease appar-
ontly due to some deorocase in oxygen consumption by the tissue, TFreezing
und thawing appeared to increase tho rate of methemogldbin Tormotion,

The effeot of atmosphores containing carbon dioxide on the color
chanpes of lean beof was studied by Brooks (9) who found that, with comw
mercial COp ab o° Ces oxldation Lo methemoplobin was complete in less than
5 days as compared with 6 to 8 weoks in air. With 50 to 60 por cont COp
the unpleasant reddish-brown color of mothemoplobin also developed rathor
rapidly. The rate of oxidation was not approciably affected by 10 and 20
par cont CO23 however, a slight increase was observed with 30 por cont,
Brooks oredited the effect of COp on the rate of oxidation to a lowering
of pH and a lowering of oxygen tension, Reduction of oxygen pressure not
only inoronsed the rate of formation of methemoplobin but alsc acnused it %o

form closer to the surface whore it had more offeoct on the external color.
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Oxidation is not the only cavse of loss of bloom, The importence of
pll was already disoussed. DProoks (9) and Winkler (111) noted that desic=
cation vroduced an undesirable darkening of color. This was abiributed to
an inorease in opacity of tissue by Brooks and to conconiration of pig-
ments by Vinkler. Changes duc to drying alt ordinary temperature were
considored reversible by “Winkler., DBrooks (9) und Zeott and Vickery (93)
bolieved that modest desicecation during storage benefited bloom,

In the oase of cured mosts differont pigments are involved, Ilial=-
dane (41) concluded that the red color of cooked cured meat wme due to
nitric oxide hemochromogen; nitrite reacted with roduced hemoglobin to
producs nitroso-hemoglobin, whioh wes subsequently denatured to the hemow
chromogon by heat processing. e thought that nitrate of tho cure wns
roducad to nitrito by bacteria and that the tissue itself might undor some
condiﬁioné accomplish this. Hoagland (45) oonfirmed the work of lialdane
and made further observations, He orystallized NO~hemoglobin produced
from tho blood of soveral animals and found that the orystalline structure
differed with the sourco, bub was in all cases different than that of
oxyhemoglobin crystals obtained from the same sources. Tho color of une
oooked cured meets genorelly was due to NOehemoglobin, but under someo
mothods of processing (pnrticul&rly degicoation) this compound was more
or loss converted to NO~homoohromogen oven though cooking had not heen
omployod,

Urbain and Jensen (104) observed thet nitric oxide hemoglobin was
oaslily oxidized to mothemoglobin by atmospheric oxygen and that reduction

of pll or inorease in Lomperature accelorated the reaction. They decided
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thet brovm discolorations of cured meat which had been commonly attributed
to bacterial action were frequently due to oxidatlon,

Haurowitz ot nl. (43) showed that the sutoxidation of certain unsatb-
urated fatly acids wns accompanied by destruction of heme-ocontaining
pigmonts. Chang and Watts (16) found that ascorbic acid protected the
rod color of oured meat although it coused rapid disocoloration of fresh
moat,

Discoloration caused by the formation of mothomoglobin should be
distinguished from greenish discolorations sometimes encountered in curod
meats. Aocording to Jenson and Urbain (55) the latter are formed by the
notion of oxidizing or hydrogen sulfide forming baclteria upon the nitroso
derivatives of hemoplobin. These aro oconsidered oxidation products since
‘they are formed under oxidizing conditions, however, spectrophotometriec
measurements indicatoed that they were difforent from methemoglobin, Forma-
tlon of discolorations of this type arec cmsidered distinetly differont
from disecolorations due to undercuring, wherein the pigmonts eroc not
entirely "fixod" by nitrite. Jensen (52) believes that green rings in
sausage products are due to the action of hydrogen peroxide, organic
peroxides and hydrogen sulfide produced in the meat before heat processing,
and that the looation of the preen area subsequently doveloped is deter-
mined by oxygen tension,

Miven (81) supported the opinion of Jensen on internal groon dis~
ocolorations ond obtained evidonce that surface groening of stored products

was assoociated with the proliferation of catalose-negative lactic aeid

baoctoria,
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b. Chonges in fat., Good general reviews of this subject hove beon

made by Lea (67) and Jonsen and Grettio (54),

(1) lydrolysis. les (67) stated that tainted fat could contain
soveral million bacteria per gram, althouph their presence wes not obvious
end slimo was rarely produced, Loea (63) found that the amount of free
fatty acids inoreased with the development of microorganisms, but ho did
not believe that these acids caused the chanpes in odor and flavor ob-

served, Haines (35) showed that some of his strains of Achromobacter

could hydrolyze fat., Vickery (106, 107) tostod the lipolytic activity
(toward beof fat) of strains of bactorin and yoasts ocapablo of growth on

beof stored at -lo Ce About half of the strains of Achromobacter and

Psoudomonas and all of the yeasts isolated were lipolytic. Thoso in=
vestigators decided that measurements of free acidity of fatty tissue

" would not nocessarily indicate tho extent of microbial growth, Garrard
ond Lochhead (29) observed that unidentified gram=nogative cocol aggo=
ciated with bacon were charaetoristically lipolytioc,.

Tt appoars from the above investigations that COs storage would re=-
duco the amount of fat hydrolysis by inhibiting the growth of microe
organisms. Apparently, however, the extent of fat hydrolysis does not
hove an apprecisble effect on storage life,.

(2) Oxidation. Lea (63) stored boef carocasses at temperatires in
the neighborhond of 0° C, wntil tho fat bocamo tainted. Atmospheric oxida-
tion in no oase rendered the fat unpalatable as long as thero wes not an

excossive exposure to strong light. Ilea concluded that the storage-life
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of chilled beef doponded on the growth of microorganisms and not almog-
phoric oxidation. Len (€4) observed that storage of beef fab in moderate
ooncentrations of Clp did not affect its resisbance o oxidation, Although
oxidation wns not important in the eir storage of moat, Loa (67) thought
that appreciable oxidation ocould somotimcs'occur as o consequance of the
longor storage poriods made possible by COpe  In the case of poulbry

(New York dressed) stored at 0° C. in 96 per cemt COp, the induction
period was about doubled as compared with aire-stored birds; however, after
long storage in CO, peroxide values increased conslderably. Iea decided
that abmospherioc oxidation could be a factor in the spollage of COy~stored
poultry, Smith (97) observed that the fat of COg=stored ohickens (96 per
cent ot =1° C,) tasted slightly rancid efbter 12 wecks and was definitely
rancid afbter 18 weoks, As an index to susceptibility to oxidation lea
(67) pave the following iodine valuos: beef and mutton, 36-57; pork,
55~703 chickens, 70=-903 rabbits, 110«180. Ioa (87) statod that oured

meat was much more suscepbtible to oxidetion than was uncured,.

Robinson (87) first observed that home compounds acted as efficient
catalysts for the autoxidetion of an unsaturated fatiy scid., Chang and
Watts (16) found that ascorbic acid retarded rancidity in tho prosonce
of hemoglobin or nitroschemoglobin and swsll emounts of some phenolioc
antioxidant,

(3) Flavor. Lea (63) and Uainos (35) thought that unpleasant tastes
and odors in fat of stored beef were caused by miocroorganisms growing eithor

in the fobty tissue or in the adjecent muscles Lea (63) found that tho fat
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of boof carcasses stored in atill air at 0° C, was good aftor 25 days bub
somewhat tainbod after 42 days; a tainted odor was present at 15 days.
Alr circulation or reduction of temporature extonded tho keeping time of
tho fat,

Ios (64) stored strips of boof fat in various COp concontrations at
0° ¢, Strips of fat which had bgen stored for 50 days in 20, 50 and about
100 per ocont CO2 wore oxcellent in flavor. Pure oxtracted fat was stored
in approximately 100 per cent COp for 66 days with no deterioration in
flavor. The longth of time fat strips could be stored bLefore off-flavors
developed vas about doubled by the use of 10 per cont COg, Little adw
vantogo was gained by increasing the COp concentration above 15 or 20 per
cent. Reduction of relative humidity to 90 poxr cont causod some incroase
in the protection afforded by the gas.

(4) Pigments.. Loa (66, 67) ocoasionally observed tho development
éf bleached greylsh or white patches in tho oxternal fat of beef stored
with C0s. These, he thought were duc to the oxidation of homoglobin to
methemoglobin and destruotion of some of the yellow carotinoid pigmoent,
The cause of the patches was not investigated in detail, butb appeared to
be assoclated with higher peroxide values,

¢s Lffeot of meat on COp and oxygen levels., According to Moran

(75), the respiration of dead musole was between 10 and 50O per ocent of
that of living musole., Deef musole wes found to take up 12 cu. mm. of
oxygon per gram per hour 24 hours after death; afbter one month at Oo Co

the rate was 4 ou. mm. per gram per hour, liuscle stored in 10 per cent
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GO took up 6 ouv,e mm, pPer gram poyr hour for the first 4 deys. loran
ealculatod thalt beef quarters storoed in gas-tight chambers with 105 cu,
ft. of space por ton of moat would produce about 20 liters of COs por
weok and would increaso the conceatration in the atmosphere by 1 ver
cent per week. Tho amount of €Oz produced from bicarbonate Uy glyco-
lysis was considored unimportant,

Brooks and Noran (13) investipated the possibility of atteining a
useful CO2 concentration in an alr<tight chamber by first saturating meat
with CO2 and then allowing it to come to oquilibrium with tho atmosphere
of the chamber., They considered thal tho amount of COp converted to
bicarbonate in the muscle would be negligidle compared to tho amount in
physical solution. DBrooks and lloran caloulated that a 150 1lb., quarter of
beef saturated with €Oy at 0% C. would have in solubtion about 70 liters
(5 0z.) of tho gas, and that this beef, placed in a gasetight chamber con-
baining air (105 ous £ tobal space per ton of meat), would uroduce an
atmosphere of 25 to 30 por cent COy vhon oquilibrium hud been atteined,
However, caloulation based on the rate of diffusion of €0y through rmsel:
indicated that quarters would have to be stored in 100 per ceat COy at 0° ¢,
for § days to obtain 30 per vent saturation and 756 days to obtain 20 per
cont seturation. Similar times would bo roquired for the GO, to diffuse
out of tho tissue, They considered such a procedure impractical Lecause

it would have resulted in diseoloration of the moat.



2. Storage of {resh meats in COp

a. Boof., Obsorvations of Kolbe (59) that fumes from strong liquid
acids would prevent decomposition of meat, led him to test the effact of
ocarbon dioxide on keeping time of beef, lis hung pieces of boeef in a metal
oylinder which was thon filled with pure COs and sealed. Storage was
carried out ot room temperature and probably variod considerably; a
maximm of 32° C, was the only tompefature given., After eight days!'
storagoe, Xolbe noted no change in appenrance, ocolor, odor, or taste after
cooking., After 14 days the exterior had become gray in color, although
tho interior vms normal; the flavor was very slightly acid., Thore was no
change at 3 weeks except for an increasc in tenderness. At 4 snd 5 weeks,
odor was still good, but broth prepared from the beof was inferior in
flovor. The discoloration caused by oarbon dioxide was prevented by tho
addition of some carbon monoxide to the COy atmosphere.

Killeffer (538) stored samples of beef and other food products in
larpe btin cans at a btemperature of 40 %o 45° e Commercial 002 was passod
through ono set of cans at a rate of 3 to 4 ou, ft. por can per hour; and
a duplicato set contained still air. & moat inspector pronounced the bLeef
samples stored in air spoiled after 2 weoks; tho samples stored in CO, did
not show spollage until the ond 6? the third week. Sulsequent oxporimonts
showed that beef could be stored for 2 to 3 times as long in C0z as in air.
Yo mention was made of discoloration due to (O end apparently no attempt
wos made to control relative-humidity or te maintain equal humiditios in

the two sets of cans,
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Empey and Viekery (22) stored quarters of beof with and without 11
per cent COy at a temperature of «1° ¢, and a relative hwnidity of 95 per
cent., Tirst evidence of deterioraticn was the appearonce of bacterial
colonics, which coon conlosced to form o slime accompanied by o disagrge-
able odor, The endw-point of storage was talton as the time at which the
numbeor of bacteria per asq. cm. of muscle surface reached a valuo of § X
107.  The koeping times obtuined in the first oxporimont were 16 days in
air end 23 days in COpe In tho second experiment when the initial contam-
ination was one~tenth as greet, tho keeping times were 45 days in air and
67 days in COpe Vieight losses in the second experiment were 2,8 per cent
on the 46th day and 4,6 per cent on the 57th day; 5.5 por cent wos congid-
erod tho maximum loss allowable. OFf the slight loss of bloom occurring,
none was atbrituted to 002. The palatability of the lean was good up to
tho time of slime formations the Llavor of the fat was alightly off at 55
days in both tho air and COs-stored samples,

Empoy el al. (23) desoribed the proparation of beef quarters for
shipment from Australin to England, Strict sanitation in the slaughter
house, along with rapid ohilling in air with considerable drying pover,
were employed to hold microbial contamination to o minimum. After chillw
ing, the counts on tho exposed musocle avoraged 9 and 110 bacleria per sq.
ome for the hindquarters and neok aroas respectively, and the moisture
content of the onter one=half mm., layer of muscle vas under 55 per cont,
During shipment, tomperature was held at ~1.4° C.; a level of 11 per cont

COs wos maintained and tho amount of air circulation wes rogulated accord-
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ing to the relative humidity existing in the hold. This beef srrived at
the wholesalo market in London in oxcollenlt condition 44 days after
slaughter., Thore was no visible microbial growth end no appreciable change
in Dloom.

b. Pork. Killeffer (58) found that tho use of 100 per cent €Op in
the storage of outs of pork st 40 to 45° T, would inereaso tho storage-
life 2 to 3 times,

Collow (15) compared the storapo-1lifo cf small pieces of pork in
atmospheres of air, in commercial carbon dioxide end in commerocial nitrogen
stored at 0° C, in desiocoators. After 17 days the air-stored pork was
overgrown with mioroorganisms while the others were in good oondition,
After 56 days the COy=-storod porl was in perfect condition, but the
nitrogen=stored meat had a strong smell of hydrogen sulfide even though
no surface growth was apparent. After 70 days, the CCy=stored pork was
as good as fresh pork only more tender. Al 87 doys the surface had beoome
somowhat red in color, although the interior was unchanged. The lean meat
was normel in taste, but taste of tho fat was slightly abnormal; the off
taste was not thought to be due to rancidity.

o. PYoultry. Smith (96) studied the effect of COp storage on ohickens,
Proliminary experiments had showm that COp levels above 70 per cont were
necessary to provent microbial growth. In the first test 36 plucked and
drawn chickens were hung in an air-tight tank at 0° ¢, Commeroial COp
was pagssed through 1 per cent sodium chloride and then into tho tark Lo

five a level noar 100 per ocent. Birds were odible at the end of tho six
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months storage porioed, bub tho meat was tasteless after four months, The
exposcd flesh developad en unpleasent brovm color, Loss of weight in six
months vms 2,9 per cent, In tho seoond oxporiment seloocted birds were
stored undrawn and trussed in 95 to 100 per cent COy at =~1° C, After one
month, when the first oxamination was made, it was found that ges had
ontered tho erop and pgut, causing swelling. Subsequently, suto=digestion
of the ebdominal wall caused green discolorations end sutolysis, The
broast had a good flavor at the end of tho four months storage périod oxoept
in the green aroas, which wore bitter. Tho legs werse found lacking in
flavor after 89 days. Total weipght loss vms 3.1 por cent,

In a further experimont Smith (97) stored lew York drossed chickons
in an air-tight tank at ebout ~1° ¢, with an average COs concoentration of
96 por cent, and others in alr at tho same btomperature, 4t Lour weelks the
air-stored semples were unchanged, but the €Oy stored birds showed swelling
ot the crop and vont. Aftor six weocks the air-stored birds had mold
growth and the breast was dry and tasteless, AL eight woel:s somo of the
chickens stored in COp had purple=brown discolorabions at the neck and
greon areas at tho vont; taste was satisfaoctory excopt in the green regions.
Afber 10 weeké thore were further ocases of greon disooloration ond et 12
wecks thls defect was quite pronounced. Hoocause of the definite greening,
12 wieoks vms oonsidered the limit of saleability; also, thero was slight
evidence of fat rancidity at this time, llowever, thore was no visible
evidence of microbial growbth and the odor was good. A COz concontration of

9545 per cent within the alimentary oanal was found to be in equilibrium
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with a level of 99 per cent in ‘tho surrounding atmosphere. This was
taken.as evidenoce that the walls of tho alimentary canal were pcrmeable
to €O, but not to air and would account for the swelling observed in the
COs stored birds. From his experiments Smith concluded that extonded
storage of poultry in COp atmospheres was impractical, mainly because

of a non=bacteriel digestion of the gut and belly wall accompanied by
groen discoloration. Smith (98) steted that the greening and aubtolysis
in COg=stored chickens wero caused by digestive onzymes from tho pancroas

and duodenum,

ds Other fresh meats. Kolbe (59) obtained poor results when he

stored mubton, veal and fish in 100 per cent COs. Killeffor (53) obtained
as good results with lamb and fish as he did with beof. Coyne (19) found
that at 0° C,, COp approximately doubled the storage life of whole fish
and fillets when either gas= or ilse=pocked. Cerbon dioxide levels of 40
to 60 per cont gave best results; higher concentrations caused softening
of the flesh,

Reich (84) desoribed a shipment of assorted pocking house products
by refrigeratod railway car in which 500 pounds of solid COp were used in
addition to ice for cooling. During the four day trip the COp levels at
the top of the load and at the f£loor varied from 4.0 Lo 8,0 and from 5.5
to 9.6 per cent respectively., The highest levels were roached midway
during the trip. UNo bacteriological infermation of any consequence was
reported, According to Reich shippers believed thal solid COp in the

car retarded bacterial growth without affecting bloom or shrinkage.



3. Storoge of cured moats in COp

Apparently very little was done toward testing the effectiveness of
€Oz in presorving cured meats. Xilleffer (58) observed that frenkfurters
oould be stored two to three times as long in commercial COZ as in air at
o temparature of 40 %o 45° T,

Callow (15) compared the effecls of atmospheres of air, of carbon
dioxide and of nitrogen on the storage life of mildecured, greon (unsmoked)
bacon. At 5° Ce, tho storage life of baocon was more then doubled by ean
atmosphere of commorcial COg; pure nitrogen was almost as goods The appear=
ance of bacon stored in €Oz and in nitrogen was described as boing "bright-
er' than that of bacon stored in air; apperently the absence of air pre-
vonted tho oxidetion of the nitrosohemoglobin. Both COp and nitrogen
prevented the growth of microorganisms for several weoks, but bacon stored

under nitrogen underwent anaercblc spoilage more rapidly.

i



ITI., EBEXPERIILHTAL HATHRIALS AND LETIIODS

Ao lHabterials

l. Isat samplos

ae Chickene Cut=up fryers (2% to 4 1b.) used in exporiments ome
ploying chicken were oblained from 3 sourcose. (1) Live birds from the
College Poultry Farm were killed by bleeding; struggle was oliminated by
spplication of an eleotric shock. DBirds wero then immersed for 30 seconds
in water alt 130C¢ F. (54;.5o Ce), rough picked by mechinoe and finished by
hend., Following evisceration and washing, fryors wore aubt up and air
chilled at 320 ', (Oo C.j for 4 hours cr overnight depending on the +time of
day. (2) Frozen, cut-up packaged chickens wero purchased from a commercial
ooncern ond stored at -10° ¥, (‘-23.50 C.)s These were thawed 24 hours ats
40° P, (4.4° c.) immodiately before use, (3) Freoh ocut=-up fryers were
obtained {from e looal produce house ixmxodiately' after slaughter snd
chilling end were uséd in experimental rns on the same day,.

All birds were out up in the same way to give, in addition to giblets,

2 logs, 2 thighs, 2 wings, ribs, baock, and 2 picces of breasi.

be Irankfurters. Skinless, uncolored, all meal frankfurtors were
raceived from a nearby packing house on the day after manufacture. Thoy
arrived with an intomal tomperature from 40° I, (4.4° C.) to 50° F. (10° c.)

and wore stored at 32° F, (0° ¢,) until the following morning.
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2. Storage containers

In preliminary experimonts soveral types of containers, including
vaouun desiccators, Brewer and F'ildes anaserobic jars, and VFason type jars
were investigated for their appliocabililty to storage experiments. OUne=
quart and twoequart Xason type Jjars with rubber atoppers were found most
suitable. These were comsidered to have the following adventages:

(1) Gas tightness compared favorsbly with other containers tested,

(2) Withetood complote evacuatlon without collapsing,

(3) Viere oasily storilized by autoclaving.

(4) Initinl and roplacomont ocosts were low,

(5) Wore economical of space in the small refrigerators available,

(6) By simplo variations in arrangement of plass and rubber ‘tubing,
could be adapted to several methods of conbrolling atmospheres such as
evacuation and subsequent replacomont with the desired geses or a constant
flow of gas of predetormined composition,

In most cases jars wore olosed with one-holo number 12 rubber stoppers,
A short piece of glass tubing having a right anglo Lend was inserted just
through the stopper to provide a moans for admitting or romoving gas,.

A short length of rubber pressure tubing (about 5 inches) was attached to
the external end of the glass tubing. Loss of gas from stoppered jars was
prevented by moans of a sorew clamp on the rubber tubing. In some cases

a8 sealing compound (Tackiwax) was applied at the place of contact between

stoppor and jar top end at tubing joints,
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For runs in which a constant flow of gas was desired, a tvio-hole
rubber stopper was used. - The glass inlet tube extended to the jar bottom
and the outlet tube was flush with the lower side of the stopper,

Vacuum desicoators (160 mm.) were employed for exporimonts in which

relative humidity was the chief wvariable.

3. Gas control anparatus

The basiao control epparatus consisted of e Fisher, Unitized, Pro-
cision Universal Model gas analyzer (Orset type) with a built on glass
manifold and mercury manometer. (Fipures 1 and 2), By means of the
{;hree wey stopoock at A, communication was established either to the
sampling burette of the gas analyzer through capillar tubing, B, or to
the manifold. A pas sample to be analyzed was drawm from the storage jar
to the sampling burette by means of theo leveling bulb on tho sampling unit,
The coni‘ining liquid in both sampling and measuring burettes consisted of
moreury with & film of water on top. Aftor transfer from the sampling to
the measuring burette, the volume of sample was rend, Carbon dioxide
was then removed by means of a potassium hydroxide solution (600 grams
por liter of soluticn) in the first absorption pipette and tho deorease
in gas volume wes used to calculate por cent COp. After COy absorption,
oxygen cacentration could be similarly determined by absorpbtion in the
seoond pipette. This pipette contained alkaline pyrogallol (one volume
of a solution containing 300 grams of pyrogallic acid per litor and 5

volumes of 50 per cent KOH),
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Figure 1. Apparatus for changing atmospheres in storage coenteiners
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A Conoo=Hyvac vaocuum pump connected to the manifold at C allowed
evacuation of sample Jars,., Carbon dioxide und oxygen from oylinders
end air from the room could be admitted to the manifold through stopoocks
Dy E end Fe Tho mercury manomeoter, &, was employed to control the amounts
of indlvidual gases added to ovacuabted jars and was also used to mpasure
vacuums in jars after storage.

Glass flow moters were used tc control composition of flowing gas.
Thoso wero of several designs and capacitles but all operated on the basio
prineiple of an orifice meter., A constriction within the unit caused a
pressure differential which was moasured by means of a Uetube manometer
attached before and after the constriction., Flow meter sceles were cale
ibrated by means of a wet test gas moeter., An assembly in which flow meters
aroe omployed is shown in Figure 3.

Carbon dioxide concentration of flowing ges mixtures was measured
with o Cambridgo Carbom Dioxido Indicator (Model M Exhaust Gas Tester,
liodified). This instrument wns desipnoed to give socale readings in per
cont €Oy based on differences in thermnl conductivity of a dry COp=air
samplo and a reference gas of sealad in, dry, COp=-free air. Gas samples
wore passed through a ocaloium ohloride drying tower befors entering the
snelyzer, While in use, tho soale zero was adjusted daily during passage
of dry, COz=free air through the instrument. Weekly checks for accuracy

wore made by oomparing enalyses between the Cambridge and Fisher analyzers

on the same gas sample.
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4, Carbon dioxide

Cormercial carbon dioxide was used throughout this study. COp wes
obtained from the Pure Carbonie Corporation in liquid form in 20 wund 50

pound cylinders,

5., Refrigerators

Storage at 400 F. (4,4° €,) ond 45° F, (7.2° C.) was cariicd out in
o Super-Cold, Model 44 IS refrigerator having & ocapacity of approximaboely
40 oubic feet. Tomperaturs wes controllod to t 1° F. by moans of a
Himoeapolis«Ilonoywell temperature regulator. Temperatures of 300 e
(«1.1° ¢,) and 329 ¥, (0° C.) wore obtrined by a Kelvinator deep freoze
unit oponing at the top. .This box hed a capacity of about 1.8 cubic feot
and a temperature regulator identical with the ono desceribed above., For
50° F, (10° C,) o Uerrick 45 cublc feet box with a Par Todel lABS re-
frigorating unit was useds A Vhito Rodgers Iyps 1609 temperature control
held tompsrature within 4 2° F, The Supor-Cold and Herrick boxes were

oquipped with forced alr circulation,

6, DBacteriological media

These aro described under the section on bactoriological methods.
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B. lothods

1, lbthods of obltaining and maintaining COp levels

The three procedures used in controlling carbon dioxide concenw
trotion in storage containers have been designated the congtant {low,
the evaonstion, and the displacement mebhods for convenlonce in referring
to them. The apparatus used for mainteining a constant Tlow of pas
through sample jars is shown in Flpure 3. Alr and COp were supplied
from a ocomprossed air line and a CO2 cylinder, both equinped with suit=
able roducing valves. A slight exocess of gas was supplied and allowed
to escape through pressure regulators o and a's The regulators vrevented
fluctuetions in supply pressure from causing similar variations at tho
flow moters, b and b', and also nrovided a simple means of controlling
gas flow. letored gases wore mixed in chamber ¢ ond carriod into the
refrigerator vo the cooling coil, d, by means of rubber tubing. Tho
cooling coil consisted of a 256 £t, longbh of ono-eighth inch i.d. copper
tubing immersed in a 6 gallon can containing water. Gas was passed in
tiny bubblee through distilled wator in bottle o by means of a sintored
glass diffusion diso in order to obtain a relative humidity near 100
per cont. Entrainod water droplots wers removed by a trap, £, and the
gas ‘thonvas passed through sample Jars, ;. Tho gas was taken out of
the refrigerator and through a calcium ohloride drying tube, h, to the
Canbridge gas analyzor, i. A4Alr alone was passed through sontrol sample
jars in the refrigerator by similar apparatus., The flow of air and of

the COg=air mixture were held at 100 ml, per minute,
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For seouring atmospheres containing COy by the displacement mothod,
the apparatus was nearly identical with that shown outside of the refrig-
erator in Figure 3. lowever, larger flowmeters having a capacity of
1000 nl. of pas per minute wero used. Rubber tubing carrying the gas
mixbture was atboched to the Canbridpge analyzer to make certain that flow
moters were delivoring correot quantities of COs and air., Vhen the desired
ges oomposition was atvtained, pas was led into a somple jar through a
pleco of glass tubing which was inserted to the bottom of the jar., A
flow of 1000 ml, per minube for 7 minutes gave complete displacement
of the jar atmosphore,

In the ovacuation method & jar ocmiaining a sample vms attached to
the manifold of the apparatus showm in Figure 2, and partially svacuated,
Inough carbon dioxide was admibled to give the desired concentration as
detarnined by pressure readings on tho mercury manomstor, and air vas
added until pressures in the jar and room were equal, A similay procedure
was used when atmospheres containing sdditional oxygen wers noeded. To
obtain an atmosphere approaching 100 per cent 002, e jar was exhausted
twice to a proasure of 4 or 5 mm. of mercury and brought back to atmos-

pheric pressure each time by addition of COy.

2. Storage mothods

Jars in which samples were to be stored were sterilized by autoclav-

ing 20 minutes at 260° F, (121° C,)., Five ml. sterile distilled water

wore added to each jar to insure a rolative humidity near 100 per cont
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during storage. loat samples romoved temporarily from jars (for bacborial
counts, woighin-s, ete.) were placed in sterile petri dishes.

8. Cuteup clilcken, (1) Storage in containers sealod throughout hold-

ing poriod=-~COp level not constant, Volumes of tho one~quart Jjars used in
this study were determined by the following procedure. A weighed jar was
£11led with distilled wabter, and the rubber stopper was pressed into place
foreing water up in the glass and rubbor tubing., After tho screw clamp
had beexn closed, water in the end cof the tubing was removed with a towel
and filter paper and the jqr was agein weighod, Temperature of tho water
was moasureds volume of tho jar was caleuleted from the weight of wator
ond its density. Position of tho screw clamp was permanently marked on the
rubber tubing so that it would alvmys be used at the same place., The
spocific gravity of a plece of chickon was determined from the incrcase in
volume noted when the woighed picce was submerged in water in a 500 ml.
pradunte.

When a storage experiment was bogun, pisces of chicken wero removed
from refrigeration, weighed and placed in Jars. Genorally, cach jor cone
tained the following pileces: 1 thigh, 1 leg, 1 wing, 1 piecce of broast,

1 baolz or ribs, 1 plece of liver, and 1 gizzard or the heart and nocls,
Sinco samples wore discarded whenever a jor was opened, it was neocessary
to havo 4 to 6 duplicate jars for each experiment in order to get a number
of chservations during storage. Doesired atmospheres vwerc ohtained by the
evacuation method and jars wore placed in a refrigerator. At intorvals

during storage basod upon the expected keeping time, & jar was removoed, the
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internal pressuroe measured, and a pas sample withdrevm for analysis,
The jar was then openod for examination of the sample.

(2) Storage in containers in which 002 ccncentration wns meinbained
at a given lovelewstmosphere changod constontly or at intorvaels. Samplos
held under a constant flow of a COp-air mixture were stored in duplicato
in one quart jars. Jars wore romoved for approximetely 1 minuto deily to
pernit examinotion of odor and appearance.

In tho great majority of experimonts, atmospheres of the jars were
replaced poriodically. Usually one, but sometimes two pleces of chicken
wore placed in esch jar. Thighs woro used in most casos., These were
placed skin sido down on the Jar botbom. Preliminary oxperiments had
indicated no difference in keeping time whothor the viece of chiclon was
placed directly on the jJar bobttom or suspended from the stoppor. In some
cases pleces were woighed before and during storage. Abtmospheres cone
taining 002 woro obtained by eithor the eveocuation or displecement method,
Cand Jars were sealed and stored.

During the first few days of storage, jars were removed daily end the
desired atmosphere resupplied in order to replace COp dissolved by the
samplos. At intervals based upon expected keeping times, jars wore removed
one at a time and gas samples wore withdravn and analyzed. Tho chiolzen
sample was romoved briefly from cach jJar for bacterial counts snd dotailed

obsexvatlion. The appearance of oach samplo was examined through tho glass

on days that jars were not opened.
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b, Irankfurters, Frankfurtors were placed on ond in two quart jars,

G to 10 in a jer. Vhen mlerobial counts woro to be made, duplicate jars
were prepared. L franlkfurter thot was romoved for use in plave counts
or organocleptic tests was not rebturmed to the jor. In other respects
storage nrocedurss were ideantical with those used for chicken stored under
constant 002 levols,

In the rolative humidity study, weighed frankiurters were pluced on
The supported plates in 160 mn. desiceators. VPach of 5 desiccators oon-
tained 200 nl, of sulfuric acid solution of the concentrations needed to
provide relative humidities of 75, 80, G5, 90 and 95 per cent. (Data of
tiilson (109) were used in preparing sulfuric acid solubtions.) A sixth
deslceator hold 200 ml, distilled water, All deosiccators wore stored at
40° ¥, (2,4° C.) and were oponed at suitablo intervals for weighings and
microbial counts. Densities of tho solubtions wero determined at the

Yoarminetion of storago by specific grevity bulbs,

3. DBacteriolorical methods

a8, Cut-up chicken. DBactorial counts from the lean or skin surfaoce

of chicien were made by tho swab method of Ayres et al. (1), A 2 square
contimeter aren, as defined by a washer shaped piece of Lilber paper
pressed Lo tho surface, was carefully wiped with a storile, moist, cobton
swab, The swab was thon transferrsd Yo a presoription bottle conteining
99 ml. of storile distilled water and given 25 wvigorous shakes to soparate

strands of cotton and distribute bacteria, Four decimal dilutions for
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each sample, selectod according to the range of counts expected, were
plated out with agar. In the first oxperiments ohiclkon infusion agar (1)
was used as the plating medium. Ilater, Difco nutrient agar containing en
added 1 por cent salt and 0.5 per cont Difco yeast extraoct was subsiituted
since no appreciable difference in counts had been obtained on the two
modia. Plates were incubated 4 days et 68° F, (20° C,) and then counted.
Colonies soleoted for further study were picked from pletes propared from
ochickon which had reached or was approaching the slime stage and were
transferred to ﬁutrient ager slants, Cultures were soreoned by the
following tests:

(1) Grom stains made from 24 hour suboultures on nutrient agar slants.

(2) Hotility observabiqns on hanging drops from 24 hour suboultures
in nitrate broth,

(3) Roaotion in Difco phenol red dextrose and meltose broth. (Tubes
of media contained Durham fermentation tubes to indicate gas production,)

(4) Nitrate reduction on 48 hour oultures in nitrato broth (Difco
nutrient broth plus 0,1 KNO3). Details of the method can bo found in the

S.A.8, Fanual of Methods for Pure Culture Study, Vgq=9,10,11.

(5) Aotion on litmus milk (100 grams skim milk per liter of distilled
water plus enough saturated litmms solution to give tho dosired color),

(6) Gelatin liquefaction (Difc nutriont gelatin in test tubes).

Tubes of media were inoculated from water suspensions of 24 hour
oultures on nubriont egar slants and incubated st 68° F, (20° ¢.). Ob-
servations wore made aftor 1, 2, 4, 8, 15, 30 and 60 days. All media was

gterilized by autoolaving 20 minutes at 250° I, (121° C,) exoept litmus
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milk, which was autoolaved 40 minutes ab 232° 1, (111° c.),

All oultures were tosted for fat hydrolysis by a modification of
Turner's teohnique, A fat ermlsion containing 3.0 ml, cottonsced oil,
0.5 gram agar and 99 ml, distilled water was made up and sterilized,

One ml, of a sterile 1 per cent solution of nile bluo sulfate was added

to each bottle (about 100 ml,) of molted nubtrient agar. Ten ml. portions
of agar were poured into petri dishes containing 0.5 ml, fat emulsion,

and tho fat globules were distributed by rotating the plates. Cultures
ware stroaked onto tho hardened agar and plates were given 4 days' incu=-
bation at 68° F, (20° C.). Fat globules adjmoent to colonies woro examined
with a 22,5 X binooular mioroscope for the bluc coloration indicating
hydrolysis,

After soreening, 3 oultures of each type were tesbed for hydrogen
sulfide production, indeol formation and mobility in Difoco S,.I1,M, agar.

In addition, flagelle stains were made on two oultures of oach type whioch

had evidenced motility by the mothod of Leifson (5,A,B, lanual of Methods

for Pure Culture Study, IV46«17),

be Frankfurters. For miorobial counts on frankfurters, 10 grams

of soreenod, washod sea sand and encuph distilleod water to givo a total
volume of 100 ml. wore added to each of a nurnber of 500 ml, wide=mouthed
bottles equipped with a solid rubber stopper. Bottles and contents were
sterilized by autoclaving. An oentire frankfurter was placed in a bottle

vwhich was then shaken 200 tlmes. From the resulbing suspension of mloroe
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organisme, aliquots of suitable dilutions were plated with nutriont

and tomato juice apar. Because of the diversity of microbial types

a wide range of dilubtions usually was recessary, a range of decimal
dilutions from 102 to 108 being oommon. The same modified Difoo nutrient
agar formula used for chiclen was used in obtaining counts in micrococei
ond total counts., Difco tomato Jjulco agar with 0.3 per cent additional
agar and 0.5 per cent Difco yoast extract was employed in counbing lecto-
buoilll, yeasts and molds, Plates were incubated 4 days at 68° F, (200 Co)
before counting., Tho several kinds of organisms found on the agar plates
vere differentiated by differences in colony sizo and appearance. ihen
Aifferentiation by the unnided eye was difficult, the 22,5 X binoecular
microscope was employed for counting the individual groups (yeasts, mioro=
cocol and lactobacilli). To cheok agouraoy of visual observations sevoral
colonies of cach type from cvery plate counted were used in preparing
Gram stains for microscopic examinabion,

Colonles were picked from plates ropresenting different samples and
storage conditions., IMicrococol were suboultured on nutrient ager slants
and lactobacilli were stabbed into butbs of tomato juice agar slents. Tom=
ato Juice agar did not prove to be a satisfactory holding medium for lacto-
baollli and tho majority of the oulturos were eventually lost.

For the most part, procedures snd media used in soreening micrococci.
were the same as those used with bacbtoria from stored ohicken. Those ine
oluded general procedure, Gram stain, motility determination (hanging drop

method), fat lipolysis, and reactions in litmus milk, nitrate broth and
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gelatin. Sugar oleavage vas dotermined similarly; howevor, in addition
to glucose, mannitol and glycerol weroe employed and maltose was onmitted,
The additional medie wero propared from Difco phenol rod mammitol broth
and Difco phonol red broth base containing 0.5 per cent glycerol, Ubile
ization of (NH4)H2PO4 and uree vere studied by tho mothod of Hucker (47,
48).

For laoctobacilli 0.3 por cent agar was added to the glucose broth,
To determine ability of these orgenisms to cause greening fresh franlk=
furters wore plaoced in sterile petri dishes (7 dises to a plate) and
stoamed 20 minutes Yo destroy non-sporulating surfece flora. Ton ml,
gterile distilled water were added to the bottom of sach plate, and a
loopful of oach oulture (from tomato julco suboulture) vms spread on the
upper surface of a dise. The seventh plece of frankfurter in each plate
was left uninoculated, Duplicate plates were incubated at 68° F, (20° C.)

ond 86° ¥, (30° Cs)s and inspected for groening after 1, 2, 4, ond 7 days.
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IV, RESULTS AXD DISCUSSION
Ao Eveluation of Carbon Dioxide Control ibthods

In the experimentel methods three means of maintalining COp concen-
trations at the desired levels were described. Theose were dosignated the
songtant flovw, evacurtion and displacoment msthods, Conbtinuous passage
of a mixture of metered COy and air through storage containers gave ex=-
collent control, but had a pronounced disadvantage. The considerable
amount of apparatus required made the method impractiocal for ordinary
laboratory usage whon it was necossary to hold samples concurrently under
sevoral different COp; levels.

In an altermative procedure the gas concentration in each containor
was adjusted at sulteble intervals during storage by onc of the two
methods (evacuation and displacement) proviously disoussed., Vhilo these
methods adinittedly allow some variation in gas composition, they make
possible storage of gsamples with several CUp lovels and at more than one
tomporature at the same time,

Table i gives tho results of a series of analyses on 2=quart jars
containing chiocken thighs. Aftor oach analysis jJaras wero regassed by the
ovecuation mothod, In general this procedurs gave an aoccuracy of + 0,5
por cont COye Groator variation was obtained in the first part of the
storage period due to solution of GOy in tho meat., After the samples had

dissolved enouph COs; so that equilibrium with atmospheres having tho desired
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Tableo 1. Yeriodic analyses of COp oconcentrations in jars contain=
ing thighs of commercially dressed chicken®

T@mp .
o1, 50° 40° 320
% Oy
dosired O 15 25 0 5 12 25 0 5 15 25
Time
storad CCy analyses
(days)
1 ALl jars regessed hut analyses not mede,
2 3.4° 15,9 25.1 0.3 5ol 15.0 25.1 0.1 4.5 13.8 23,5
3 16,6Y 25,9 0.5
4 26,7 0,92 5,5
5 3.l 5.6 1540 25.7 Ok 5.2 15,5 24.6
G 3.8 6.5
7 790 1546
8 15,8 25.8 0.3 5.4 15.% 24,5
9 1740
10 16,5 25.4 1.3 5.5 15.2 25.1
11 25,7
12 19,1 26,00 2,99 5,7 15,4 24,9
13 268
14 26,7 4.5 7.10 14.8 25.1
17 35 46 15,2 25.1
19 , 15,7 2543
21 1642 24,7
23 16.8D 25,3
25 16,5 24,9
27 2545
29 . 2641
31 26,5°

SConditions of storepes
Tomperatures and COs lovels noted above
Relative humidity about 1004
Twowquart jors
Atmospheres replaced immediately affer analysis by evacuation and
admittanoce of COp and air

brng point of storage as determined by dovelopment of off odor



compositions was approached, changes in COy lovels were smaller and adjust-
monts could Lo made loss frequontly. The use of a 2=-quart jar, usually
containing o single piece of chilckon, minimized changes in gas composition
by providing e rather large ratio of gas to samplo., Toward the ond of
storage inoroases in €O, concentration wore comused by gas-producing micro=-
organisms.

In Table 2 are listed keeping Limes chtained with pieces of chicken and
with frankfurtors stored by the two methods deseribed above, Samples com=
parcd wore from the same batch in all eases, Dif'ferences obtained by tho
two methods were very slight indieating that approximately the same informse
tion was glven by hoth,

The method of changing atmespheres by ovasuation was later disocarded
because it caused blood to come to the surface of chicken, ecspecially
around the bone, and caused wrinkled sking on frankfurters. The rapid
displaccment method, which controlled CO, concentrations equally well

without changing appearance of gamples, was subsbibtuted.
B. Effect of €Oy on the Storage Life of Cut=up Chicken

Storage of cubt-up chicken in carbon dioxido atmospheres can bo divided
into two ocabegories on the basis of the menner of application, In the first,
tho ocntalner is tightly sealod aftor the desired atmosphere has beon obe
tained, end tho gas composition is allowed to follow its own course during
the storage wericd, In tho second, tho initinl gas composition is maine
tained during storage. To determine tho offect of a given COZ concentration

in prolonging the keeping time of meat it is, of course, important that the
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Table 2, leepin; times obiained for ocuteup chiclkon and
franlzfurters by twe mothods of mainteining
gas composgsition®

Kgeoping Lime Leepinyg time when gas
Sample Amosphere under flowing oconcentration maintained
mus by periodic odjustment
(days) —...(days)
Chiclen
thigh Ajp 19 17
Chickon
thigh. 155 CUg 31 51
Chicken
thigh Ay 11 10
Chiolken
thi{;h 157% 002 21 21
Chiclen
baok Alxr 10 9
Chicken
back 15% €Oy 17 16
Pranl=
furters Ady 20 20
Franke
furters  15% COp 52 31

®Conditions of storage:
Tomperature, 40° F. (4.4° C,)
Relative humidity, approximately 100/
One=quart jars for samples stored in flowing gas
Two=quaxt jars for samples stored in sealed containers with
atmospheres adjusted poriodically
Ind points determined from off-odor
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CO2 loevol be held as constant as is fensible. Ilowever, in view of its
possible practical applications, the first montioned catogory deserves
further attention.

1. Storage in containers sealed throwthout holding pericd==00» lovel
not constant

Bxperiments of this type wore underbakon primarily to study organc-
leptic changes in cub~up chicken stored in sealed containers; and also,
to loarn something ebout changes in pressuro and conconbrations of carbon
dioxide and oxygen.

a. Xeoping times. Average keeping times as moeasured hy tho develop-

ment of off-odor, are giveon in ¥able 3 for several conditions of storage.
Thess +times were obtained from tho date on tho individual Jars listed in
Tablos 1A to TA in tho appondix. &t 50° P, (10° C.) oarbon dioxide at.
any lovel afforded very little benefit, COy gave better rosults at 40° F.
(4.4° C,) the storage life being more than doubled for Loth thawed-frozen
and freshly killled poultry,

Koeping timos alono are not sufficient for evaluating the effect of
carbon dioxide on storage life. This is amply illustratod in Table 3
which indicatos a longor keeping time for freshly killed chickon (Te3.C.)
stored without any COp al 409 ¥, (4.4° C.) than for thawed-frozen chickon
hold under 965 COs at the same temporature. Obviously, it is necessary to
compare storage life of COg-stored samples with that of similar samplos

stored in eir under the same conditions. This is done coavenliently by

computing the ratio of keeping time in €Oy to keeping timo in alr. The
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Table 3. Time for appearance of definite discoloration and
off~odor in chicken stored in sealed containers®

Initial Time digcolor- Time off-odor Off odor
CO2 Temp. Type of ation first observed in control
Cone, (5)  ©oF, chicken gbsorved (days) (days) (days)
26 50 Thawed-frozen 2 2=3 2
80 50 " " 4 24 2
80 50 " " 4 4 2
(207% 0,)
26 50 TFreshly-killed none G 4
96 40 Thawed=frozen 6 12 5
25 40 n " 8 5«8 4
(slight)
20 40  TFreshly killed none 34 14

fConditions of storago:
Relative humidity approximetely 1007
Samples stored in leqt. jars
Abmosphores obtained Ly evacuation method

resulting valuo will henceforth be reforred to by the term "storage index".

Storage index = Storage life in COp

storage life in air

At 400 the storage index with 96 per cent CO; was 2,40 as compared with
a figure of 2.43 for 25 por cent, This does not mean that 96 por cent COp
wes not more effoctive in inhibiting slime forming bacteria, Indeed, the
typical slime with its charaoteristic odor, vhich ordinarily develops on
chlcken stored in air, was never encountored to eny extent with chicken
stored under CO, in sealed ocontainors. In the early stages the odor commonly
devoloping could best be desoribed as sour. Soon afterwsrd it aaquired a
very offensive,pubrid charaocter, VWhen gas samples from jars containing

ohicken in this conditlion were passed through lead acetate solution, a
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black precipitate formed, suggesting that appreciable amounts of hydrogen
gulfide werc presont. ULvidently the conditions obbaining in the sealod
jors favored rapid development of facultative or anaerobioc bacleria ab
the expense of slimo formers.

In Table 4 keoping times secured by tho "soaled container" mothod
are compared on the same batches of chicken with keoping times obtained
by a method in which storage atmosphores were renswod at intervals in
order to lLeep CUs levels constant; longer keeping times wero obtained by
the second method, This is not really a fair comparison since COp concen=-
trations in mealed containers are lower than initial lovels through most
of the storage pericd. However, some importance oan be atbached to the
faob that an increase in (O percentage from 15 to 25 gave a greater pro-
longation of storage 1ife in the second method., This constitutes further
evidence thalt predominant flora in the sanples sbtored in sealed counbainers
did not consist of the usual slime producing bacteria. The former wore nob
influoncod as much by carboen dioxide as ware tho latter.

b, Discoloration. Discoloration developed rapidly when high concen-

trations of carbon dioxide werc used, As shown in Table 3 and Tables 1A
to 74, discoloration wes obtained in 2 days with 100 per cent COp and in

4 days with 80 per cent vhen storage temperature was 50° T, (10o Ce)e The
usc of 20 per cenl oxygen togother with 80 per cent COs did not noticeebly
delay tho appearance of off~color. AL 40° I, (4.4° C.) discoloration

was delayed until the sixth day when the atmosphere conbained 96 per ocent

COge Iven with 25 per cent COp alight darkening was observed in many oasos

aftor 8 days at 40° F, (4,4° C.),
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Toble 4. Keeping times for ocuteup chiocken stored at 40° F,
by tho "sealed container"” and the "eonstant CO,"

methods®
COq Senled Constant

fhan lovel conbainers COg

no, %) (days) (days)
4N 15 8 10
25 9 12
HA 15 11 12
6A 15 7 8
25 8 12

BConditions of storage:
Relative humidity approximately 1007
Sealod contoiners-~l-qb. jars, atmospheres cbtained by
evacuation meothod
Constiont CO,=-2=qt. jars, atmospheres obbained and
maintained by displeceoment method
ind points determined by off=odor
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It way be concluded thet high concentrations of CO, are not satis-
factory for storing ocut-up chicken because of discoloration., In the
early stages the ohange in color duo %o COp was evidenced as a darkening
of the normal red oolor; in advanced stages the color became grayish
browm. WVhile this type of discoloration probably does not influence
flavor, it undoubtedly decrcases acoepbebility. A slight loss of bloom
is diffioult to deteot because degree of pigmentation of different birds
and different pieces from the same bird wvary considerably. It follows
that the time at which discoloration appears and the extent of discolor~
ation are diffioult to evaluate when lower concentrations of €O, are used
in storage. One would expeot that, with storage in sealed containers,
loge of bloom (oxidation of myoglobin) would tond to be moro rapid due
Lo the constantly diminishing amount of oxygen than would be the ocase
vherein the sample was held in an atmosphere of approximately constant

composition,

¢, Changes in pressure and gas composition. large and rapid reduc-

tion in COy concentration and pressure took place within sealed jars when
o ocousiderable proportion of the available space was occupied by chicken,
Considereble chanpges were obtained even after jars had been opened and
regassed subsequent to the initiel geasaing operation, Results of a series
of analyses and pressure measuroments on e single le-quart jar are pgiven
in Table 5, The jar contained about 2 grams of chicken per ml, of gas,

It was necessary to replace the atmosphere 4 times over a period of &

days before CUp analyses on two successive days wers the samo,
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Table 5. Change in COp analysis and prossure obtained with

successive gassingg®

Time stored % €Oy by
(davs) analysis

Vaouuﬁb

(Cme_Hpe)

63.2
81,0
02.8
9645
96,5

G Ci > 3

| aed ¥}

oo O G

8
1
7
0
0

8Conditions of storage:

Torpe raturo-~50° ¥, (10° C.z
Rolative humidity about 100
Conta iner==lequart sealed lnson jar

Contents of jar=wl thigh, 1 leg, 1 back, 1 breast, 1 ribs,

£ibletbs

Atmosphers displaced by 1005 CO, after each analysis

YVaouum wns mensured immediately before gas sample was removed

for analysis
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In practice it was seldom possible to get COp lovels of over 96
to 97 per cont in the jars. This can be ascribed to a number of fmotors.
Some COZ is lost from tho meat whonever a jar is opencd or a gas sample
taken for analysis, As a result some of tho COy from tho newly supplied
atmosphere will be taken up after the jar has been sealed. A part of
the otmosphere will always bo waber vapor, the amount depending on the
tomperature, At 63° F, (20° Cs) the enclosed air should contain about
2.4 per cent water vapor; at 50° F, (10° C.) 1.25 por cent; and at
40° 1, (4.40 Co)s 0435 per cent, Also, small amounts of oxygen and
nitrogen would be expected to diffuse oul of the meat und/br bones after
the jor was sealed. Commorcialvoafbon dioxide may contain up to 0.5
per cent of impurities.

Table 6 gives COp and oxygen analyses and vacuums measured on jars
of thawed=frozen chickon stored for various times at 50° ¥, (10° C.);
initinl COp concentrabtion in each jar was 96 per cent., Similar data for
other conditions of storage can be found in Tables 1A to Bh, Vacwums of
more than 30 ome. of mercury were commonly encountered during the first
part of the storage expeoriment when initianl COg concontration was near 100
per cent., Lven with 25 per cont COp, vaocuums in the neighborhood of 20
cnte Of moroury wore obtained, Oxygen oconcentration tended to decrease
as storage progressed while changes in COy level were irreguler,

The results of the vaouum measurcments suggest that a large propor-
$ion of the 003 is lost from the atmosphere to the moat, and +that the loss

takes place largely during the first two days of storage. Obviously
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Table 6., Changes in prossure, CO2 and oxygen concentration,
and calculated COp losses during storage of
thawed=-frozen chickon in sealed ocontainersa

Time Grams COy T 0q COq
Sample stored chicken concen,  Vacuum oconoen. loss
no. (days) por ml. COp  (#) (ome Hg)  (2) (a1 /Eme )
(initial)
VIilal 1 1,83 68.2 33845 T.7 0.35
ViiI-11 2 1,72 71.6 50,4 1.6 0,33
IX.15 2 1.87 72.2 39.0 2.6 0.35
X2 2 1.61 7244 5547 2.0 0.39
VIII=15 3 1.82 717 37.3 2.4 0.35
X=3 4 1.70 80,7 28.0 0.9 0.25
VIII=5 6 1.88 70,0 14,4 1.6 0.22
IX=12 7 1.77 48.3 9.0 B 0.32
.x-‘i 7 1.67 69.1 1600 5.1 0027
VIiI=5 8 1.87 63,8 3.l 0.3 0.195
VIIIwD 10 1,78 52.2 13.5 0.2 0.21
oo} 10 1.70 83.2 0.5 l.4 0.1085

BConditions of storago:

Tomperature 50°¢ F, (10° ¢.)
Initial COp lovel, 967

Relative humidity, approximately 1007

Stornge containers, 1 gt. jars

Atmosphores obtained by evaocuation method
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such changes in prossure could causo sarious difficulties in storing moat
with €Oy in gas tight, non-rigid containers,

L deorease in oxygen concentration would be expectod due to rospir-
ation of the ohicken {tissue and miocroorgenisms present, The actual amount
of oxygen present in the Jars wes probably somewhat less then the data
indioate since it was possible for some air to enter a Jar f{rom the manometer
during proessure measurements. In some instances, unexpectedly high oxygen
lovels were found indiceling thaet air had leaked into some jors. There
wore fower lrregulaeritles in oxygen concentration in later expeoriments in
which a sealing ocompound was used on the jers, The scantiness or absence
of surface growth on pleces of ohicken and the putrefactive odor usually
encounteyred were evidence that conditions in most jars were anaercbic or
noarly so.

Carbon dioxide analyses by themselves appear to pive little information
on the changes taking place in the storage containers. lHowever, in conjunc-
tion with pressure and temperature measurements, the £ihal concentration of
COy can be used to caloulate the amount lost from the atmosphere (or the
amount dissolved in tho meat) provided that the volume is mown., One-quart
jars of kmown volume ware used in all experiments. In ordor to deotormine
the volume in each Jar occupied by ochicken it was necessary to know speocifie
gravities of the various pieces. Table 9A gives specific gravities of
pieces of thawed-frozen ochiclen, The average valus of 1,086 was used in

all oases in caloulating the spnce ocoupied by the weighed pieces of chioken.
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Average vanlues for COp uptake by various amounts of chicken are shovm
in Table 7, Individual valuos are given in Table 6 and in Tobles 14 to
84 in the appendix. Tho amount of GOy which the chicken dissolvoed vas
dotermined during tho first part of the storage poriod before microbial
acbion became important, As storage time increased the apparent 0, loss
to chicken became less as 1llustrated in Tabls 6, The amount of meat in
o Jjar had a pronounced effect on tho concentration of €O,y at which equil=
ibrium was attained. For instance with 96 por cont COZ (Teble 7) the volw
ume of CO, dissolved per gram of chicen was 0,36 ml, when chicken occupied
8lightly less than two=thirds of the jar; when one-fourth of the availoble
space contalned chicken the CO5 taken up was 1,11 ml. per grom.

The changes in composition and pressure of atmospheres within the
sooled jars containing moat ave in accord with vhat would be expected from
theoretical considerutions, Carbon dioxide dissolves in the meat causing
e roduced prossure within the containor, Iliquilibrium iz esbablished at
some pressure depending upon the temporature end tho ratio of meat Lo gas,
In order to obtain a given 002 concontration, oquilibrium must be obtained
at the desired level, For pieces of chicken equilibrium is at loast
approached in 1 day at 50° F, (10° C,) and within 2 days at 40° F. (4.4° C.).
The apparent decrease in the amount of dissolved COg in the last part of
the storage timo can be explained by the fact that the caloulations do not
take into consideration CO, produced by microorganisms. Roduction in cale

culated 002 uptalo becomes most pronocunced after the sample has developed

off-odor.
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Table 7. Uptake of COp by chickon®

Initial Avarase retio of
COy Temp. lype of weight of chicken COg uptakeb
oone, (or,) chicken  to volume of €O (mi. /fm.)
(2) (g/ml,)
96 50 Frozen~thawed 1.79 0.3
96 50 " " 0.27 1,11
96 40 " " 1.63 0.46
80 50 " " 2,13 0.30
25 40 " " 6,05 0.096
25 50 IFrosh killed G.54 0,087
26 40 f " 6.27 0,082

%Values obtained from measurements made on Jjars sompled during
first phase of storage.

b
Volume of COp caleculated for 740 nm. pressure and 20° ¢,

Solubility of COp in pure wator at 50° 7, (100 C.) is 1.194 ml. per
mle (625 760 mm, and 0° C.). Tn torms of 68° F. (20° C.) end 740 mm.
pressure (the conditions used for caloulating volumes of dissolved gas in
this work), tho solubility of €O at 50° ¥, in wator would be obout 1,32
ml. pur gram. DBrooks and loran (é;} estimated that o 150 lb. quarter of
beef In equilibrium with 100 per cent COp at %2° F, (0° ¢,.) would dissolve
70 liters; the method of caleulation was nolb given. Correocbed toégoo F,
the firuro would be {;gé ml. CO» por gram of beef, Of course, neither the
solubility of C0p in pure water at 50° F, or in boof at 52° P, aro equiv-
alent to the solubility of €Oy in chicken at 50° ¥, Iy appoars, however,

that for storage of thawed-frozon chicken in sealed sontainors at 50° I,

(10° ¢,) with 96 per cont COg, the gas is dissolved to the extent of roughly
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one~third of tho saturation value at atmospheric pressure when the ratio
of meot to 002 is 2 nnd approaches saburation when the ratio is 0.25,.
Carbondioxide upteke by meals conceivebly could becomo of censiderable
importance in packapging in COp atmospheres., In certain cases it would be
expediont Lo allow smnll pileces of meoat to reach equilibrium with sn wtmos~
phere containing a rather high concentration of €Oy, Subsequent packaging
in gastight materials would sllow a new oquilibrium to bo established at a
lover lovel of COp. Exporiments in this work were not designed primarily
to study solution of €O, in meat, and insufficient date were obtoined to
show o general relationship botween COp uptake und the ratio of moalt to ges.
However, using tho mothods employed here, it should be possible to obbtain a

ourve for that reletionship at eany givon tomporature.

2. Storage in containers in which (0, concentration was maintained at o
iven levole«-ras chanred constantly or at intervals

a. Ustablishment of ond pointis. It is not easy to decide upon the

time at which a picce of meael is spoiled. Perhaps the best oriterion would
be o definite decremse in palatebility as diseernsed in the cooked product
by a taste ponel. Of course, the question of how great a change in pal=-
otability is required ls difficult to answer; it will wvary with the individ-
uales Also, palatability of the cooked product does not tell the whole story;
raw meat producets having an obvious off-odor or a disagroeable extornal
appsarance my never be cooked and lasted.

In the oese of ocut-up poultry stored at temperatures above froezing,

devolopment of a ocharacteristic odor and a surface slime gave rather good
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indications of the limits of storape. Detectiond the firat definite off-
odor was the usual method of deciding upon the end point. It scemed desir-
able to attempt to correlate development of off~odor with other changes.

It hod been noted that approciable amounts of CCa wore evolved by bacw
Yoria proliferating on ohicken unear the completion of storage experiments
(sec Table 1). By means of poriodic analysés of gas samples, extent of COp
production was evaluated and used to detormine storege end points. The limit
of storage was oonsidered to have been roached when an increase of 002 oon=
centration of 1 per cent was obtained in 1 day at 40° P, (4.4° C,) and 50° I,
(10° ¢.) and in 2 days at 32° P, (0° C,). In Table 8 values for storage life
chtained by CU; moeasurements are ccmpared with those from off-oder and
bacterlial count vbservations.

Tind points were established also by devermining the times at which
numbers of bacleria on chlcken surfaces reached o specific value. Previous
observations had indicated that off-odors became deteotable on air~stored
chicken when the number of baoteria per square centimeter of surfece was
aomewhet above 108. A value of 2 x 108 was selacted for the purpose of
comparing keepinpg times., Xeeping times obtained by baoterial counts are
oompared with those resulting from the other two procedures (Table 8)., In
most cases agreement is fairly good., This is not surprising considering
that all three methods depend on manifestations of micrdbia} growth, The
faoct that there is apgreement for all cases suggests that the predominant
flora is not markedly affected by tomperature (in tho range of 32° to 50° F,),
or by COy level (in the range O to 25 per cent). Keoping times as measured

by bacterial counts tend to be somewhat shorter than by the other mothods,.



Table 8, Koeping times of fresh commercislly dressed
chicken as debermined by dovelopment of off odor,
production of COp and bacterial growth curves®

COp Keopine times (days)

un Tomp. conecen, Off=odor COp Growth
no.  (OF,) (%) production? curves®

4 A 50 0 2 2 1.75

15 3 3 3.00

25 4 4 3.50

40 0 4 4 4.25

5 7 6 54,75

15 10 9 9.25

a5 12 13 13,26

g2 0 12 10 9,50

5 14 14 11,60

15 23 21 18,50

25 51 29 26,00

5 A 40 0 7 7 6,50

5 9 10 9.00

10 11 11 11.00

15 12 13 11.50

20 15 16 14.50

25 16 18 17.00

32 0 17 15 17.00

5 24 24 22.50

10 26 26 24,00

15 39 39 35 .00

20 44 45 42,00

26 44 48 42,00

®Conditions of storage?
2=qbt, jars
Relative humidity about 1007
Run 4A--atmospheres changed at intervels by ovaounation method
Run SA=-atmosphores changed alt intervals by displecement method

Time at which an inerease of 1% CU over the oxpected level was obtained

Cfime at which no. of bacteria per sg., om. reached 2 x 108
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That is partially, at least, the result of the methods used, Keeping time
can be determined to a fraotion of a day from growth curves, whereas ob-
sorvations on odor snd COs inorcase were made at 1 day or 2 day intervals,

Lo Variations in keeping time. The keeping times of different pieces

of chicken from the same batch or even {rom the samo bird were compared on
several occasions and were found to vary considerably. Table 9, in whioch
are listed keoping times of duplicabte pieces from the same bird stored with
air and with 15 per cent 002, shows tho magnitude of the variation in
storage indices thalt can be obtained. Piecoees such as the baclt and breast
were cut in two asepticelly to obtain duplicates., In Table 10 keeping
times and storage indices (with 15 per cent COZ) for chicken backs from
different batches are compared. Similar results were obtained for other
pisces, Table 1l pives average values for keeping Lime and storage index
for various pleces doﬁormined from e nunber of observations,

A single sories of observations indicates a pronounced variation in
kooping times and storage indices for duplicato pieces and different piocces
from the same or different birds, However, when a numbor of comparisons
are medo with a given plece of chicken, the average storage index is close
Lo that obtained with any other picce (Tablo 11), Consequently, it appears
that results obtained with chicken thighs ocan he used legitimately in
maleing prodictlons for other pieces, except possibly for the giblets.
Giblots show a peouliar odor several days before the oharaoteriatio odor
accompanying incipient slime formation can be discernod, This odor is
observed both In controls end Cdz stored giblets; its onset is delayed only

slightly by COs, In the oarly stoges it is not partiocularly objectionable,
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Table 9. Effect of COs in prolonging storage life of
pleces from the somo bird®

A Keeping time Keeping time
Piece in dir in 15% COy Storage index
(days) (days)
Thigh 1l 21 1.91
Thigh 10 21 2,10
& back 10 17 1.70
% back 9 16 1.78
75 broast 14 18 1.29
Giblets 10 16 1,60

BConditions of storage:
Temperature, 40° I, (4.4° C,)
Relative humidity, approximatoly 100/
Containers, 2«qt. jars
COz level constant, obtaoined and mpintained by the evacuation
method
End points debermined from off-odor

Table 10, Effect of CO3 on étorage life of backs from
different lols of chiclent

Koeping time Heoping time
in air in 15% CO, Storage index
(days) (days)
4 9 2.25
7 12 1,72
9 16 L77
10 17 1,70
17 27 1.59
19 a7 l.42

®¢onditions of storsges
Temperature, 40° F, (4,4° C,)
Relative humidlty, approximately 1007
Containers, 2-qt. jars
COg lovel constant, controlled by the evacuation or displacement
methods
End points debermined from off-odor
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Table 1l. Effect of COp on storage 1life of ocuteup chicken®

Hurmbor  Averape keeping Average koeeping

Pieoce of time in air time in 15% CO Mverage storage
trials (days) (dave) index

Thigh 8 10.2 18,3 1,81

Log 5 11.0 18,6 1,75

Baolz 6 11,0 13,0 l.74

Broast K] 863 13.3 1,75

Gibl@ts 3 7.0 1203 1.81

aConditiona of gtorage:
Temperature, 40° F,, (4.4° C,)
Relative humidity, approximately 100/
Containers, 2=qt. jars

COp level constant, controlled by tho evacuation or displacement
methods

End points determined {rom offwocdor
but usually beoomes so before typical spoilage odor is noted.
The keeping quality of poultry affects the relative effeotiveness of

e given concentration of C0p in prolenging storage life, This point is
offeotively demonstrated in Table 10 for the six pairs of chicken backs,
As initial quality of chicken improves, storage index tends to decrease
although keeping +times beoome longer. The same tendency wes noted with
other parts of the chiocken.

ce DEffect of COp and temperature on storsge life, Migures 4 and &

and Tables 10A through 12A in the appendix show keeping times obtained
with out=up chioken from several sources stored under different COp lovels
end at different temperatures., Those keeping times wore based on fhe devele
opment of the first definite offwodor. In poneral increased COp 1engthéned

storago 1life as did reduced temperature, Keeping time varied considerably



(DAYS)

KEEPING TIME

45 |

40

35

<

THAWED - FROLZEN

50° F

: fr
RS

[
i

COMMERGIALLY DRESSED FRESH DRESSED

50°F 45°F 32°F a0°

0 1D 25 5096

CARBON

[T L LA r ol
O 0

!
s - :

5 23 1525 O 5 1525 0O 5 1525

DIOXIDE GONGENTRATION (PERGCENT)

Figure 4. EBffect of COp concentration, temperature and source on the
storage life of cut-up chicken

*L6



(DAYS)

KEEPING TIME

100
COMMERCIALLY DRESSED FR=ZSH DRESSED

40° F 32°F 40°F 32°F
80

‘86

7
e
%
70 |
;/,/
e
60 |
o , 4
50 r
NI s
40 - ot o
A Y S
',//"/\‘ i m //
30 gd ! [
= S i o
/,"’/ ! /"/
//_/" ///
. _-' ’,’,// rd
R | s
S IR s B BN 7
it RS R % ¥
5 % o N 2 I s "
10+ A R Y S o e ]
. ’,;/ \_\«‘i , ] ! / :Y ’/'/
—t ith T s L iy A
iy SR s A
O i

— I
O
(61BN

O 5 1015 20 25 O 5 1015 20‘25 O 15 0 2t 0
CARBON DIOXIDE GCONCENTRATION (PERCENT)

gure 5. BEffect of COp concentration, temperaturs and source on the
storage life of cut-up chicken



with the source of tho chioken, Some discoloration was encountered
after about 10 to 20 days at 40° F, (4.4° C.) and in 20 to 30 days at
32° P, (0° C.). Tn & few insbances, when storage life was unusually
long, conslderable loss oif bloom resultoed,.

The effect of COg also is indicated in Figure 6 in which the average
storage indices for each type of chickon are plotted against COp oconcen=
tration, Storage index lilewlse was increesed by an increage in COg level
and a docrease in temperature., In addition to temperature, the source of
chicken had pronounced influence on tho slope of the curve, The results
shown in Figure 6 sugpest that the relationship between storage index
and CO2 comcentration was approximately linear. To test this assumpbion,
average values for sbtorage index wore plotted from a run in whioch 4 pieces
from the same batoh of chioken were stored at 40° F, (4.4° C,) under each
of 6 COy lovels. In order %o obtain a more accurate esfimation of end
points, storage indices were determined from growth ourves (4ime to reach
a surface count of 2 X 108 bacteria per square oentimeter) rather than
from off-odor production. Resulis appear in Figure 7. Apparently the
relationship may be represonted reasonebly well by e straight line.

d, Iffeot of initial contamination. It was noted above that storage

life depended to a large extent o the source of chicken, and that storage
index was inflluenced also by this factor. It appeared that differences
in initial contaminetion, in large moasure, would account for the findings.
Initial counts on exporimentally dressed chiclon were ordinarily in the
neighborhood of 10% baocteria per square centimeter of surface; wlith thawed~

frozen chicken ocounts commonly ranged from 108 to 104; initial counts on
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the fresh commercial chicken employed usually ranged from 10% 4o more
than 10°,

In Figure 8 keoping times for various pisces of chiocken are plotted
apainst logarithms of initial bacterial counts, Again the relationship
sooms to be essentially linear., A reduction in contamination gave a
unrked inorease in storsge life. The benefits derived from a reduction
of count were much greater at a lowor temperabure as is shown by the
difference in slopes of the ourves for 50° F, (10° ¢,) =and 40° F, (4.4° C.).
With any initlal count, addition of 16 per cent COp to the storage ate
mosphers resulted in a longer keeping time although the relative effective-
ness was greater with higher counts.

ee DLffect of rolative humidity, o attempt was made to determine

the effect of reduced humidities on keeping times of cub=up chiocken
because it appeared that no practical value would result from such a study.
Previous investigators (10, 90) showed that frosh beef and frog muscle
were in equilibrium with a relative humidity of more than 99 per cent.
Thore was no reason to suppose that the corresponding figure for fresh
chicken musole would be very different. It had also boen shown (40, 80)
that moderate roductions in humidity caused rapid and extreme dehydration
of small picose of meat without markedly slowing the rate of microbial
growth (35, 40). It seemed certain, then, that the extremely small pleces
dorived from cut-up poultry would have to be stored at high humidity in
order to prevent excessive weight losses and loss of bloom accompanying
dehydration. Very slight ochanges in weight wero obsorved in tho storage

experiments indicating that relative humldity actually wes maintained

noear 100 per cent.
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f. Discussion., It is evidont that storage life of oute=up poultry
is not moreoly a function of the physicel conditions of sborage suoch as
tomperature, composition of storage atmosphere and humidity, but depends
to a great extent on the bacteriologioal quality of the chicken at the
time storage is begun, DBacterial counts made on different pieces from
the some bird, or even on differont areas of the same plesce may show
oonsiderable variation. The magnitude of this variation depends on the
manner in which poultry has been handled previous to storage., TFresh
dressed chicken was washed aftter plucking and evisceration and thon cut
up about an hour later in another location, Areas on muscle surfaces
of tho nock and inside of the back gave distinetly higher counts than
areas on the thigh, leg or breast which were not exposed to ocontamination
until the "eutting=up" process. Counts were more uniform on the fresh
comorclally dressed because cutting~-up wes done immediately after
evisceration in the same location without an intermediate washing. All
pieces were thrown into the same container of water.

Information on storage 1life in tho presence of COp is of little value
in predioting storage 1life for chicken in general whon obtained from a
singlo sample or from a few samplos of chicken, Average values on a
large number of samples are also of limited value in deociding how long
a particular batoh of chicken will keep under specified aeonditions, The
comparetively long keoping times of fresh dressed chicken, in spite of
the faot that no special procautions were taken during processing to elime

inate contamination, show that some commercial processing could be improved

greatly,
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Vhen the approximate storage 1life in eir is lmown, keeping time with
a given COy level can bo predicted from the storage index. However, store
ape indices also are affected by the amount of contamination asoquired
before storage (Figure 8). Kinds as weoll as numbers of orgenisms affect
storage life since only & part of the bacteria initially present can grow
at refrigeration temperatures,

The extent of loss of bloom due to oxidation of heme pigmonts de=-
pends on 002 asoncentration, temporature and time of storage. With COp
lovels of 25 per cent and below time assumes considerable importance.
Chioken vhioch spoils quickly will not have time to dewelop any discolor-
ation while ochicken with a very long storage life may discolor very badly
before miorobial spollapgo sets in. At a temperature whors some freezing
ogours 30° F. (=1,1° C.) discoloration is more severs thun at a tempore

vture just above freezing (32° F,, 0° C.).

ge Growbh curve studies, The diffioculties encountered in attompts
o express the effect of COg atmospheres and temperature in torms of
storage lifo and storage index led to the search for a more fundamental
method whioh would be independent of the numbers of bacteria originally
present., Counts oblained from various samplos were used in plotting bac-
terial growth curveos on semi=logarithmic paper. Growth rates wore detere
nmined from the slopes of logarithmic porticns of tho curves. Fresh,
commercially dressed poultry from a local source was used in sll of this

work because of its comparatively wniform (although high) initial bacter-

ial load.
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(1) Effect of COs on baocterial growbh., Figure 9 gives growth curves
obtained from a series of bacterial counts made on chicken thighs stored
at 50° F, (10° C.) with atmospherss of 0, 15 and 25 por ocent COs (Run 24),
Figures 10 and 11 show similar curves obtained from thighs of the same
batoh of chicken at 40° F, (4.4° C.) and 32° F, (0° C.) with CO, atmos-
pheres of 0, 5, 16 and 25 per cent COpe The horizontal distance from the
initial count %o ‘the point of intersection with the logarithmice portion
of the ocurve was ccnsidered to represent the lag time., At any of the
temperatures studied an inerease in CO8 lovel definitely decreased the
slope of the linear part of the growth curve. There was also a tendency
for lag to increase with COp ooncentration although results were not cone
sistent in this respect.

Tho velooclty coefficient, k, was computed from the logarithmic part

of each curve by the formula:

k= g”*é (log b = log B) in which:

= number of baoteria at the beginning of a gilven time Qg = 0).

iw
1

]

number of bacteria at the end of time %.

Tho average generation time, g, was cbtained from the formulat

. 1oz _ 0.694
Bey =7k

Values obtained for b, B, £, k and g are listed in Table 13A in the append-
ixe Logarithms of average generation times at each temperature were found
to be approximately proportional to carbon dioxide concentration in the

range 0 o 25 per cent as is shown in Pigure 12,



{NO./75G. Ci)

T

Riabt GO

©

BACT®

107,

o
/.50/0
CUp
8
10
7
10
10
10 1
4
o) 1 ! | {
0 | 2 3 4

STORAGE TIMFE (DAYS )

Figure 9. Effect of COy on growth curves of bacteria on

chicken thighs at 500 F,




S, CM)

COUNT (N2/

BACTER!'AL

10

108.

1 1 1

Pigure 10.

d 6 9 |2
STORAGE TIME (DAYS)

Effect of CO, on growth curves of bacterie
on chicken tﬁighs at 40° T,




A
4

COUNT (NO./SQ. CM.}

BACTERIAL

109,

|(‘4 I | l

pay

15%

50,

20 15
STORAGE TIME (DAYS)

o
;i

Figure 11, Effect of COs on growth curves of bacteria on

chicken thighs at 32° P,



110.

50

A, -~
-
40 ///

{HOURS)
T
\

GENERATION TiME

AVERAGE

—— RUN 4A
e e e e — RUN 54
3 —— - —— RUN 6A
Z.SCL ; i | {
0o 5 10 15 20 25

CARBON DIOXIDE CONCENTRATION (PER CENT)

Figure 12, Relation of €Oy concentration to average generation
time at temperatures of 509, 40° and 32° F,



111.

To test the reproducibility of the above results, an additional stor-
age experiment (Run 5A) was run at 40° F, (4,4° ¢,) and 32° F, (0° C.) on
thighs from another balch of chicken using CO2 levels of 0, 5, 10, 16, 20
and 25 per cent. Bacterial counts are given in Table 144 in tho appendix.
Apain CO2 was found to increase lapg time and retard rate of reproduction.
Values of Xk and g were again computed (Appendixz Table 15A), and logare
ithms of average generation time were plotted against COp concentration as
before. In Figure 12 the resulting curves are compared with those obtained
from Ran 4A, The new ocurves were approximately parallel to the previous
ones but averapge generation times at equivalont temperatures were somewhat
greater than previous values,

Ag a final cheolt one more oxporiment (6A) was undortaken at 400 F,
(4.4° C,) in which 3 thighs and 1 leg were stored with COs levels of 0, 5,
10, 15, 20 and 25 per cent. (All pieces were from the same batoh of chicken),
Tho individual and average counts obtained at each COp concentration are
presented in the appendix, Table 164, Average counts were used to plot
the growth curves shovm in Figure 13, Counts from legs were made on the
skin surfaces, Growth ocurves from skin surfaces varied no more from the
averago ocurves then did individual curves from museoles It wes conoluded
that growth rates on skin and musocle were approximstely ocqual. ILogarithms
of figures for average goneration time (Appendix Table 174) when plotted
against COy level (Figure 13) gave & curve which practically coincided with
the one obtained for 40° F, in Run 5A, Apparently the logarithm of gener=
abion timo is a linear function of COs level, and similar results ocan bo

obtained with chicken from various batches.
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(2) BEffect of temperature on bacterisl growth. The influence of
tamporature on growth rate can be seen by comparing growth curves at
different temperatures in Figures 9, 10 and 11, Pigure 14 pives growth
curves at §0° F. (10° C.), 40° F, (4.4° C.) and 32° F, (0° C.) in the
absence of 002. A reduction in temperature inoreased log ‘time and slowed
rate of bacherial mltiplication in the logarithmic phase. This was
found to be true both with air storage and €0, storege. Using the data
from Run 44A,logarithms of aversge generation times were plotted against
temperature (° ,) for COp ooncentrations of 0, 15 and 25 per cent (Figure
15). Stroight lines were obbtained., According to the Arrhenius-van't
Hoff equation, log X plotted against the reciprocal of absolute temper-
ature gives a straight line. In this equation k is the welocity constent
at any absolute temperature I or in the case of bacteria it is the velooity
coefficlent of growth. Since generation time is proportional to Xk, the
straight line relationship also would result when the logaritim of average
generation time was vlotted egainst temperature., The results shovn in
Figure 16 indicated that the Arrheniusevan't Heff equation applied to
the rolation of rate of growth to temperature in the range O = 10° ¢.

This was true both in the absence and presence of COs,

Values for the constant M tho temperature cvharscteristic, were ocome

puted from the following form of the Arrheniusevan't Hoff equation:

w 4,6 (log kp = logky ) Tp Iy
Iz -1

For O per cent COp o wes 23,6003 for 15 per cent, 27,2003 for 25 por ocent,

32,000, Qqp values were also caleulated. Those wore 4.62, 5.83 and 7,94
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for 0, 15 and 25 por cent COp respectively,

(3) Discoussion. Partiocular attontion should be oalled to the diifer-
ences in slope of the curves plotted in Figures 12 and 15. Conusidering
Figure 15, 1t ocan be seen that the curves diverge as temperaturc is reduced
oand become greator in slope as COz concontration is inoreased. The combined
effects of temporature and COs are greater than would be indicated by the
sum o individual offacts of these factors. For example, reducing temper-
ature from 40° F, (4.,4° C.) to 32° ¥, (0% C,) with O por cent €0, increases
generation time by 6.6 hours; increasing 002 level from O to 15 per cont
ot 40° F. prolongs generation time by 4.9 hours, lowever, the corbined
offact is to inorease gonoration time by 18.0 hours instead of 11,5 hours
(6.6 % 4.9), At 50° F, (20° C.) an inorease in COp concentration from O
to 25 per cent gives & two-foid inerease in averamge generation time; at 40°
F. the corresponding increase is approximately Bé-times, and the use of
€Oy with low temperatures gives vory long keeping tires.

Figure 15 also brings out the value of epplying COs atmospheres in
situations in which further reduction of storage temperature is imprectical
or undesireble. TFor instanoce, the use of 15 per cent COp et 40° F, (4.4° ¢,)
hog the same effect on average generation time as a reduction in temperature
to 34° P, (1,1° C,), und 25 per cent COp gpives n grestor rotardation then
any tenmperature short of ons whioh would Troeze tho moat. Application of
CCy at 50° F, (10° C.) is of mach less practical value,

Ixpression of tho influonce of CO2 or teumperature in terms of pgoner-
atlon timo of the miorobial flora concerned has the obvious disadvantapge

that the effects on lag time are not oonsidered, Sinos a reduotion of



117,

temperature and an incromse in COy lovel tend to extend the lag period,
ntorprebtutions from Figures 12 or 16 give underestimates of the effective-
nees of these agenits, Unfortunately thore secrms to be no procise mothod

of expressing relationships between CUp level or tqmperature and 1lag phase,
Other investipators have exporienced similar difficulty. Iag to a groat
extont appears to be o funcbion of the past history of the individunl
microorgenisms converned (44). In this work a regular inorease in log

time with COp concentretion generally was observed up to 15 per cent COp.
AL higher ccnconirations results were more varisble,

Some doubt exists as to wholher the rolationship belwsen log genore
atlon time and COy concenbration actually is linear as indieated in Figure
12, Dote obbained over a nerrow range may often appear to fit a straight
line although the true relationshinp may be given by a curved line. No
provious work of a sultable nature is evailsble for comparison., It soems
unlikely that a linear relationghip would hold at higher concentrations
of CUy since application of high levels does not markedly improve storage
life. YFor practical purposes tho use of straight lines in the ranfie 0-25
poer cent CO, is probably satisfactory.

Application of the Arrhenivs=van'i loff equatioﬁ to the influenco of
temperature on miorobial growth hus been studied by a number of investigate
ors, Crozier (21) decided that the thermal incroment,#&, was consbtoant over
certain yenpes of tomperature with sharp breaks at so=called oritical
tomperatures, Mulmer and Buchanan (28) and Haines (33) observed that M
varied continuously with tompersture and failed o find oritical temper-

atures, According to Mulmer and Nuchanan the graphical mothod of deter=
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mining M with emall scale ordinates (as used by Crozier) doos not acour=
ately interprot the data. Scott (91) obtained constant values of M for
o renge of subwoptimal temperatures, but found that U varied at higher
‘tomperatures, Datae obtained in this work are not voluminous or oxact
enough to clarify this problem, but indicato that the equation at loast
pives a close approximation in the ‘tomperature range 0° %o 10° ¢, (32° -
50° 1.),

Figure 12 shows that genoration times obtained in Run 44 were less
then those obiained in Tuns SA and G6A at comparable temperatures, although
the general relation Deltween generation time and CO3 concentration wvas
about the same in all cases. Iwo possible reasons for this disorepency
can be suggested., In Run 44 CO, loevels were attained by the evacuation
method, whereas tho displacement mothod wes used in Runs 5A and 64, fThe
rosults do not support the contention of Scott (62) that veouums increase
toxicity of COy toward slime forming baocteria, Thero is a possibility
that blood brought to the surfece in the evaocuation method might cause
improved microbial growth. Variatbions in miocrobial flora from one run to
the noxt might also acoount for difforences in average generation 4ime
under identical conditions of storage. In the next section it will be
showm that thore were differences in the baoterial ttypes predominating
botween luns 4A and 5A, although goenera represented were apparently the

same in both.

he Short term COp storage. The value of holding chicken thighs in

CO2 for a part of the tobtal storage period followed by storage in air was
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studied for one batoh of fresh commercial chicken. Table 12 pives the

rasults of holding samples in COp for 3 days and 6 days as oompared with
the usual air storage or €Oy storage. As would be expected, koeping times
for aombinations of air and COp storage fell botwoon those for straipht

CO, storage end air storage. These results are in scoord with what would
be predicted from growbh ourve studies of tho spoilage bactoris involved,
Initial holding in €Oy prolongs lag timo and roduces rate of multiplicatiom
when the logarithmic growth phase or "steady state" has been reached,

then GOy is removed, slope of the growbth curve will inorease and storage
life will be correspondingly reduced. £ short term of holding under COp

at the beginning should be more holpful then an equal period later since
the advantegie due to extended lag timo is not obtained in the latbor onme.

Table 12, Comparison of short term with regular (O storage
of fresh commerclally dressed chicken thighs at 40° F,

Storage atmosphoere Xoeping time
days)

Air 5
157 COs for 3 days, then air
15% COp for 6 days, then air
165 COg

25% CUy for 3 daya, then air
25% C0s for 6 deys, thon air
26% COp

[i IR (o B os SR e o Bl ee B
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3. Microbiology of stored chioken

8., Orgpanisms, The only organisms sindied in detall were bacteria
causing slime formation on cub-up chicken stored under constant COp lovels
and aercbic conditions. The principal objootive In studying these hacteria
was Lo determine whether the presence of COp in tho storage atmosphere
influenced the type of flora predominating. A total of 163 cultures from
Rims 44 and 5A were isolated and separated into two proups on the basis
of morphology and physiological reactions., These groups conld not be
distinguished on the basis of colony characteristics. A genoral descrip-
tion of the two pgroups follows:

Group T (144 cultures) Gramenegative, small to medium sized, none
sporulating rods occurring singly, in pairs or chains; motile with polar
flapella. Usually vroduce acid from clucose, but seldom from malibose.
Golatin liquefaction and nitrate reduction and action on litmus milk var~
isbla.

Group II (19 cultures) Gromenogative mediwm to large coccoid rods
usually occurring in pairs; non-motile, non-sporulating. No acid from
sugars; sugars and litmus milk usually booome alkaline, Do not liguefy
gelating seldom reduce nitrates. Strongly lipolytioe.

Group I was divided imto 13 different types on the brsis of reactions
in gelatin, doxtrose, maltose, litmus milk and nitrate broth. These types
can be soparated from emoh other and from Group II on the basis of the

following schome:
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I, Gelatin liguefied
A, Acid from glucose
1, Acid from maltose
g, Litmus milk poptonizod secesescccssscscsscecsss Lypo 1
b, Litmus milk becomes alkaline .............;.... Type 2
2, HNo acid from malbose
‘e, ILitmus milk peptonized
(1) Bitrates not réduced teresncssessssnassssres LYypo 3
(2) Hitrates roduosd t0 NILrites secesesssssssss Type 4

(o) Hitrates roduced boyond nitritod eseececcss Type
¥

411

b, Litms milk becomos alkaline
(1) Witrates 1ot roducod seeeessscssscessessscs Lype G
(2) Nitrates roduced to nitritos secesecsseccses Typo 7
ce Litmus milk becomes acid or reduced without

pop‘boniza‘him $800000060000000000 0000000000000 Type 8

B, Uo aoid from glucose (bocomes alkaline)
1. Nitrates 1not reducad sssecsssereonsascosssssessssse Lyps 9
2. HNitratos roduced beyond nitrites ssvessessescceseves Lype 10
II., Golatin not liguefled
A, Aocld from glucose
1, Litmus milk becomes alkaline
n. MNitrates not reduced seosessssscscssssosesseses lype 1l
be Nitrates roduced t0 NILrites svesssssvsceseases Lype 12
2, Litrws milk beccmss 60Lld seeseeevssvsceveoesscsases Lypo 13

By No acid from glUGOS0 sseecetccsssssarssessssnsssssssvase Group LI
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Physiological ronoctions of tho 13 types in Group I are listod in
Table 13. In nddition all cultures were tosted for indol and hydrogen
sulfide production and found to bo nogativo. All inoculated tubes of glu-
cogo and maltose broth in whioh no acid was formed became alkaline by the
ond of two weeks., ITubes that showed an acid reaction usually did so within
two days and beoame alkaline within a month.

Cultural characteristics vufiod considerably within each type. igar
surface volonies ordinarily f£ittod into one of the following two clasge-
ifications:

(a) Circular, entire, convex, glistening, white, opaque.

(b) Circular, ontire, flat, btranslucent, greyish white.

Organisms in Types 1, 6, 8, 11 and 13 were usually better dosoribed by (a).
Most oultures in Types 2, 3, 4, 5, 7, 9, 10 and 12 agrood more olosely with
(b)e Almost eny combination of proportiocs intermediate betwsen (a) and (b)
could be found in at least ono culture. Nearly all were to a greater or
lesser degreoe visold. MNany of tho oultures produced a ropiness in sugar
broths and litmis millz, although this ability seemod to be well disbrih-
uted wmong the various types. Soveral members of Type 10 imparted o sole
uble green pigment to the agar when first isolated.

Table 14 shows the percentages of cultures of esoh type isolatod from
pleces of ohioiten stored under various concentrations of carbon dioxide.
Types with less than 5§ ocultures were not included. It should be emphasized
that all of the ocultures ware picked from plates made whon chiclten had
reached or was approaching the slime stage. Table 14 indicates that COg

had little influence on the flora comprising slimo. A posesible exoception
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Teble 13, Reactions and number of oultures of Group I bacteria
loid Acid
Type Gelatin from Lrom Idtmas milk Nitrate Fat
liqueflied glucose  maltose reduced  hydrolvzed
1 & * 8 Peptonized - 4
(incomplote) (slight) (slight) Some reduction
2 + ¥ + Alkaline + -
3 & & - lapid alkaline peptonization - 4+
(usually Viore or less reduced
incompleto)
4 & & - Rapid alkaline peptonization + 2
{lore or loss reduced
b ¥ + - Rapid allalino poptonizetion 8 +4
(ueually llore or less roduced
incomplote)

6 + Y - Alkaline - -
(slight)

7 + + - Alkmline 4 13 28
(incomplete)

8 ¥ $ - ilom or less roduced, sl. 4, - +}4+
(usuall: sl. alk, or no change to
slight Oceasionally some coagulation -

9 % - - Rapid alk, peptonization - +
(complete) Fore or lass reduced

10 & - .- Rapid alk. pepbonization -8 14
(wsuvelly liore or loss reduced
complete) ‘
11 - $ - Allaline or no change - -
12 - 4 - Alkaline 4 -
13 - - - More or less roduced; sl, A, - -

sl, alk, or no change
Cocasionally some coagulation

8Reduced past nitrite






123,

Reactions and nunber of oultures of Group I bacteria

hoid Acid No. of
from from Litmus millk Nitrate Fat oultures
plucose  malbtose reduced hydrolyzed studied
: 3 s Poptonized - ) 1
o) (slight) (slight) Some reduction
¥ & Alkaline + - 1
+ - Rfapid allkaline peptonization - 2 27
_ Jlore or leas. reduced
go)
4 - Rapid alkaline peptonization + R 15
liore or loss reduced
+ - Rapid alkaline peptonizetion & 44 3
liore or less reduced '
¢)
& - Alkaline : - - 2
+ - Alkmline ¢ 44 1
8, tc )
$ - lomw or less roduced, sl. 4, - +4+ 38
81, alk, or no change to
Oocasionally some comgulation -
A - _ - Papld alk. peptonization - ++ 2
Lore or less reduced
- - Rapid alk, pepbonization -0 i 15
liore or less reduoced
3
) i1 - Allkaline or no change - - 8
4 - Alkaline ¢ - 22
- - More or less reduced; sl, A, - - )

sl. alk, or no change
Occasionally soms coagulation

nitrite
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Table 14. Bffect of COy comcentration upon types of bacterie
isolated from stored cut-up ohicken

Oy Group I (% of oultures) Group 11
level < of

A Type 3 Tvpo 4 Type 8 Tyve 10 Tyme 11 Type 12 Type 13 cultures)

0 26 40 18 27 a5 23 11 5
5 22 27 18 13 25 23 11 11
10 11 .20 8 - 12.5 - 11 b
156 15 7 35 33 12,5 23 45 - 37
20 0 G 5 - 12,5 - 11 16
25 26 0 16 27 12,5 31 11 26

was Type 4 vhose inoidence decrcased regularly as COy level was incroasod,
Thore was some inorease in incidence of Group IT bacteria with COy level;
hoviever, in other experiments, these organisms have been found Lo ocomprise
a majority of the types found in the slime of cut=up chicken stored without
COge

As indioated in Table 15, the bypes of bacteria found on stored chicken
wore not offected by temperature, Cultures cbtained from samples held at
50 F, were not inoluded in this teble since that temperature was omployed
in only one of tho two runs,

The effeot of source of ochicken on the Izinds of beoteris obtained is
given in Teble 16, All typos which consisted of 2 or more cultures have
been included. Type 5 vme found on ohicken used in Run BA but not Run 44
while Type 13 also was oconfined largely to 5A. On the other hand, Types 6,
10 and 12 obtained from samples used in 4A were not found in 5A, Lots of
ohloken used in Kuns 44 and HA were obtained from the samo produce house
within the seme month. Differences in types secured in the two cases

suggost that spoilage becteria, in some measure at least, are brought into



Table 15, Tffoct of temperature upon types of beoteria
isolated from stored cuteup chicken
Temper- Group I (% of culiures) Group I
atbure (%% of
(°F.)  Twpe 3 Typne 4 Type 8 Type 10 Type 11 Type 12 Typs 13 cultures)
40 48 10 55 42 75 21 67 44
32 52 60 45 58 25 79 33 56
Teble 16, ILffect of source of chicken upon types of
bactoria isolatod from stored cut=up chicken
Group L, Type: (% of oultures) Group LI
Tun (% of
no, 3 4 5 6 8 9 10 11 12 13 _oultures)

4A 33 33
B5A 67 67

0 100 66 50 100 25 100 13 26
100 0 34 50 0 75 0 87 T4
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the processing esteblishment on the birds end do noﬁ some solely from tho
resident flora of ‘the establishmont.
- - Although the presence of CO in the storage atmosphere had little
effect on the types of slime forming bacteria predominating, there wore
indloations that another organism benofited from the COp. Pin-point, sube
surface colonies were occasionally observed in nutriont agar plates made
from surface swebs of samples stored under CO; levels of 15 per cent and
higher. These were found to consist of Gramepositive, chain~forming beo=
torie similar culturally and morphologically to mombers of theo genus Laoto=
baoillus. These orgenisms were non-motile and nonesporuleting; produced
aoid from glucose; failed to roduce nitrates or liquefy gelatin; litmus milk
was unchenged. Their importance in storage of chioken is not knovm, Appar-
ontly COy deprosses the growth of slime~forming becteria sufficiently to
allow the "laoctobasilli" to be deteoted.

An entirely different flora was found when chicken was stored in seanled
Jers with high C0, levels until tho onset of spoilege. In this case COp
and low oxypgen pressure suppressed growth of slime~forming types. Spoilage
was aoccompanied by a putrefactive odor. Only 8 spore-forming obligate
annercbes por gram were obtained from a sample of spoiled chicken., An
soroble count of 8 x 109 orgenisms per gram was found with the same sample.
Cultural characteristics and microsoopic examination indieatod that two
goneral types wore present in about equal numbers. The first group had
oharacteristics of lectobacilli, Organisms of the second group were Grame

negativo rods, but were deoidedly different than the aarcbic slime~formers.
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An offensive odor vms associatod with merbers of the second group. De-
soriptions of both groups follow.
First group. (3 oultures studied)

Horphology: Gramepositive rods with squaro ends, in chains.

Hubtrient agar colonies: Sub-surface, pin-point,

Tomato agar colonies: Sub-surface, sugular, white.

Nonemotile.

Litmas milks Partially roduced, acid, no coagulotion.

Acid from glucose.

Ditrates not reduced.

Goletin not liquefied,

Second group. (5 oultures studied)

Vorphology: Gram-negative rods, ccocurring singly.

Hutrient agar colonies: Surface colonies large, flat, round,
entire, bubyrous, grey, opagque., Sub-
surface colonies lens shaped,

Tomato apar colonies: Similar to those in nutrient sgar.

Motlle~=3 culbures, nonwmotile~=2 cultures,

Litre milk: Alkaline in 2 weeks (20° C.)

Acid and ges from gluocose and glycerol, indicetor (phenol red)

decolorized,

Witrates reduced.

Gelatin not liquefiod,

Storage of out~up chicken with carbon dioxide atmospheres in containe

ors sealod throughout tho storage period resulted in spollage from certain
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microasrophilic and faculbative bacteria.

b. Disoussion., Tho slime-forming bacteria described in this work
appear to be, in many cases, identlical with those reported by Ayres et sl.
(1). Similarly, the Group I bacteria unquéstionably it into tho gonus

Pgeudomones (Bergey, Vanval of Deberminative Bacteriolopy, 6th ed., 1948),

although speoies identification is nob possible, A number of types prev-

iously reported as Achromobacter, isolated from slimy beef by Haines (35)

and from slimy fish by Stewart (99), probably belong in the genus Pseudo-
monas s8ince they were reported to have monobrichous flagella. This
apparent anomaly is due to changes in classification made in the more
recent editions of Borgey's Manual.

Group II baocterie ocause more difficulty in olassification., It is
difficult to tell from mioroscopiec examination whether they should be
oonsidered cocci or rods., In physiological properties these orgenisms

;are In no way similar to eny of the desoribed species of micrococoi, If
they aro consldered rods, there is no trouble in placing them in the

family Achromcbaocteriaceaess indeed, both morphological and physiological

charactoristica are very much like those given for Alcaligones visocosus

in Bergey's manual. Although only 19 of 163 cultures isolated from
stored chlicken in Runs 4A and 5A belonged in Group II, theose organisms
have occasionally been found in almost pure culture in chickon slime.
Comparatively inert biochemioally, they show a pronounced ability to
hydrolyze fat, A few oultures reduce nitrates. Judging from the in-
formation available, Group II bacteria may be closely related to "coocco-

baoilli" found by Stewart (99) to be the most numerous types in haddook
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slime, to "oocooid rods" isolated from slimy pork end mild cured bacon

by CGarrard and Lochhead (29), and to Gramenogative "micrococei" observed

on ‘the skin of stored, dresced poultry by lLochhead and landerkin (68).
Informabion obtained from this work and from the published works of

other investigators leads to the belief that slimes on any kind of fresh

moat storod at rofrigeration temperatures are almost always due to closaely

rolated types belonging to the genus Pseudomonas and the family

Achromcbacteriacense., Singo it has been shown repeatedly that the rate
of proliferation of +those organisme is reduced in the pregsence of carbon
dioxide, it appears that COz-storage of fresh meats has universal applica~-

bility within definite temperature limits.
Co Storage of Frankfurters in COp Atmospheres

Considerable differences in results would be expocted from the stor-
age in carbon dioxide atmospheres of the frankfurter, a cured, somminutoed
meat product, than from the similar storage of ohiocken, a fresh moat.

The frankfurter contains a different pigment than that ocqurring in fresh
meat; ‘the sall concentration is much higher and the mouisture oontent is
lower; the predominant flora developing during storage is quite differont.
The influence of these dissimilarities and others will be brought out by

the following results and discussions,

l. Determination of storage ond points

lore difficulty in deoiding when the 1limit of storege had been

roached was encountered with frankfurters than with poultry. Owing to
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the strong natural odor of the samples and to tho many different types

of spollago determination of off-odor was not a sensitive method of
moasuring storage life. As a rosult definition of end points generally
was besed on undesirsble changes in external appearsnce due to miorobial
activity. 4 sample was considerod spoiled when surface slimes or greonish
diacolorations were first noted or when discrete colonies attained an
approximate diameber of 1 mm, Under some oconditions of storage neither
odor nor appoarance oould be used satisfactorily for judging the conditions
of stored samples. In such oases flavor may constitute the only satis-

fectory criterion,.

2. Lffect of C0p on frankfurters

Storage of frankfurters in COZ caused no deleterious offects on flavor
or color, Concentrations as high as 96 per cent produced no noticeable
disooloratlon. High CO3 levels tended to reduce color fading which some-
times ocourred when air or low GOy levols were used in storage.

Frankfurters stored in jars containing high concentrations of COq
often developed a wrinkled, shrunken appearance, The appearance was very
similar to that of frankfurters which had been subjected to & vacuum and

subsequent release of pressure and wes attributed Lo vacuums arising in

Jars duo to solution of COp in tho samples,

de Effect of CO, and temperabure on storage life

a. Koeping times at various tomporatures and €Oz levels, Table 17

shows keeping times obtained with frenkfurters stored with different COs
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Table 17, Keeping time of frankfurters stored at
various temporabures ond C02 levels®

COg

level Tomperature (°F,)

@) 30 35 45 50

(deys)

0 38 26 18 10 6
5 65 - 28 15 -
15 80 - %5 22 10
25 - 80 50 32 -
50 138 - os 60 ce 40 14
75 - - co. 60 oa 40 -
96 - caBb ca 6O ca 40 ca 19

SConditions of storage:
Relative humidity, approximately 1007
Containors, 2~gt. jars

Constent COp levels obtained and maintained by the displnocement
mothod

Keoping ’?imes based on changes in appearance due to micro=
organisms

lovels at several temperatures. Those times wero determined from visual
manifestations of mioroblological growth (greening, colony formetion,
sliming) and were not necessarily the samo as keeping times based on
palatabllity tests, JAn increase in carbon dloxide concentration pgave an
improvement in storage life up to levels of 50 per cent. Additions of
CO2 above 50 per cent made 1little différence in the time at which miorocbial
growth could be discerned., This faot is brought out by Figure 16, The
slopes of the curves decrease rapidly near the 25 per cent level and
ocurves aro practioally horizontal at the 50 per cent level, End points
with high €Oy ooncentrations could not be defined with exnctness. lMierocbial
growth was evidenced wvisually as a thin, watery slime. This developed

graduelly and was diffiocult to deteot in the initial stages.
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Figure 16, Effect of CO, concentration on storage life of frankfurters
at 40°, at 4§° and at 50° F,
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The tremendous influence of temperature on keeping time also is
indicated by Table 17, 4 § degree reduction in temperature near the
bottom of the tomperature range vms much more effective than a 5 degree
reduotion at e higher tomperature., In addition, the action of €O, was
inorenosed by & decrease in temperature., These effects are readily seen
from the shapes and positions of tho ourves in Figure 17. Contrary to
the experience with poultry, there vms no freezing in frankfurters
atored at 30° F, (~1,1° ¢C.).

(1) Flavor tests, In Table 18 keepiny times as determined from
visual evidenoce of microbial growth are compared with those deduced from
flavor changes on e batch of frankfurters stored at 40° F, (4.4° C.).
These taste tests were made on unheated samples by the author and also
by others in the laboratory, The tests were intended to detect gross
changes in flavor; no athtempt was made to judge small differences or to
plve samples a numerical score. Keeping times based on taste were some=
what longer, indicating that smell isolated colonies, moderate greening
and the first evidence of & watery slime (with hiéh GOy levels) all
precede by several days a pronounced deterioration in flavor,

A different situation was enoountered with samples stored at 30° F,
(-1.1° C.)e Prenkfurters stored with 15 per ocent COZ wero found to have
e 8lightly rancid flevor aftor 67 days' storage although miorobial growth
was not observed until 90 days. With 50 per cent 002 a rancid taste
was noted at 95 deys, whereas there was no visiblo growth whon the exper-

lment was terminated after 138 days. It was oconcluded that ocarbon dioxide
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Table 18. Keeping time for frankfurters stored under
various COp levels as determined from mioro=
biological and flavor end pointsd

COg Keeping time from Keeping time from visusl
CONGC, gross flavor chenges observation of mierobial
() (duys) prowth (days)

0 26 18

5 33 28
15 41 35
25 D 52,72 50
50 ca 172 ca 60
5 272 ce 60
96 272 ca 60

8Conditions of storage: o

Temperature, 40° F, (4,4° C,) )

Relative humidity, approximotely 100/

Containors, 2=-qt. jars

Congtant CO, lovels oblained and mointained by the displaco-

ment method
in conjunction with low tomperature so restricted the developmont of miero-
organisms thot oxidative rancidity became the limiting factor in storaoge.
Samples from one storage oxperiment wero scored on palatebility by

a panel of judges. Unfortunstely, these samples were ell more or loss
rarcid in apito of having boen held frozen from the time of rvemoval from
the experimental jars to tho timo of Judging. Rancidity,and to a lesser
extent, inexperionce on the part of judges, csused results Lo bo of little
valuo. dJudges almost invariably preforred €Oy stored samples to controls
which had beon frozen from the time that fresh samples were roeceived,
This leads one Lo spoculate as to whether treatment with COp may in some

monmer reduce suscopbibility to fat oxldation. Decause of tho condition

of frozen=stored sontrols, froesh samples of tho same type were used as



oontrols in most of the judging. All of the samples wore scorod rather
low, and there was no means of separating tho effect of rancidity on
tasto from that of miorobial acbtivitlies. Tlavor scores and keeping
times determined f'rom visual examinaetion are shown together in Table 19,
#lthough the scores were rather irresgular, they tended to hold up past
the miorcbiological end point. The results obtained for samples stored
at 45° P, (7.2° C.) under the hiphor COp levols showed that a vory
definite change in flaver did occur eventually., In these cnsos samples
usually were desoribed as beling acid in taste,

(2) pi determinaticns., Tho faob thalt samples stored undey high
COs percentages soquired an acid flavor suggested that pH determinations
might omstituto o reliable physicel method for determining storage life,
pl's measured at intorvals during storage for COp concentrations of 0,
26 and 96 per cent at several temperatuves are listed in Table 1B in
the apvendix, For fresh frankfurters, pd normally varied from 6.0 to
642, With €O, levels under 25 per cont, little change in hydrogen ion
concontration wes observed during storage, and et 25 ver cent results
were variable and of 1llttlo valuo. However, at 96 per cont COg, cone
niderable reductions in pll were noted near the times that samples were
oonsidered apoiled by other methods, Similar results wore obtained at
50 and 75 per cent COys Use of pll measurements for finding limits of
storage with high COp oconcentratlions appears promising,

(3) Bffect of groening on keeping time. The Leeping times given in
Table 17 were obitained with semples which were not partiocularly prone to

groening, Vhon frankfurters were more heavily contaminated with bacteria
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Teble 195, Flavor scores and estimated keeping ‘times for frankfurters
stored under various CO, ooncentrations at 50°, 45° and 35° F.

Storage COq Time Flavor Keeping time from visual
temp, CONG, siored gscores observation of microbial
(° F,) (%) (days)  (0=103 10 high) growth (days)

50 0 7 8.0 7
25 7 7.8 12
11 6e3
16 648
96 7 7.0 ca 19
11 640
16 6.8
45 5 8 745 15
15 24 64 22
25 15 64D 32
22 73
45 5.4
50 25 Tel oca 40
45 640
66 ed
75 17 6.0 oa 40
23 745
45 740
66 4.2
06 22 7.0 oa 40
45 6.7
66 4.8
35 0 19 845 206
29 7.7
25 19 G5 60
29 78
39 8.1
66 Ge3
96 19 G« 65
29 6.6
29 565
66 7.4

8avor score on fresh ocontrols was 9.0,
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capable of producing green dlscolorations, the effeol on svorage life
was very noticesble., In Table 20 are compared keeping times of ‘two
batohes of frankfurters at 40° P, (4.4° C.). One batoh of frankfurters
wae obteined at a time when outbresls of greening were prevalent in
the meat industry; the olher was Lypleal of normal production, ‘ithout
COg, keeping times were the same and greening was nob the primary cause
of gpoilage in either case, ith COz, the frankfurters susceptible to
greening spoileod more rapidly than the others although an inerease in
002 levol still improved storage life. No greening occurred at 30° F.
(«1,12° C,) or with 96 per cent ocarbon dioxide,

be. Effect of C0p and temperature on microbial growth., (1) Initial

contamination. The initial bacterial flora on frankfurbers ordinarily
consisted of Gramepositive types. lilcrococei, bacilli and sarcinae
were most numerous. lactobacilli and Gram-negative bacteria were preosent
in smalloxr nwbers. Appreeinbleo nunbers of yeasts often were encountered;
molds, whilo probably present in all cases, were comparatively few in
number,

Initial counts on frankfurters showed a rather remarkable consistenacy,
Uat of 20 owunts (nutrient ager, incubation temperature 20° C.) made on
the surfaces of fresh frankfurters from 5 different batches ovor a poriod
of 2 yoars, tho numbers obteined ranged from 800 to 9,600 per frenkfurter.
A renge from 100 por cent above to 50 per cent below the average count
of 4,120 included 70 per cent of the individual counts, Counts made on

meat from the interior of frankifurters avereged 6,800 bacteria per gram.
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Teble 20. Effoct of “gréening on the storage life of
U

frenkfurters at 40 (4,40 C,)
COp Average keeping time of
level Avorage keeping timo of samples susceptible to
% normal samples (days) greening (days)
0 18 18
15 35 25
25 50 40
50 ca. 60 60

All of these seemed to be sporeformers. The uniformity of external
contanination helps to explain the excellent agreement in keeping, times
ochtained with semplos from different hatches,

(2) Total counts during storage. In order to get o bettor under-
standing of +tho growth of microorgenisms on frankfurters stored in carbom
dioxide atmospheres, plate counts wore made at intervals on samples stored
at 40° Fo (4.4° C, )e The resulting growth curves are shown in Figuro 18,
and individual counts can be found in Table 2B in the appendix., Thess
are ‘total counts exclusive of molds from nutrient agar plates incubated
at 20° ¢, Counts made on samples stored with 25 per cent COz wera oo
erratioc to permit construotion of a curve., Keeping times detormined for
theseo sanples are listed in Table 17. No oonsistent relationship could
bo demonstrated between keeping time and total count.,

(3) Influcnce of CO; on types of microorgenisms causing spoilage.
The order in which various kinds of microblological deterioration usually
booame visible is llsted for a numbor of COp lovels ranging from O to 96
per cent in Teble 21, The pattern was muoh the same ot temperatures from

35° Fo (1.7° C.) to 50° F, (10° C.). At 30° P, (=1.1° C,), no greening
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Table 21. BEffect of €Oy on type of miocrobial spollage of
frankfurters stored at temperatures from 35°

to 500 T,
COy level Type of spoilage (listed in usual order of appearance)
o7
/o
0 Mold colonies, micrococcus end yeast colonies or

slimes, greening.

[4:]

¥old colonies, micrococcus and yeast colonles or
s8limes, greoning.

15 Miorocooous and yeast oclonies or slimes, mold
colonioes, greening,

25 Microcooous and yeast coclonies or slimes, greening,
mold colonies,

60 Thin colonies or watery slime of laoctobacilli,
greening, microcoocus colonies, yeast colonies,
mold colonies,

75 laoctobaoillus colonies and slimes, microcooccus
colonios.
96 Tactobacillus oolonies ond slimes.

was obsorved and molds played a more prominent role when CO, concentra-
tions were 0 and 25 per cent. With batches of frankfurters vhich were
particularly inclined to development of green discoloratiocn, greening
wes ofte» the first indication of spoilege at COy percentages from 5 to
50. The pronounced effect of carbon dioxide concentration on the kind
of apoilege obtained promplted a more detailod study of its action on the
development of microorganisms,

(4) Growsh curve studies on spollage types. The individual devele

opment of miorococel, yeasts, molds, and lactobaocilli was followed by



142,

means of plate counts made at suitable intervals from frankfurters stored
at 45° P, (7.2° C.) at C0p levels of 0, 5, 15, 25, 50, 76 and 96 per cent.

The micrococcus counts obtained are given in Table 3B (appendix),
und the corrosponding growth curves are shown in Migure 19, Carbon die
oxldo had a very decided inhibitory influence on the rate of growth of
micrococoi, its effecbiveness increasing wifh conventration. There was
apparently little or no lag with CO; levels of 15 per cent and below;

a rogular increase was observed with higher levels. Viith 96 per cent

002, numbors of miorocooci declined with time; none wore found at 45 days.
In this omse lack of oxygen may have been a more important factor than
the prosence of COp,

Yoast counts are shown in Table 4B (appendix) end Figure 20.' Yoast
colonies appeared infrequently and irregularly in the initial plates.
Counts made during storage tended to be erratic, espeoially at inter-
mediate 002 ooncentrations. Apparently some samples hed so few yeasts
that colonies were completely hidden by the more numerous mioroorgenisms.
For Figure 20 en initial count of 10 yeasts per frankfurther was arbi=
trarily solooted as the starting point for the various curves, Of course,
tho straight lines in tho figure cannot be regarded as true growth curves;
they meroly serve to indiocate tho relative effectiveness of different
GOy lovels in inhibiting yeast growth. Yeasts multiplied very rapidly
in air; however, growth beocame progressively slower as the COz lovel
wes incroaseds. Growth ocourred very slowly at the 25 and 50 por cent

lovels; no yeasts were found during 45 days' storage with 75 and 96 per

cent COg.
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It was not oonsidered practicsble to represent mold inecreasse by a
regular curve based on plate counts bocsuso of their peculiar mamer
of growth (slow development of a vegebative mycelium followed by the
comparatively sbrupt production of numerous spores). Plate counts
indicated hoavy mold growbth at 14 days on samples stored without COs and
at 16 days on samples stored with 5 per cent COye Viith 15 per cont COp
no molds were found at the 18 day counts, bubt there were numerous col-
onies in plates made at 24 days., At 256 per oent, molds were obtained
at 45 days, but not at 23 days. Above 25 per cent, plate counts demonw
strated no molds even at 45 days. Theso results along with visual ob-
servations showed that molds ocould be controlled at COy levels of 15
per cent and higher and probably could he entirely disregarded at lovels
of 50 per acent and up,

Table 5B (appondix) shows counts of lactobaoilli which were used in
preparing the growth curves of Figure 21. Counts could not be obtained
from samples storsd in air because other faster growing organisms ob-
soured lactobacillus colonies in the plates. Curves for 15 and 25 per
cent 002 were s0 nearly identical in the logarithmic portions that they
were combined in order to avoid confusion, The same was true for the
B0, 75 and 96 per cent levels, Contrary to the results secured with
miorococei, yeasts and molds, lactobaollli were not influenced to any
great extent by the presence of COz. As measured by the time required
to attain a given number of orgenisms, 16 and 35 per cont COp were some-

what botbter than § por cent, Carbon dioxide at the 50 per cent level
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gave some improvement, but no approciable advantage resulted from
higher concentrations, Swuch differences as were attained appeared to
donend as much or more on extonsion of lag times as on an increase in
goneratiion time during logarithmic reproduction.

(5) Disoussion. On tho basis of the preceding results a reasonably
cleoar picture of the microbiological spoilage of frankfurters oan be
drawn. With storage in air, spollage is due to molds, mierocooci and
yoasts, Vhich of these is the primary agent will be determined by suoh
facltors as initiel contamination, relative humidity and, to some extent,
tomporature. This study and informotion obtained from workers in the
moat industry indlcate that molds normally are the greatest trouble
makers. HNowever, there is ample evidence that, under some conditioms,

micrococei (88), yoast (78) and members of the family lactobacterinceae

(82) cen cause spollage outbreoaks of great economic importance,

| Application of ocarbon dioxide to storage atmospheres changes the
ploburs markedly., In general, mold growth is considerably restricted
by moderate concentrations (15-25 per cent) and is substantially reduced
by 6 per cent. High COp lovels probably prevent any important developw
ment of most frankfurter-attacking molds., Growth of micrococol and
yeasts 1s progressively reduced as oarbon dioxide concentration is
increoased beooming very slow al higher percentages. Ilactobacilli, on
Tthe other hand, are influenced much logs by COg. Use of lovels of more
then 50 per cont seems to be of no value in retarding proliferation of

these baoteria, In fact, thore is ovidence (Figure 19) that very high



lag.

concentrations may sometimee permit more rapld growth than lower levels,
The influence of CO2 in roetarding devolopmont is probably opposed by

tho tendonoy of low oxygen tensions obtaining with high COp levels to
promote growth of the microserophillic lactobacilli., At any rate, the
surface flora found with high COp percenteges (5006) is composed almost
entirely of these orgenisms, The failure of changes in CO2 concentration
in the range 50«9G per cent to affect substantially theo growlh rete of
laoctobacilli explains the cmmstancy of the keeping bimes found in this
rango.,

The ralatlonship between leotobacllli and leeping time of stored
frankfurters is not yet clearly understood. Certain types of lacto=
bacilli have been roported to csuse green discolorations (82). S5+till, it
is possible to have enormous numbers without any sign of greening. In
the high COy range, counts of lactobaoilli abtain very high vaelues some
timo bofore deterioration is evidenced by marked changes in appoarance,
flavor or pll. In addition to numbers of orgenisms, time may be an
important faotor here. lven after maxlimum nunbers have been roached, an
additional poriod of motebolic actilvity may Lo required for the production
of definite changes in the ocharacteristlces of the frankfurter.

Agsuming that certain types of lactobacilli cause green discolora-
tions, one wonders why samples stored in 76 ot 96 per cent COy showed
no greoning while replicates hold under lower percentages did. Laock of
oxygen ocould prevent completion of the reaction in the storage container,
In thet ovent, greening should develop upon subsoquent exposure to air,

This was not the case, Perhaps COg inhibits greon-producing lactobaocilli
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more than it does othors although no explenation for such a supposition
is apparent.

A study of the effect of carbon dioxide on a mixed flora such as is
found on the frankfurter is complicated by the difficulty in evaluating
the influonee of one type of microorganism upon another, For instance,
is the inhlbition of mioroococcei, yeasts and molds vith high CO, levels
duo entirely to carbon dioxide, or does the acid produced by tho lacto=
bacilll play o part?' Such quostions probably can beo answered satise
factorily only by investigation of miorcorgenisms in pure culture,

¢. Short term storage. The effech on storage life of a limited

holding period in COp followed by storage in air also was studied in the
case of frankfurters. In Table 22 lreeping times resulting from 5 and 10
day periods in atmospheres containing 5, 25 and 96 per cent COg are com=-
pared with direct storage in air, 5 per cent, 25 por cent and 96 per cent
COg. A short torm in 5 per cent CO; was not holpful, but similar troate

ment with 25 and 96 per cont gave a marked improvement in keeping time.

4, Effeot of relative humidity on storage life

It was thought that reduced relative humidities might be employed
suocessfully for prolonging storage life in tho case of frankfurtors.
Hoisture determinations on frankfurters, as roocelved, gave an average
water content of 52 per cont or 118 per ocont on a dry weight basis, It
secomod possible that the low molsture content and high salt contoent as

compared to fresh meat might allow storage in humiditios sufficiently low
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to retard microbial growth without resulting in excessive weight losses.
Woeighed frankfurters were stored under relative humidities ranging

from 75 to 100 per cent at § por cent intervaels at a temperature of 40° P,
(4.40 Coe)e Plate counts were made at intervals and weight changes wore

Table 22, Comparison of short term with uninterrupted storage
of frenkfurtors nt 45° T,

Storege atmosphere Keeping time

(days)
Air 10
5% COy for 5 days, then air 10
5% €Oy for 10 days, then air 11
55 COp for 5 days, then air 14
25% €Oy for 10 days, then air 20
255 COg 32
965 COp for 5 days, then air 16
96% 0, for 10 days, then air 23
96/4 005 ca 40

determined on the 15th day., Results wero affected oy the fact that
thoe relative humiditles increased during storage. The volumes of the
sulfurioc acid solublons used to comtrol humidity'were too emall relative
to sample sire. This error was accenbtunted by the use of larper samples
at lower humidities. For this reason the weight losses given in Table 23
were undoubtedly too small for the lowor humidities., Individual weight
changes oan be found in Table 6B in the appondix,

Combined bacterial and yeast counts taken during storage are listed
in Teble 24, In addition Lo initial humiditios, this teble shows final

humidities as determined from specific gravity measuremonts on the acid
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Tablo 23, Effeot of relative humidity on changes of weight
of frankfurters stored at 40° F. (4.40 C,) for
15 days
Relative lio, of frankfurtors Average
hunidity par woight ohange
() desiccator &)
100 4 + 0,7
o5 4 - 1,3
920 B = 4,0
85 5 - 601
80 b - Te2
75 6 - 7.3
Table 24, Counts of yoasts and bacteria on frankfurthers stored
with various humidities at 20° P, (4.4° C,)
Initial Relative
relative humidity Storape time (days)
humidity at 31 days
) () 9 15 20 31
100 100 3,0 x 108 1,3 x 10¢ 9.5 x 10° 2,3 x 108
95 07 1.lx 104 35.4x 0% 2,5x 208 2.5x 109
90 94 1.7 x 10° 2,7 % 105 5,0 x 105 1.5 x 107
85 02 2.6 x 105 5.3x 104 2,2 x 107 6.5 x 107
80 90 3.5 x 10° 2.2 x 10° 2.7 x 107 1.4 x 107
5 90 1.5 x 105 8.3 x 10% 6.4 x 106 4,2 x 10°
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solutions at the conclusion of the exporiment (31 days). At the ond of
16 days, molds were beginning to appoar et all humidities except at 90
per cent. By 20 days rather large mold colonies were presont ovn all
samples, Colonies of lactobacilli were found only on the plates mede
from samples stored at 100 por cent humidity. Samples stored at rel-
ative humidities initially under 90 por cent acquired a very undesirable
appearance due to dehydrabtion, and this effect was noted to some extent
at 90 per cent.

In spite of the obvious shortecomings of the reletive humidity study
some valuable observations can be derived from it. Judging from weight
lossey, continued use of humiditios below 95 per cent probably would be
oconomically impreaotical., A humidiby of 95 per cent does not rotard the
rate of miorcbial growkh. Frankfurters stored at 40° F. (4.4° C.) are
in equilibrium with a relative humidity of more than 95 per cont. The
actual value is estimated from the data.on weight changes Lo be near 98
or 99 per cont. There does not, then, appear to be much hope in re-
stricting miorebial growth by humidity control, The failure to find
laotobacilll on samples stored with humidities of 95 per cont and lower
sugpests that there may be merit in combining ocontrolled humidity with
carbon dioxide storage. If a relative humidity of aboub 95 por cent oan
delay growbh of lactobaoilli without oauvsing prohibitive dehydration,
cexbon dioxide should be ocapable of reducing or preventing growth of

organisms which tolerate such humidity.
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5, Effeot of COp on packaged frankfurtors

The first problem encountersd in studying the effect of COy on
keeping time of packaged frankfurters was that of getting sufficient
COy into the package. SYince the usual one pound package contains very
little gas space relative to the quantity of meat, addition of gaseous
or solid COs to the packege vas not considered a satisfaotory method.

In such a procedure nearly all of the added CUg would be dissolved by the
meat after the paockage was sealed. A method in which frankfurters were
given a preliminary "soaking" in CO, before packeging gave good results.
A one day holding period in 96 per cent at 45° ¥, (7.2° C.) resulted in
the liberation of enough COz in 24 hours after transfer to a smaller
gagtight jar to give a concentration of 37.5 per cent in the onclosed
atmosphore, (Volumes of meat and gas In the second ocontainer were epprox-
imately equal,) In a second experiment, identioal except that the pre-
liminary "soaking" period was 2 days, a ooncentration of 44,0 per cont
wos obtained in 24 hours. It was estimated that somewhat less than
ons=fourth of the total volume in a one pound package of frankfurters
was oooupied by pas. Similar soaking before packaging should give

even higher COp levels provided that the gas did not escape.

In experiments in whioh frankfurters were held 2 days in 96 per
cant CO2 before packaging, the COj=-treated samples showed evlidonce of
spoilage at 40° P, (4.4° C,) and 48° F, (7.2° C.) at exactly the same
btime as the oontrols, It was conocluded that COp vms lost through the

virap as rapidly as it diffused out of the frankfurters,
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The L.S.A.T. (semi=-moisture vapor proof) cellophane wraps used in
this study were idontical with moterisls commonly used in commsreial
practice for paokeging frankfurters. It appears that packaging with
carbon dioxide will not be practical unless & more nearly impormoable

wrap is employed.

6. IHcroblolosy of frankfurters

a. Yoasts ond molds. Mo study was made of yoasts from frankfurters.

llolds were identified as Lo genus only., Nearly all of the molds iso-
lated from stored ifrankfurters were found to belong to the genus Pon-

ioilliume Other peners found ococcasionally were Sporotrichum, Zygorhinchus,

Honilia, lucor, Aspergillus and Alternaria. An inerease in tho relative

nunbers of Monilia was noted at the lower storage tomperatures (30° and

35° 1, ).

b. Spore forming bacteria. ﬁbmbors of' the genus Baocillus were
found frequently on tho surface and always in the interior of fresh frank-
furtors. llowever, these organisms played little part in spoilape of
samplos at refrigerator temperatures below 50° F, (10° C.)., At 50° W,
large numbers of eercblc spore formors were obiained on several ocoasions
from the interior of frankfurters stored without carbon dioxide,

None cf the samples stored at temperatures of 50° F, and below showed
any evidence of putrefaction, Apparently sporulating annerobes cause no

diffioculties at such temperatures,

c. Microcooccl. A detailed study was made of 57 oultures of Gram-
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positive micrococci isolated from stored frankfurters wvhich had roached
or vore approaching the slimy stage. Culiures were divided into 14 types
by means of the following scheme:
I, Yollow nigment
Ao Nitrates not reduced, litmus milk 2lkaline sseeeseeeses Lype 1
B, Nitrotes reduced, litmus milk reduced eesesseeevecescss Lype 2
I, Pink pigment ceveesavesccosncosssncsncscserosccesscacsasses Type 3
11T, White or buff pigment
A, Iitrates not reduced
1., Utilizes (ﬁH4)H2P04 as sole source of nitrogen
a. Gelatin not liguefiod, litmus milk alkaline ... Type 4
b, Gelatin liquefiod, litmus milk acid or
PePtONiZOA ececasovasascsscesssncsnsnsessenss Lype B
2. Doos not utilize (WH,)H,PO, as sole source of
nitrogen
e, Litmus milk peptonized, gelatin ususlly not
1iquefiod seeecevessssescsessvsnsssescrsesee Llype 6
b. Litmus not chenged or becomes slightly acid

Or A1KBLING seevsevrssncossscessenevecsscnnse Type 7

B, Nitrates reduced
1, Utilizes (NH4)H2P04 a5 sole source of nitrogen (white pigment)
a. Gelatin liquefied
(1) Litmus milk pepbonized seseeesesesssesssess Type 8
(2) Litmus milk usually reduced, slightly acid

or alkaline seeecesovesscsorscsocccnsscases Type 9
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be Gelatin not liguefied
(1) Ho acid from flUCOS0 esessecsascccnsssencens Typo 10
(2) Acid £rom ElUCOSO seesssessssrsescssscsssses Typa 11
2. Doos not utilize (HH4)H2PO4 a5 sole source of nitropen
a. Gelatin liquefiod (white Pigment) esesecesesssss Typo 12
be Gelatin nob liguelied
(1) Wo acid from plucose (white pigment) eeeeses Typo 13
(2) Acid from glucose (bufl pigment) eeeeescssss Type 14
A description of each type and tho number of cultures in cach are
-ghovn in Table 7B (appondix). Hone of the types could be identified
MHanual (6th od.). Typos 8 and 9, vhich contained 30 per cont of +the

cultures, resembled the descripbion given for llerococcus caseolyticus

in many respects.

The results differ from those of Roderick and Worton (88) in that
most cultures isolatiod in this work liquefied gelatin and quite a few
peptonized milk. Rosults are similar in thet most cultures produced white
colonies on apar and none produced pas from sugars.

Anothor group whose clagsification was not clear was inciuded with
the Gramepositive cocei. This group was composed of Gram-negutive cocol
or oovcoobnceilli usually cocurring in pairs. lMicroscopic examination also
revealed stloky oconglomerations of cells in most cases and ocsasionally
tetrads., These organisms wore froquently found in large numbers topethor

with Gramepositive micrococoi on nubrient agar plates made from stored
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frankfurters and were similarly affectod by carbon dioxide, Surface
colonies on agar were a greyish-white, convex and bubyrous in consistency,
No cultures ligusfied gelatin or vroduced acid from glycerol; ability

to hydrolyze fat varied widely. Some other physiological charaocteristics

of the 15 cultures studied are 1istod in Table 25,

Teble 25. Physiological characteristios of Gram-negotive
baoteria lsolated from stored frankfurters

Number of  Nitrates Gelatin Reaotions in Acid from
culbures reduced liquefied litmus milk glucosel
2 - - 51, alkaline -

] - - Peptized 3
9 + - Acid, little $

Or No 00ag,
1 + - Sl. alkaline -

%o cultures produced gas from glucose

de lactobacilli, ©Of 120 cultures of laoctobaocilli isolated, all

vroduced acid from slucese bubt none gave gas in the Durham fermontation
tubes employed. Only two ocultures produced visible greening on the out
surfaces of stoamed pieces of frankfurter, and it was impossible to repeat
thnse results at a later trial., Individual strains were not studied in
detall, torphologically, organisms veried from long thin rods with

rounded ends to small, short rods with square ends, All wore Gramepositive
in young cultures; chains wore usually present, In nutrient agar plates

oolonles were subsurface and vory small, In tomato julce agar subsurface
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colonies were larger, usually 1 to 2 mn. in diameter, whito,'and Jeons
shaped or angular, In addition, tiny feathery colonies, barely visible
to tho naled oye, were frequently encountered. In severnl cases lactoe=
baoilli were found growing in small (1 %o 3 mm.), reaised surface colonies
on ‘tomato julce ager.

The term "lactoboeillus" has beon used rathor loosely in this work to
refor to a group of bacteria which mey include several membors of the

family Lactobacteriacese. Although none of the organisms isoleled wes

thought to belons to the genus Leuconostoo, there remeins same doubt
that‘ﬁgigggggﬁgg can alweys be separated from certain types of laabo-
bacillus by morphological and cultural characteristics, The faot that

some cultures grew fairly well aerobioally suggests that somo of the

cultures ocould more properly be placed in the gonus lilcrobacterium,

The failure of the vast majority of cultures to cause greening
whon inoculated on steamed frankfurters is not necessarily in disagreo=~
ment with results reported by Niven et al. (82), Groening, although
present, was ot a primery cause of spoilage for the Lrankfurtere from
viiich cultures were obtalined, and no effort was made to seloot organisms
from green areas speciflcally, The fallure to produce gas in doxtrose
indicates that oultures were different than those found by Miven and
oco=workers to be responsible for zreen discolorations, although the

uso of Lldredge tubes (82) might have given differont results,
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V. CONCLUSIONS

The following conclusions were roached in repgard to storage of
cut=up chiciton in atmospheraes cmbaining carbon dioxide:

1., Increase of COs concentration within the range O to 26 per
cent progrossively prolonged storage life,

2. Storage index (ratio of keeping time in C0s to keeping time
in air) gave a useful estimabe of the effeobiveness ol carbon dioxide,
i linear rolationship was indicated between COg concentration and stor-
ageo index.

3. Use of COy lovels above 25 por cent was not fessible bocause
of tho resulting discqloration. Color changes were sometimes ocaused
by 15 ond 25 per cent COs when keeping times were long.

4, Carbon dioxide inoreased generation times and lag times of the
slime forming baocteria, Average goneration time appeared to be a log~

arithmic function of COZ ocmecentration.,

5, Uptake of ocarbon dloxide and oxygen by chicken storod in sealed
containers caused large reductions in pressurs and, eventually, led to
anaerchic conditions.

G. Reduction in temperature resulted in better storage life and
enhanced inhibition of backeria by onbon dloxide, The relationship of

average generation timo to temperature conformed Lo the Arrhenius-ven't

Hoff equation,
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7o Length and regularity of keeping times with given storage cone-
ditions depended on the emount and uniformity of the initial baoterial
load,

8¢ Typos of bactoria causing spollage were not ochanged appreciably
by difforences in temperature (320 to 50° F,) or in 002 conconbration
(0 to 25%), Source of chiocken made some difference in the types prodome
inating. Under low oxygoen tension an entirely different flora developed.

The following oonclusions wore roached in regard to storage of frank=
furters in etmospheres containing carbon dioxidet

l. Inorease of COp concentration within the range 0 to 50 per cent
progrossively prolonged storage life.

2. Uso of COy lavels above 50 per cont gave no apparent inorease in
keeping time,

3« Corbon dioxide had no adverse effeots on color or flavor,

4, The type of miorobial spoilage encountered varied widely with
002 concenbration, Tho tolerance of miorocorganisms to carbon dioxide
inoreased in the following order: molds € yeasts {microccoei {laotobaeilli,

6 Carbon dioxide effectivoly inhibited growth of molds, yeasts and
microcooci but was much less effective against lactobacilli,

6« Roduction in storage temperature gave longer keeping times and

inoreased effootiveness of ocarbon dloxide,
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VI. SUMMARY

4 study was wade of the effect of atmospheres containing carbon
dioxide on storage life of ocubteup chilolkken., Dvaluation of this effect
was made diffiocult by tremendous differences in keeping time oncountered
viith piocée of chicken stored under the same conditions., The diffor-
enoces were ascribed Lo veriatlions in initial baobterial load, Ratio of
keoping time in 002 Yo keeping time in air (storage index) pave o useful
indioation of the motion of carbon dioxide; howover, storage index also
was dopendent on original bacteriological gquality, Storage indices
obtained for chicken backs stored at 40° F, (4.4° C.) with 15 per cent
00y varied from 1.42 to 2,25, Storage index appearsd to be directly
proportional to carbon dioxide concentration,

Iultipliontion of slime forming bacteria on surfaces of stored
chicken was followed by moans of plate counts, Averapge genoration times
couputed from growbth ourves gave a good measure of tho influonce of
carbon dioxide on baoterial growth. Averagoe generation time was a
logarithmic funection of 002 soncentration within the range 0 to 25\per
cent, Increasing €Oy lovel also tended to prolong lag time.

Reduotion of storage temperature markedly improved keeping tilme of
outeup poultry. Temperatures of less than 50° F, (10° C,) were con=-
siderod essential for satisfaoctory storage life with or without carbon
dioxide storage. Lffectiveness of 008 in retarding baocterial prolif-

oration was enhanced by decrease in temperature., In the range 32° to
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50° F, (0=~10° C.), rolation betwoen rate of bacterial growth and temper-
pture conformed rathor well with the Arrhenius-van't loff equation. This
w8 true both for storage in air and for storage in atmospheres contain=
ing 15 ond 25 per cent carbon dioxide.

Keeping times for cut-up chiclken were determined from the time re=
guired for: (1) a definito off-odor to be deteoted; (2) a specified
increasse in COZ to be obsorved in storage containers; (3) numbers of
bacteria to reach a value of 2 X 108 per sq. omne. of ochicken surface,
Good agreermont was obtained by the three mothods,.

A straipght line gave a roasonably good expression of tho relatione
ship of storago life of cub-up poultry to the logarithme of initial
bacterial oount. The original bacteriological quality had tremendous
effoct on keeping time, whother or not COp slorage wes employed.

Discoloration limited use of high COg concentrations for storing
chickon, Some loss of "bloom" was noted even with 15 and 25 por cent

CO8 vhon keeping, times were lonp,

Slime vroducing bacteris wero predominently members of the genus

Mealirenes viscosus. Temperature (32° to 50° F.) and cOy level (0 to
25%) did not affeot tho types of bactoria isolated from 2 lots of stored
chicken. Some differences in Lype weroc ncted between lots. When jars
oontaining chicken and COg atmospheres remained sealed throughout storage,
a difforent type of bacterial flora developed. This phenomenon was

agoribed to reduced oxygen tension,
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Corbon dioxide and oxygen concentrations changed merkedly when cute
up poultry was stored for some time in a confined atmosphere. These
changes were accompanied by large pressure fluctuations. At low oxygen
tonsion COy was of less velue in prolonging keeping time and spoilage
was pubrefactive in nature. The quantities of carbon dioxide dissolved
in tho chicken were caeloculatod in some experimonts,

Effect of atmosphoros containing carbon dioxide on storege lifo of
frankiurters also was investigated. Xeoping time becaue vrosressively
longer as 002 concontration was increased Lo 50 per cent, CO, lovels
above 50 per cent appeared to be of no eddltional valua, Visible
evidences of microbial deterioation viers noted before dafinite changes
in flavor or pH were deteoted.

Reduotion of teomperature improved storage life and inorsased the
offootiveness of carbon dioxide, Rancidity developed bhefore microbial
spoilage was observed whon a storage temnerature of 30° F, (=1.1° C.)
and atmospheres containing 15 and 50 por cont CO2 wero used,

Relative growbth rates of the wvarious Iiinds of miercorganiems varied
with the COz lovel employed. Organisme primarily responsible for
miorcbial deterloration wvaried from molds through yeasts and microcooceci
to laoctobaeilll with inoreasing carbon dioxide concentration, Rates of
growth of molds, yeasts and microcosei were found to be more and more
rotarded as COZ lovel was elevated. Growbth rates of lactobacilli were
affected much less,.

tioasuroment of pll showed promiso as a means of debtermining storage

end poinis when high COp percentages were employed.
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Color of franlkfurters was not affocted adversely by carbon dioxide,

Tn ono oxperiment use of rolative humidities below 95 per cent
caused excossive dehydration of frankfurters without appreciably vpro-
longing keeping time.

L.53.4.T. collophane did not maintain a carbon dioxide atmosphere
around packaged frankfurters.

A holding period in atmospheres conbaining 002 followed by storage
in air resulted in longer keeping times for chicken and frankfurter

samples than did storage in alir only.
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IX. APPENDIX



Table 1A, Storage of defrosted-frozen chicken at 50° F. with an initial CCy concentration
of 96 per cent ’

Grams Grams .
Sample Time chicken chicken €Oy co2 05 Extent of Extent of
no, stored per ml, per nl. conec, Vacuun loss conc, discoloration off-odor?
(days) gas space COg G4 (em. Hg) (ml./zm.) (%)
(initial)

Vii-1 1 1.53 1,53 68.2 3845 0.35 TeT 0 0
XI-21 1 1.76 1.76 53.0 32.0 0.39 9.1 0 0
Viil-11 2 1,72 1.72 71.5 30.4 0.33 1.6 ++ +
IX-15 2 1.87 1.87 72.2 39,0 0.35 2.6 &4 0
=2 2 1.61 1.61 T2.4 35.7 0,39 2.0 0 0
VIII-15 3 1.82 1.82 71,7 37.3 0.35 2.4 ++ +
X=3 4 1.70 1.70 90.7 28.0 0.25 0.9 + 3
VIiII§ 6 1.88 1.38 70.0 14.4 0.22 1.6 ++4 ++
X-12 7 1.77 1.77 48.3 8.0 0.32 8.3 e +
X=4 7 1.67 1.67 69.1 16.0 0.27 5.1 4 +e
VIiiI-5 8 1.87 1.87 63.8 3e1 0.185 0.3 + -+
VIII=g 10 1.78 1,78 52.2 13.5 0.21 0.3 + +4+4
Xa5 10 1.70 1.70 83.2 0.5 0.105 1.4 -+ +
ViI-3 1 0.28 0.28 8643 15.0 1.06 6.4 0 0
Vii-4 3 0.256 0.26 83.7 14,0 1,15 11.4 0 6]

*OLT

20ff=odor in controls in 2-3 days.



Table 24, Storage of defrosted-frozen chicken at 50° F, with an initial C0s
concentraticn of 80 per cent

Grams Grams o
Sample  Time chicken chicken €Oy co® 05 Extent of Bxtent of
no. stored per mil, per ml, conc, Vacuum loss conc., discoloration off=-odore
{days) gas space COz (%) (em, Hg) (mil./gm.) (%)
(initial)
IX=8 1 1.65 2.05 32.8 15.5 0.32 11.3 C 0]
-3 2 1.82 2427 27.6 ~1.,0 0.28 8.6 0 0
XI-16 2 1.65 2.08 45,7 2545 0.295 6.2 0 +
TX=5 4 1.54 2,05 55,0 24,0 0.25 2.2 b 23 2 3
XI=17 4 1.65 2,07 5C.1 2545 0.27 5.5 + ¢
IX-9 6 2,04 2,55 44,8 =50 0.15 0.4 F 4
XI-18 6 1.66 2,08 52.1 5.0 0.18 5.6 +H+ +
™11 7 1.71 2,13 47,3 2.0 0.18 2.6  $2 [$53
XI-19 7 1,58 2.10 54,9 5.5 0.17 4,7 + ++5
XI=20 10 1.69 2.12 57.1 2.5 0.135 2.4 + +id

LLT

20ff-odor in controls in 2-4 days



Table 3A, Storage of defrosted-frozen chiclken at 500 F, with an initial atmosphere
of 80% €Oz and 20% Oy

Grams Grams 2

Sample  Time chicken chicken €Oy Y 02 Extent of Extent of

no. stored per =ml, per nl, cone, Vacuum loss cone, discolor-~ off-odor?

(days) gzas space co (%)  (cmo Zg) (ml./fgm.} (%) sation
(initial)

XI11.15 2 1.66 2,07 65.9 27.5 .22 14,9 + +
XIII-17 4 1,62 2,02 - 23.5 - - 1 T
XI1I-18 4 1.71 2.13 68.6 33.5 0.24 5.0 + +
IIXa1s 6 1,68 2,10 59.6 12,5 0,21 6.4 + ++

XX=20 10 2,02 2.53 21.7 6.5 0.20 847 ++ 22

20ff=odor in conirols in 2 days

‘84T



Table 4A, Storage of {rozen-defrosted chicken at 40° F, with an initial COg concentration
of 96 per cent

Grams Grams :

Sample Time chicken chicken COy COg 03 Extent of Exbent of

no, stored per ml, per ml. conc, VJecuunm loss conc. disgcolor-  oif-odor?

(days) gas space Oy ) (cme iHg) (nle/zme) (3) ation
{(initial)

X1T-3 2 1.62 i.62 35,0 12,0 0,45 - 10.8 0 o
¥ii-2 4 1,63 1.63 43.2 34,0 C.47 10.1 £ o
XII=-3 6 1.69 1.69 57.3 370 0.415 Te5 + 0
RiT-4 12 1,71 1,71 79.8 340 0.33 249 i+ +
XIT-5 i7 1,76 1.76 43.1 0 0.32 0.4 +% +4

*6ALT

B0ff=cdor in control at 5 days



Teble 5A, Storage of frozenedefrosted chicken at 40° F, with initiel C0g concentration
of 25 per cent

Grams Grams

Sample Time chicken chicken €Oy COo 0o Bxtent of Extent of

no. stored per ml, per ml, . conc. Vaocuum loss conc. discolor- off-cdor®

{days ) gas space CO2 (%) (em. Bg) (ml./em.) (%) ation
(initial)

XIy-1 1 1,74 6,97 9.9 22.5 0.102 16.7 0 o]
XIV-2 5 1.13 4,53 15.4 20,8 0,118 8.3 0 ++
XIVe3 6 1.66 8.65 18.1 18.0 0,065 0.1 0 8
XIv-2 8 1.16 4,83 18.8 0.5 0.C4 0.7 + +
XIV-5 14 1.17 4.68 27.7 -5.0  =0.062 2.0 + =l

*08T

20ff-odor in contrel at 4 days



Table 6A. Storage of fresh chicken at 50° F. with initial COZ concentration of 25 per cent

Grams Crans
Sample  Time chicken chicken CCy CCy 0s Bxtent of Extent of
no. stored Der ml, per nl, cone, vacuum loss conc, discolor- off=odor®
(deys) gas space  U03 (%) (em. Bg) ‘ml, /gn. )y (@) ation
(initial)

Vi) 2 1.63 5,54 18,2 20.0 0,067 5.2 0 0
 XNI-2 6 1.59 6.38 19.4 5.0 0.038 0.8 0 e
Vi3 & 1.72 6.90 18.2 2.0 0,033 1.8 0 +

EAS - 2 1.70 6.78 20,1 2.0 0.027 0.9 0 L

B0ff-odor in control at 5 days

“10T



Table 74, Storage of fresh chicker at 20° F. with initial CO, concentration
of 25 psr cent

Grams Grams
Sample Time chicicen chicken €0y C0s 05 Extent c¢f Extent of
nOo. stored per ml. per nl, come.  Yacuunm loss conec. discoler- off-odor?
(days)  gas space COg () {cme Bg) (mlefgme) (%) ation
(initial)
AVal6 1 1.57 6,27 15,9 21.0 0.002 2.5 0 0
V=17 12 1.73 6.93 19,3 19.5 0.058 0.3 0 0
V=18 24 1.49 5,54 24,4 20.5 0.042 ] 0 0
XVe16 34 107 6427 26.8 18,0 0,020 0.l 0 +
XV=12 41 1,75 6,95 20,5 5.0 0,026 4,5 0 ++4

*28T

80fr-odor ir contrel at 14 days



Table 8A, Teight~volume relationships and CO, uptake obtained with cut-up chicken
stored in sealed containers

‘28T

Original Storage Vieight Tays Final Vacwmum C0p Grams Grams Type
R Jar Coo $emp. chicken stored COp (cme 1loss chicken chicken of
no, 10, conc. (°F,) (gm. ) cone. Ug) (ml./gm.) per ml. per ml. chicken
(%) (%) gas C0o
Vil 1 g6 50 826.4 1 63.2 38.5 0.3 1.93 Frozen
2 50 834.5 1 68,2 - - 1,24 Frozen
3 g6 50 204.3 1 86.3 16.0 1,08 0.28 Frozen
4 ] 50 187.9 3 33.7 14,0 1.15 0.26 Frozen
VIiit 9 96 50 594.2 0 54,8 0 - 1.78 Frozen
11 98 50 609.3 2 71.5 30.4 0.33 1,72 Frozen
15 96 50 615.7 3 71.7 37.3 0.35 1,32 Frozen
6 96 50 635.4 6 70.0 14,4 0.22 1,88 TFrozen
5 g6 50 622.5 8 63.8 3.1 0.155 1.87 Frozen
9 26 50 594,2 10 52,2 =13.5 0.21 1,78 Frozen
X 15 96 50 6326,0 2 2 39.0 0,35 1.87 Frozen
12 96 50 609.4 7 48,3 2.0 0.32 1,77 TFrozen
X 1 96 50 589,.1 1 52,5 18+ - 1.81 Frozen
2 98 50 554,7 2 7244 3547 0.39 Frozen
3 56 50 5958,7 4 S0.7 28,0 0.25 Frozen
4 96 50 593.1 7 69.1 16,0 0.27 Frozen
5 96 50 532,5 0 83.2 0.5 0,105 Frozen
XI 21 S6 50 605.9 1 53.0 32 .0 0.39 Frozen
XII 1 g6 40 590,5 2 35.0 19.0 0.45 Frozen
2 S6 40 556.6 4 43,2 34.0 0.47 Frozen
3 96 40 596,.,7 6 57.3 3740 0,415 Frozen
4 26 40 598,7 12 75.8 34.0 0.33 Frozen
5 96 40 600.8 17 43.1 0 0.32 Prozen



Table 8iA. (continued)

Criginal Storage Weight Days Final Vacwum COg Grams Grams Type
Tun  Jar COo temp, chicken stored COp (em, loss chicken chicken of
no. mno, cone. (°r,) (gm.) conc. Hz) (ml./gm.) per ml. per ml, chicken
%) ) gas GOy
X 8 80 50 580.3 1 32,8 15.5 0.32 1.65 2.05 Prozen
3 80 50 616.6 2 27.6 =1.0 0.28 1.82 2.27 Frozen
6 80 50 802.3 4 86,0 24,0 0.25 1.64 2.05 Frczen
5 . 80 50 623,.1 6 44.8 =-5.0 0,15 2.04 2,55 Frozen
11 80 50 606.6 7 - 47.3 2.0 0,18 1.71 2,13 Frozen
X1 16 80 50 596.9 2 45,7 25.5 0.295 1.65 2.06 Frozen
17 80 50 634.4 4 50,1 25,5 0.27 1,65 2,07 Frozen
18 80 50 574.4 6 52.1 5.0 0.18 1.66 2.08 Frozen
19 80 50 620.1 7 54,9 5.5 0.17 1.68 2,10 Frozen
20 80 50 57643 10 57.1 2.5 0.135 1.6% 2.12 Frozen
X111 18 80 (02) 50 598.1 2 65.9 2745 0.22 1.66 2,07 Frozen
i7 80 50 628,2 2 - 23.5 - 1.62 2,02 Frozen
18 80 50 575.7 4 85.6 3345 0.24 1.71 2.13 Frozan
138 80 50 615.4 6 59.6 1S.5 C.21 ., 1.68 2,10 ¥rozen
20 80 50 615.8 10 41.7 645 0.20 2,02 2.53 Frozen
XV 1 25 40 608.0 1 9.2 22.5 0.102 1,74 6,97 Frozen
3 25 40 500,0 5 15.4 20.8 0.118 1.13 4,53 Frozen
2 25 40 602.0 (-] 18,1 18,0 0,065 1.66 8,65 Frogzen
4 25 40 505.0 8 18.8 2.5 0.046 1.16 4,63 Frozen
5 25 40 504.0 14 27.7 -5.0 =0.062 1,17 4.68 Frozen
xv 16 25 40 585,.0 1 15.9 21.0 0.082 1,57 6,27 Fresh
17 25 40 646.,0 14 19.3 19.5 0.056 1.73 6.93 Fresh
18 25 40 548.0 24 24.4 20.5 0.042 1.49 5.94 Fresh
19 25 40 628.0 41 20,5 5.0 0.026 1,74 8.95 Fresh
Xvi 1 25 50 593.0 2 18.2 20.0 0.067 1.63 6.54 Fresh
2 25 50 592,0 6 19.4 5.0 0.038 1.59 6.38 Fresh
3 25 50 601.0 6 18.2 2.0 0.038 1,72 6.90 Fresh
4 25 50 597.0 8 20,1 2.0 0.027 1,70 6.78 Fresh

‘%81
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Table 9A. Speoific gravities of pioces of thawed-
frozen ohicken®

Piece Density
Leg 1,111
Wing 1,084
Thigh 1,066
Tilshbone 1,047
Ribs 1,075
Breast 1,143
Back 1,102
Giblets ’ 1,064
Avoru;e 1,086
Yean® 1,095

BSpecific pravities dotermined from volume
of water displaced.
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Table 10A. Effect of COp on the storage life of commercially
dressed, thawed=frozen chicken®

€0y Average
oonc. Xeeping time (days) storage
(%) Tun TIT Run IV Run VI Averape index

0 4 4 4 4.0 -

10 5 5 4 4.6 1.17

25 7 6 5 6.0 1.50

50 7 6 6 6.3 1,67

96 8 7 7 Te3 1,92

BConditions of storage!

Temperature, 50° F, (10° ¢

Relative humidity, approximately 100%

Containers, 2=-gt. jars

Constent COp levels, obbtained and maintained by the

displacement method

<)

Ind points determired fyom off-odor



187,

Table 1lA. Effect of COp on the storage life of fresh
dressed ohicken®

COq Avernge Average
Run Temp. lovel keeping time  keeping time Storapge
no. (° r,) (%) control in CO index
(days) (dmys%
1A 40 25 16 : 3645 2,28
2A 40 5 17 20.0 1.18
15 18.3 30,0 1.64
25 18.3 38.5 2,10
3A 40 15 10.7 18,2 1.70
32 15 3945 7845 1.99

®Conditions of storage:
Yemperature, indicated in table
Relative humidity, avproximately 1007
Containers, 2-qt. jars
Constant COz levels, obtained and maintained by the evacuation
method
Ind points determined from off-odor
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Table 124, Effoct of COy on the storage life of fresh,
commercially dressed chicken®

COp Keoping time Average
Tomp.  cone. (days) Storage index storage
(Or,) () AL 5K 6A A 4A 5A 6A TA index

50 0 2 1.75 - -
15 3 2,60 1,50 1.43 1.47
25 4 2.7 2,00 1,57 1.78
50 - 3425 - 1.86
45 0 4 -
15 5 1.25
26 546 1.38
50 6 1.50
40 0 4 7 5 - - -
5 7 9 6 1.75 1+28 1,20 1l.41
10 - 11 7 - 1.57 1.40
15 10 12 8 2,50 1.72 1.60 1,94
20 - 15 10 - 2.14 2,0
25 12 16 12 3,00 2,29 2.40 2.56
32 o 12 17 - -
5 14 24 1,17 .41 1.29
10 - 26 - 1.53
15 23 39 1,92 2,29 2.10
20 - 44 - 2.59
25 3l 44 2,58 2,59 2,59

e ‘s
Conditions of storagei
Temperature, indicated in teble
Rolative humidity, approximately 1007
Contaliners, 2-qt. jars
Constant COy leovel, obtained and maintained by tho evacuation
method %4A) and the displacement method (54, 84, 77)
End points determined from off-odor
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Table 13A. Caloulation of prowth retes of bacteria on chicken
in terms of velooity, coefficient, k, and average
K a'yb -
reneration timo, &
Run 44)
COz b B 'b g
Temp. lovel (no,/em?) (no./om?)  (hours) (hours)
(° F.) ()
<, 4. 59 ,
50 0 8.4x 108 7.0 x 10% 48 04245 2.86
15 1.75x 108 1/3x 103 72 0,165 4,21
25 2,4 x 10% 7.8 x 10° 84 0,123 5.64 .
20 0 1.%5x 107 6.5 x 100 72 0.106 6454
5 4.3 x 109 7,0 x 10% 120 0.0918 7.56
15 2.6 x10° 1.2 x 109 240 0.0606  1l.54
256 6,5 x 107 2,5 x 105 240 0.0423 16,40
32 ‘0 2.8x 108 5.0 x 105 120 0,0527 13,17
5 2.3x 108 7,0 x 10% 240 0.0337  20.6
15 1.9 x 108 2,1 x 10° 240 0.0283  24.5
25 4.6 x 107 1,1 x 108 240 0.0155 44,7
222 (105 b - 10b B)
b In2



190.

Table 14A. DBacterial counts from stored fresh, commercially dressed chicken thighs®

(Run 5A)
Storage Storapgo
Lomp. ime €0y levols (%)
(° %) (days) 0 3 10 15 20
40 0 143 x 104 8.7 x 10° 7.6 x 109 1.0 x 104 4.6 x 10%
2 1,44 x 103 1.04 x 104 6.0 x 109 1.9 x 0% 2,02 x 10%
4ot 8,9 x= 10° 2,0 x 104 2.3 x 10% 3.5 x 104 .
5 Un3 X lO
6.2 2.4 %107 4.0 x 10° 8.6 x 10% 1.8 x 109
7.2 6.5 x 108 3.8 x 105 o
8,2 6.6 x 107 2.2 x 100 3.4 x 106 2.1 x 10°
9 2,8 x 108
10.2 Go.1 x 107 4.8 x 107 5.6 x 100
11.2 2.2 x 108 1.95x 108
12.2 1.5 x 107
13
15 3,0 x 108
18 :
32 0 3.7 x 104 1.6 =x 10% 1.2 x 104 7.7 x 10° 1.4 x 10%
7 5.6 x 1o§ 1.8 x 104 1.1 x 10%
10 1.6 x 105 2.8 x 10% 4.2 x 10%
12 2.1 x 106 .
13 2.5 x 109 2,8 x 109 1.2 x 104 1.3 x 10%
15 9.3 x 108
17 2.7 x 108 6
18 8.8 x 108 5.7 x 10 9.8 x 10° 2,1 x 10%
22 1.2 x 108 6.6 x 107 8,0 =x 10%
a7 2.3 x 106
20 7.6 x 106
34 ' 1.3 x 108 7.9 x 106
38 9.5 x 108
a1 1.2 x 108

Rfumber of baocteria per square centimetor of muscle surface
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|Bactorial counts from stored fresh, commorcially dressed shickon thighs®
{(Run SA)

CO3 levols (%)

0 5 10 15 20
1.43 = 10% 8.7 x 103 7.6 x 10° 1.0 x 10% 4.5 x 10% 1.66
1,44 x 103 1,04 x 10% 6.0 x 10° 1.0 x 0% 2,02 % 10% 1.01
8,9 x 109 2,0 x 104 2,3 x 104 3.5 x 104
5 5.3 x 10% 1,03
2.4 x 27 4,0 x 10 8.6 x 10% 1.8 x 105
6.5 x 10% 3,3 x 10P .
6.6 x 107 2.2 x 106 B4 x 106 2,1 =x 10° 6.0
2.8 x 108
G.1 x 107 4,8 x 107 5.6 =x 108
2.2 x 108 1.95x 108 1.13
1.5 x 107
4.6
3,0 =x 108 4,0
3.7 x 104 1.6 x 10% 1.2 x 10% 7.7 x 10° 1.4 x 10% 2,3
5.6 x 1o§ 1.8 x 10% 1.1 x 10%
1.6 x 10; 2.8 =% 10% 4.2 x 10%
2,1 x 10
' 2.5 x 10° 2.8 x 10° 1.2 x 10% 1.3 x 10%
9.5 =x 10°
2.7 x 108 ,
.8 x 108 x 105 9,8 x 109 2.1 x 10%
2 x 108 x 107 8.0 x 108 2.8 x 10°
108 2.2 x 106
% 1006 4.3 x 108
x 108 7.9° x 106 1.8 107
x 108 5.2 107
1,2 108 1.4 x 108

Botoria per square centimeter of muscle surface
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Table 15A. Caloulation of growth rates of bacteria on
chicken in terms of velocity coefficiont, k,
and average poneration tinme, _ga’

(Run. 54)
Tomp. Co b B t e
(o r,) level (no./ome2) (no./om.2) (hours) k (hours)

{ (%)
5
& 40 0 3.9 x 107 5.1 x 10° 48 0.0884 7,85
" 5 2.7 x 107 5,0 x 106 48 0,0831 8,35
‘ 10 7.3x 108 1,2 x 105 144 0.0605 11.5

15 4.6 x 108 2,4 x 105 144 0,0525 13.2

20 1.4 x 108 2.3 x 100 144 0,0420 16,5

25 8.2 x 107 3,4 x 105 144 0.0381 18,2
' 32 0 2.3x 107 1.6 x 105 120 0.0414 16,75
' 5 3.2 x 107 3,2 x 10¢ 240 0.0288 24,1
E 10 1.8 x 107 4,2 x 10¢ 240 0.,0252 2745

15 1.8 x 108 6,5 x 105 240 0.0243 29,7
{ 20 6,0 x 108 1.3 x 107 240 0.0160 43,3
E 26 1.1 x 108 4.2 x 106 240 0.0134 51.8
l
: D'J_C_ = —---2;'5 (log b = log B)
; b, _ In2
¢ Tk
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Table 16A. Bacterial counts from frash, commercially dressed chicken thighs
and legs stored.at LO® v, (L.LO ¢.)®

(Ran 64 )
Cno -
level sample 0 2 3 L 5 6 7
(%)
0 Thigh 1 6.1 x 1oﬁ 1.7 x 106 1.7 x 108 6.8 x 108
Thigh 2 5.9 x 104 9.6 x 105 2.1 x 108 5,5 x 108
Leg 7.2 x 104 6,9 x 106 9.0 x 108 3.1 x 107
Log. av.6.5 x 100 2.2)x 106 3.2 x 108 1.05x 107
5  phigh 1 1.4 x 10° 1.L3x 105 1.6 x 107 2,3 x 107 L.0 x 105
Thigh 2 1.0 x 102 3.3 x 10 5.2 x 107 1,18x 108 7.4 x 108
Thigh 3 2.75x 102’L 3.6 x 100 6.0 x 107 3.3 x 108 9.7 x 108
Leg 9.0 x 104 L.8 x 105 3.4 x 107 3.2x 107 5.0 x 208
Log av. 2.4 x 10° 5.3 x 105 3.6 x 1007 7,3 x 107 6.15x 108
10  Thigh 1 1.3 x 105 5.1 x 105 5.7 x 106 | 1.25x 108
Thigh 2 1,67x 105 1.52x 106 2.0 x 107 L.l x 108
Thigh 3 1.51x 105 9.0 x 105 1.87x 107 7.1 x 108
Leg 6.3 x 10 1.67x 106 2.9 x 107 1,15x 108
Log av, 1.2 x 105 1.0hx 100 1.6 x 107 2.6 x 108
15  Thigh 1 6.0 x 10° L.6 x 105 2.9 x 107
Thigh 2 7.0 x 105 1.7hx 108 5.5 x 107
Leg 9.4 x 10k 2,1 x 105 1.22x 107
Log av. 3.4 x 105 5.5 x 109 2.7 x Lol
20 hign 1 2.59x 105 5.2 x 105 2.3 x 102
Thigh 2 1.18x 10° .6 x 105 8.5 x 10
Thigh 3 9.1 x 104 1.6 x 105 : 1.8 x 107
Leg 2.3 x 10° 4.6 x 105 9.5 x 109
Log av. 1.6 x 105 3.6Lx 105 1.35x 107
- . 7
25 rThigh 1 1.0 x 105 L6 x 102 L.13x 10
Thigh 2 2.67x 105 5.0 % 107 2.2"x 107
Thigh 3 2.,06x 103 2.8 x 108 3.1 x lo;
leg  L.5lx 10° 8.7 x 102 R
Log av. 1.7 x 105 8.7 x 105 1.7 x 107

3umber of bacteria per square centimeter of muscle (thighs) or skin (legs) surface







Bash, commercially dressed chicken thighs

K. (L.1o c.)2

4 5 ) 7
1.7 x 108 6.8 x 108
2.1 x 108 35,5 x 108
9.0 x 108 3,1 x 107
3.2 x 108 1.05x 10°
1.6 x 107 2.3 x 107 1.0 x 108
5.2 x 107 1,18x 108 7.4 x 108
6.0 x 107 3.3 x 108 9,7 x 108
3.4 x 107 3,2 % 107 5.0 x 108
3.6 x 107 7.3 x 107 6.15x 108
B 105 5.7 x 106 1.25x 108
N 106 2.0 x 107 L.y x 108
M 105 1.87x 107 7.1 x 108
R 100 2.9 x 107 1.15x 108
i .0 1.6 x 107 2.6 x 108
805 2.9 x 107
- 5.5 x 107
5 105 1.22x 107
o 105 2.7 x 107
N 105 2.3 x 107
& 105 8.4 x 10°
® 105 1.8 x 107
8 105 9.5 x 100
8 105 1.35x 107
.6 x 109 1,13x 207
é‘,o X 105 2.2 x 107
2.8 x 100 3.1 x 107
8.7 x 105 1.1 x 107
8.7 x 105 1.7 x 107

= NSww,m
= W~
B MK

* ter of muscle (thighs) or skin (legs) surface
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Table 174, Calculation of growth rates of bacteria on chioken
in terms of velooily, coefficiont, k, and average
eneration timo, gt
%Run 6A)

- Temp. €Oy b B b S

(° ) lovel (no./om.?) (no./cm.z) (noura) X (hours)
40 - 0 1.8 x 108 2,3 x 106 48 0.0908 7.64
5 7.8 x 108 5,3 x 108 96 0.0759 9,14

10 2.0x10%  9,4x 108 9 0.0597 11.6

15 3.3 x 108 5.7 x 108 120 0.0529 15.1

20 6.9 x 200 5,1 x 109 168 0.0428 16,2

25 2,7 x 108 1,1 x 10° 168 0.0360 19,2

-

8 = 223 (log b - log B)

"x



Table 1B,
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Lffeot of storage time on pH of Irunkfurters stored

&t soveral btomporatures with 0, 25 and 25 per ocent

C0x"%

(mzomw.(%) 0

25

96

Tomps (© Fo) 35 40 45 50
ilicrobiologe

ical keoping 26 18 10 6
timo (days)

&
(4]
N
o
&
2]
(o]

60 50 32 10

on
65

oa ca
GO 40

50

oa
19

Time stored
(dmys)

3 6
7 6
8 6.16
11 5.85

14 6425

17 5496
19 6.2

25 G.l
29
39

(o> I o>}

42
456
53

66

72
86
120

6.05
5.95

G.2

G.l

(471
.
[4)]

6.0
5.9

6.0

6.0

[«> 2 e2]
= 0

1o
s o
N

5.2

8Fresh frankfurters varied in pil from 6.0 to 6.2,



Table 2B. Counts of microorganisms® oﬁ frankfurters stored at 40° ¥, under
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various COg concentrationsPsc

25

6

96

Storage time (days)
#q )

i
Log averago

Storage timo (days)
s

i
e
Log average

Storage time (days)
‘ A#l

/]

log average

Storage time (days)
'l
i
Log averagoe

Storage time (days)
7 /.1
0%
Log average

Storage time (days)
L

i
Log avorage

Storege time (days)
i
M

Log avoerago

- S

109

109 ]

105 -

105

106
100

108
109

E

MM 3

104

109 ¢

109

109

1 [N

.
Do 3
E R

1

]

106

107
106

A2

10

. 10

109

tal

1y

e

109

104
109

10¢

Gl D0
Ll
cilto ©

LRt

2

o

106

108
106

109

108
109

e ] HiKd o

LRt

103

105
102

109

ol Ll
Qo1 &
M oN

D
O~ &
Hiwn

106

105
104

< 109

108
108

10°

102
A

oY

109

104
104

104

o

108
100

: 107

: 109
% 109

10°

. 103

10°

7
Ted x
2.9 X

104

THEA ==
¥

| ad R I 2l

Hivt M

109

109

1oV

109
109

109

109
103

1.5 x

17
Sen X
5.0 x

10°

=

105
109

nid N

o
o

10°

107
107

10°

109
109

109

4,1 x

109

ol-3 &2
-
GO >
nin A

107

109

8Doos not include molds

bNumbers of mioroorganisms per frankfurter
CAverage initial count 4,0 x 10°
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fg Counts of microorganisms® on frankfurtors stored at 40° F, under
il verious COy concentrationsP»o

Borage time (daye) 7 11 14 18 26

N 5.2 x 10° 7,2 x 105 5,5 x 106 2.6 x 107 9.7 x 108

2 3.8 x 105 1,2 x 105 3.4 x 10° 1,1 x 108 7.5 x 109

§ Loz averago 4,4 x 10% 2,9 x 109 4,2 x 106 5,5 x 107 2.7 x 10°

Borage timo (days) 7 13 18 26 31

N 1.3 x 10% 6,0 x 104 2,6 % 107 5.3 x 107 3.7 x 107

g2 2.6 x 10% 1.6 x 104 1,2 x 10° 3.3 = 108 1.5 x 109

B Lo average 1.8 x 103 3.1 x 10¢ 5,6 x 106 1,3 x 108 2.4 x 10°

Brogo time (Qays) 9 14 20 .29 41

o 1 1.2 x 10% 1,4 x 10° 9.6 x 10 9.7 x 108 8.1 x 108 1.5 x 108
o2 4,5 x 10% 8,0 x 10% 1,5 x 106 3,3 x 108 5.2 % 10° .1 x 1010
2 Loz average 7.3 x 109 1,1 x 105 3,8 x 106 6,1 x 108 2,1 x 109 3.7 x 109

rago time (days)

L0
-
Y
fay]
o
Do
[ie]
B
1

[

. 9.2 x 10% 3.4 x 10% 8.6 x 105 1,0 x 108 1.2 x 105
o2 5.4 x 102 7,5 x 10% 4.7 x 104 9,2 x 108 1,4 x 108
M 1.o; avorage 2.2 x 10° 5,1 x 103 2,0 x 10% 5.0 x 108 1.5 % 107
Wraco time (days) 9 17 25 42 653
R 9.2 x 102 3,8 x 10% 1,1 x 105 1.0 x 109 8.2 x 109
R'2 5,4 x 10% 1,1 x 10% 3.7 x 106 9.2 » 10° 5.3 x 109
Log avorage 2,2 x 10° 2,0 x 104 6.1 x 10° 9,6 x 1080 5.6 x 109
Broco timo (days) 10 17 .2 42 54
a1 5.2 x 10° 7,5 x 104 5,9 x 10° 2,1 x 109 9,0 x 109
o 6.2 x 10° 2.9 x 10° 6,0 x 106 1,6 x 109 6.4 x 109
gl.op, avorago 1,8 x 105 1.5 x 20° 1.9 x 10° 1.8 x 10° 7.6 x 10°
&orc time (days) 10 17 25 45 B4
B 5.2 x 10% 5.5 % 105 8.4 x 107 1.0 x 10° 6,0 x 10Y
- 5.5 x 103 5.0 x 10% 7.8 x 107 2.4 x 107 5.0 x 10°
.o, avorago 4,2 x 109 4,1 x 105 8,1 x 107 4,9 x 109 5.5 x 109

B8 \clude molds
' nicroorpanisms per Lrankfurter
B i tinl count 4.0 x 109
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Table 3B, Counts of micrococei on frankfurters stored at 45° I,
(7.2° ¢,) under various £0g concontrationg®sP

COo %ovol

(%)
0 Storage time (days) 3] 6 14 17
h 7.7 % 10 5,7 x 108 5.6 x 109
2 4.9 2305 1,5 x 109 8.7 x 108
Log average 6.1 = 106 9.2 x 108 7.0 % 109
5 Storage time (dqys) 8 16 9 20
va) 4.6 x 106 1.7 x 10° 5.3 % 109
2 1,8 x 108 2,7 x 108 5.9 x 109
Log average 2,9 x 106 6.8 x 100 5.6 x 107
15 Storago time (days) 9 18 24
vl 8,4 x 105 8,0 x 107 9,0 x 108
2 4.0 x 108 8,8 x 107 8.6 x 108
Log average 6.2.% 100 8.4 x 107 8,0 x 108
25 Storage time (days) 1B 22 45
i 2.1 x 10° 4.8 x 107 7,1 x 109
i 1.3 x 106 2.6 x 106 2,3 x 10°
Log average 5.2 x 10° 1.1 x 107 4.0 x 109
50 Storage time (days) 1% 23 45
1 5,0 x 10V 1.3 % 1086 7.6 x 107
o 1.2 x_10% 7.8 x 104 6.0 x 108
Log avorage Te7 x 109 3.2 x 109 2,1 % 109
7% Storage time (days) 17 23 46
Al 4.4 x 105 1.5 x 10% 9,1 x 108
2 2.8 x 103 2,0 x 10 2.3 x 106
Log average 3.5 x 109 1.7 x 104 2.6 % 106
06 Storage time (days) 14 22 46
el 3.0 x 109 8.8 x 10° 0
it 8,0 x 103 3.1 x 102 0
Log, average 1.6 x 10v 5.8 x 10% 0

Slumbors of micrococoi por frankfurter
Average initial count 4.9 x 109



197,

Table 4B, Counts of yoasts on frankfurters stored at 45° ¥, (7.2° ¢.)

mwder various GOQ ooncontrationsa’b

COg ];ovol
(%)
0 Storage time (days) 8 14 17
v 5,6 x 109 4.9 x 108 2,2 x 108
In 848 x 109 1.3 x 108 1,7 x 10°
Log average .0 x 105 2.5 x 10° 6.1 x 108
5 Storage time (days) 8 16 20
il 0 4.9 x 107 1,8 x 108
fia 0 7.8 x 106 1,8 x 107
Log avorage 0 2,0 x 107 5.7 x 107
15 Storage time (deys) 9 18 24
i 0 1.9 x 10° 5,1 x 107
a 0 3.0 x 105 9.7 x 107
Liog sverago 0 2.6 = 100 T.3x 107
25 Storage time (days) 15 22 45
il 5.0 x 10° 0 4.6 x 10°
//],2 —— 0 2.1 x 106
Log averago 5.0 % 10 0 9.8 x 10°
50 Storage timo (daya) 15 25 46
) 0 0 1.2 = 10%
2 0 0 5.3 x 104
Log average 0 0 2.5 x 10%
5 Storage time (days) 17 23 46
ol 0 0 0
W —0 0 0
Log averapge 0 0
56 Storage time (days) 14 22 46
ol 0 0 0
e 0 0 0__
Log average 0 0

SNumbers of yoasts per frankfurter

bInitial count arbitrarily chosen as 10 yoasts per frankfurter



Table 5D,

45° F, (7.2° ¢,)
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Counts of ILactobacilli on frankfurtors stored ab
under various CUp concentrations®s

CO2 lovel

4)

15

75

96

Storage time (days)
1

i
i1
Log average

Storago time (days)
Wl
2

Log average

Storage timo (days)
111
iie
Log avorage

Storego time (days)
#3
Log average
QLor%e time (days)
52
Log average
Storago timo (days)
Nl

e
Log average

8 16 20

1.7 x 105 2.6 x 108 8,1 x 10°

6.5 x 10% 1.2 2 10% 2.6 x 10°

1.0 x 109 1.7 x 108 71,5 x 109
) 18 24

3.6 x 104 9.0 x 107 9,0 x 108

1,6 x 104 1.0 x 108 2,0 x 108

2.6 x 104 9.5 x 107 r’.\) X 10
15 22 45

5.7 x 107 2,6 x 10° 8.1 x 10°

1,5 x 106 3,9 x 108 5.2 x 10°

9,2 % 100 3.1 x 108 6.5 x 109
15 23 45

1.7 x 108 4.1 x 108 1,5 x 1010

1,2 x 10° 1.6 x 108 7,3 x 109

4.5 x 109 2.6 x 10° 71,1 x 1010
7 23 46

5,2 x 106 1.7 x 108 5,2 x 102

8.1 x 106 9.5 x 107 9,1 x 10°

Ge5 x 100 1.5 x 108 6.9 x 109
4 22 46

1.6 x 108 3.5 x 108 1.5 x 10°

2,5 x 105 1.8 x 10° 1.9 x 10°

6.3 x 109 2.5 x 108 1,7 x 10°

8umbers of lactobroilli per frankfurter

bAverage initial count 1.5 x 109
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Tablo 6B. Vioights and weight changes of franlfurters stored
vnder various humidites at 40° F, (4.4° ¢.) for

15 days
kelative Samplo Initial Final Change in Change in Average
hunddity no, woight weight weight weight wolght change
100 1 44,9 45,7 + 0.8 + 1.8
2 44.1 4.'3.7 - O.@ bad 0.9 ‘ O 7
3 48,7 48,9 t 0.2 4+ 0,4 *
4 41,9 42,5 + 0,6 + 1.4
95 1 50141 49.4& hd 100 - 200
2 44,7 44,0 - 0.7 = 1.6
3 42,0 41,5 = 0.5 = 1.2 = 1.3
4 4846 48,3 = 043 w 0,6
90 1 46 4 44,6 - 1.8 - 3e7
2 38.6 5608 Ll 1-8 - 4.7
5 40.6 38.8 - 1.8 - 4:.41 - 4:.0
4: 38.6 36.5 - 2.1 b 504
6 45,2 44,3 - 039 - 2,0
85 1 40,2 36,7 - 3.5 - 8,7
2 4:4.9 42.1 had 308 - 6.2
3 45,7 41.4 - 4,3 - 0.4 - 6,1
4 45,7 42,8 - 249 - G,3
5 39.5 30.5 0 0
80 1 44,4 38,9 « 54,5 wl2.d
2 50,9 46,7 - 4,2 w B,3
3 52.3 48,5 - 3.8 - T.,3 ~ 7.2
4 49,3 46,0 - 3e8 - G8,7
5 40,9 40,3 - 0.6 w Lé5
75 1 45,3 41,0 - 43 ~ 9,5
2 4:4:06 4:2.1 - 2.5 - 5.6
3 45 .4 40,5 = 4,5 -10,8 - 7.3
4 38,3 5340 - 5.3 -13,8
5 40,9 40,3 = 0.6 - 1.6
6 40.0 38.8 - 102 - 3.0
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Table 7B. Characteristics of types of micrococcus isolated from
stored frankfurters
No. Juillzes b
of (nt Y HaP0), Utilizes roi
cul- Chromo~ Nitrates as sole urea as Liquefies Litmus milk fro
turaes genesis reduced source of sole source gelatin o glugs
nitrogen of nitrogen
1 1  Yellow - + 4+ - Alkaline
2 2  Yellow + + - + Acld, reduced, some
. coagulation
3 1 wink + + ¥ + Alkaline
b 3  White or - + - - Alkaline
buff
5 8 muif - ¥ ¥ + Acic, may be peptized varf§
6 6 white - - - - Peptized varf@
7 5 white - - - Usuﬁlly No change or alkaline uUs
8 6 yhite + ¥ + + reptized
9 11 white + + Varies + sually reduced. Way
be sl.acid or alkaline
10 4  white or + ¥ + - Acid, no coagulation
buff '
il 2  White + + + - Acid, some ccoagulation
12 6 white + - - % Acid, may show congulation
13 1 white + - - - Acid
1L 1 puff ¥ - - - Alkaline







Brpes of micrococcus isolated from

Wtilizes Acid pcld Acid
Mrea as Ligquefies Litmus milk from from from
Bole source gelatin
B nitrogen

Hydrolyzes
glucose glycerol mannitol fat

+ - Alkaline ) + - - -

- + Acld, reduced, some + + 4 +

, coagulation

+ + Alkaline - - - 4

- - Alkaline + + - -

¥ + Acic, may be peptized vVariable variable variable +

- - poptized variable ~ = +

- Usually No change or alkaline ysually Usually - 4

+ + Poptized + + Usually  yanies
Varies + gsually reduced. iay + + + Varies

be sl.acid or alkaline

+ - Acid, no coagulation + Variable - +

¥ - Acid, some coagulation - - - “+

- + acid, may show coagulation % + Usually usually

- - Acid - - - +

- - Alkaline ¥ - - -
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