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INTRODUCTION

Although wicrobial infection of the hen's egg hss been the
subject of maeny investigetions, it is only in the lsst decsade
thet en understenéding of the course of bescterisl infection has
begun to emerge. This development sttended the adoption of a
technique (Elliott, 1954; Brooks, 1960b) which allowed the process
to be followed in intact eggs. The results obtained with this
technique have also emphasized the caution which must be excercised
when attempting to drew conclusions from experiments in which
components of the egg are studied in vitro, an spproech which is
charscteristic of the vast majority of investigetions of the
infection process.

The highly orgenized end complex physicochemical systems of
en egg chenge during storege but the influence, if eny, of these
chengee on the course of infection has not been investigsted.

An attempt wes mede in the present investigstion snd this cslled
for an extensive review of the literature. /A review is given at
the beginning of the thesis

Both Brooks (1960b) and Elliott (1954) used only pseudomonads
in their investigations of infection of intact eggs. 1In the
investigation about to be described & representstive collection of
comwonly occurring conteminants of rotten eggs was sssembled.

The isolation &nd charscterizstion of these orgenisws ere discussed

in the second part of the thesis. Representstives of the verious



taxonomic groups were used in en investigstion of: a) bscterisl
wultiplication on the shell membrenes in vitro, and b) the
course of bacterial infection in eggs held at sumwer ehade
tewperstures. The results are discussed in parts 3 & 4 of the
thesis. Esch of the experimentsl sections is self-contained in
respect to introduction, methods and meterials, resuvlts and
discussion; the tables &nd figures are included at the end

of esch section. References and a genersl summary sere given

8t the end of the thesis.
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THE STRUCTURE AND CHEMICAL COMYOSITIUN OF THE
HEN'S EGG

The waterisl considered in this section hes been chosen beceuse
of its pertinence in the understending of the microbiology of the
egg. The wonograph of Romsnoff & Romenoff (1949) and, tc & lesser
extent, the reviews of Brooks & Teylor (1955) and Brooks (1960s)
have been the msin sources of the information considercd hereunder
but reports appesring since their publicstion hsve been considered
end these are referred to in the text. '

The gross structure of the hen's egg is shown in Pigure 1.
The shell. The structure of this is shown in Figure 2. The thickness
of & shell is & property thet varies frow plsce to plsce in en
individusl egg; the thickness &t the poles is generslly grester then
those in the intermediste letitudes (Tyler, 196ls). This investigstor
found thst the wean thickness in 52 norwel shells obtsined frow
15 birds of various breeds varied from 241 - 371g. The chemicel
compogition of the shell is shown in Teble 1. The proteinsceous
material consists of & collagen-like protein anéd sn acid wmucopoly-
ssccharide, probebly mucoitin sulphuriec scid (Simkies & Tyler, 19857).
This waterisl, whose concentrstion is grestest on the inner surface of
the shell, ceccurs as delicste interwoven fibres the interstices of
which are rilled with inorgenic subastances. The shell is perforsted
with 7,000 - 17,000 pores (Tyler, 1953, whose distribution lies some~
where between rendowness and uniformity (Tyler, 1955, The resder
is referrec¢ to the paper of Tyler (1966) for a fuller considerastion
of the pores The outer surface of the shell is covered with »
proteinscecus deposit, the cuticle, which is thought to plug the

outer orifice of many of the pores, & function thet was investigated by



Mershell & Cruickshenk (1938). The inner surfsce of the shell is
composed of knob-like processes, the memwillse, the apices of which
are rich in proteinaceous masterisl similer to that found in the shell
proper and, in addition, & Sudanophilic subastance and & reducing
substance neither of which is present in wore then trace emounts
elsewhere in the shell (Siwkiss & Tyler, 1957). These splces are

alsc the termini of wany keratin fibres which heve their origins in
the shell wewmbranes The dats concerning the physical strength of the
shell have been reviewed by Tyler (1961lb) and the genetic basis of
shell quelity has been reviewed by Baker (1960).

The shell wembrsnes. The inside of the shell is lined with two

mewbrenes, the inner and outer shell wembrasnes. The eir cell
provides the most easily obtained evidence of the existence of these.
This cevity. which is normally locsted at the egg's blunt pole, is
formed when the inner shell wewbrane is pulled swsy from the outer
membrane. This occurs es a result of unequel reductions in volume
of the egy shell and egg contents due to heat lost following lsying.
In sddition, the eir cell asccommodates to the further reduction in
the volume of the contents of the egg which results from evaporastion
during storage. 1In consequence, the size of the air cell serves as
a useful index of en egg's freshness.

The outer shell wembrene is, on sverage, 0-050 wwm and the
inner membrane 0:015 mm thick. Varistion in the thickness of
individusl wembrenes has been exswined by Tyler (196le). Each
mewbrane consists of numerocus laminstions which cen be teased apsert.
Eech leminstion is cowposed of numercus net-like streta formed from
enastomosing keratin fibres. The thicknesses of these fibres vary

in the different strata, those of the innermost strata being
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smeller then those in the strata nearest the shell. 1t is the
fibres frow the lastter which terminste in the wemmillee. It is
thought that the networks sre strengthened and their interstices
blocked by either slbuminous cementing weteriel or mucin fibres or
both.

Both mewbrenes sllow the pessege of water, geses and selts.

The outer membrane differs from the inner in thet it also ellows the
passage of lsrger wolecules such as Congo red, carboxyhaewoglobin snd
ovelbumin.

A8 Ter s een be secertsined direct evidence of changes in the
chemical or physical properties of the wembrenes during storsge of
eggs has not been sought. Brooks (196Cb) considered thet such changes
wey have been responsible for the improved reate of growth whieh he
observed with Pseudomones spp. seeded ontoc the eir cell membranes of
sged eggs. 4n explanstion which does not sppesr to be tensble in
view of the results discussed on psge 95 of this thesis. The incresase
in the rate of growth of & pseudomonad on the wewbrsnes in vitro which
resulted frowm the storsge of the mewbrenes for three days prior to
inoculetion (Elliott & Brant, 1957) elso iwplies sowe alterastion of
the properties of the membranes but the nature of such glterstions has
not been elucideted.

T hite. This consists of 4 leyers (the brecketed figures refer
to the relative volume of eech): outer liquid (23-2 ), thieck (857:8 )
inner liquid (16+8° ) and chalsziferous (2:7°). The lstter is formed
by & matted fivrous capsule embedded in dense slbumen immediately
surrcunding the vitelline wmembrsne. Fibres frow this layer collect
et the poles of the yolk to form the chaleszee. These cord-like

structures, sowe fibres frow which terminste in the shell wewbrenes
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6t the poles of the egg, help to meintein the yolk in & central
position. They are essisted in this by the thick white. Brooks &
Hele (1959) found that this "is & wesk gel interpenetrsted by &
systeun of microscopic elastic fibres end not, as is usuelly believed.
werely an entanglement network”.

The percentage, definition and conaistency of the thick white
sre of perewount importence in egg quelity, & charscter which is not
eesily defined but whose stenderds cre determined by consumer
prcrerenceé (see Snyder, 1961). Broadly spesking, the market demands
an egg with & high percentsge of well defined thick white, and eny
departure from this is aessocliated with staleness. Fsctors affecting
egg quality have been reviewed by Sherwood (1958). This property
sppears to be deterwined by heriteble factors (Baker, 1960, whose
influence weskens with the ageing of the hen (Romsnoff & Romenoff,
1949). The consumer has tended to associste poor guality with
particular systems of wenagement (e.g. betteries); the falleciocusness
of this view has been shown by the investigetions of Froning & Funk
(1958), Welker & Ufford (1958) snd Bryce Jones, Houston & Herries (1961).
The rete of deteriorstion of egg quslity is deterwmined both by the
initial quelity (lMay, Schwidt & Stedelwan, 1957) snd the wethod of
storsge end handling. Jorden, Berr & Vilson (1954), Funk (1956) end
Beum., Stedelman, ‘alkup & Darroch (1960) ell reported rapid
deterioration in eggs stored at high temperatures. In addition,
Dryden & Hale (1937) found that egg quaelity wes seriously affected
by transportation, perticularly in the case of eggs whose air cells
were not uppermost.

The yolk. The yolk wewbrane provides the physicel boundery between

the yolk &and the white. This lswinsted structure consistas of s layer
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of collsgen fibres coated with some ss yet uncherscterized substance -
the vitelline wembrene - overlaid with & layer of wmucin fibrea -
chsleziferocus wewbrane - (Doran & Kueller, 1961). The egg yolk
is chersoterized by its coumplexity. The principel orgenic constituents
ere proteins (32 - 33%), lipids (62 - 647) end carbohydrates (2¢).
The colour of the yolk, which is wainly determined by the content of
carotenoid pigments in the hen's diet, occurs es alternating
concentric lsyers of light and dsrk coloured materisl, an errangenent
"which is essily seen in & trensverse section of & herd-boiled egg.
The centre of the yolk is occuplied by light oolobreq materisl, the
latebra, snd this extends out to the blesstodisec situeted
imwedistely below the vitelline wembrsne. This structursl asymuetry
is essocisted with the fact thet the yolk comes to rest with the
blestodlisc uppermost.

in the newly laid egg there ig & difference in osmotie pressure
of the order of 1-8 stuospheres between the white (freezing point,
31°24%") end the yolk (freezing point, 30-83%°F). This difference is
slowly reduced during storesge, & phenomenon theat has been reviewed
by Brooks & Teylor (1955). It seecws that & diffusion gradient existing
inwerds frow the vitelline membrene is prineipelly responsible for
the slowness of this chenge and that the sewmiperwesble vitelline
mewbrsne pleys only & subordinste role. The specific gravity of the
yolk of & newly leid egp is greater than that of the white, a
situstion which is reversed during storsge. The specific gravity
of the yolk decresses as & result of water being taken up; the
specific gravity of the white incresses due meinly to weter lost by
eveporation. In sddition, the upteske of water by the yolk results
in & decresse in the viscosity of the yolk materisl and & stretching

and weakening of the vitelline Wewbrane.



rrofound chengee in the appesrance of the yolk end white
follow either the storsge of eggs laid by hens fed with substances
obtained frow plants of the order Malvsles or by tresting egee 1in s
certein way. In the forwer cese, Sherwood (1928, 1931) end Lerenz,
Almguist & Hendry (1932) eppesr to have been the first to sssociste
the occurrence of "pink white” with constituents of the hen's diet.
Schsible & Bandemer (1946) showed that the tinting wes causeéd by
iron diffusing from the yolk end forming & chrowogenic cowplex with
conalbuwin. Shenstone & Vickery (1989) found that cheanges in the
structure of the yolk and in the pH of the yolk and white occurred
first and that wigrstion of iron snd swino scide from the yolk to
the white snd other substances frow the white to the yolk occurred st
e leter stage. The sctive constituents of welvaceous plante hsve been
identifie¢ ss sterculic end welvelic scid (Messson, Vevich, Heywesng &
Kemmerer, 1957; Shenstone & Vickery, 1956; Mecferlane, Shenstone &
Vickery, 1957; Shenstone & Vickery, 1961). These ascidas, both of
which give a positive Helphen resction, are the only known fatty acids
that contein & gyclo~-propene ring in their structures. GShenstone &
Vickery (19569) consider thst this woleculsr srrangement is probsbly
responsible for the disorgenization of the contents of an egg. This
disorgenization was thought to be due to increassed permesbility of
the vitelline wewbranes (Schaible & Bendewmer, 1946) but Shenstone
& Vickery (1959) consider thet the chsnges are probsbly due to
chengea in the structures of emulsion end boundary layers of the
yolk. &n explenstion which is supported by the observations thet
both the scids are secreted into the yolk and thet both of thew have
high surfece sctivity (Shemstone & Vickery, 1956). Chenges similar
to those described sbove have been reported by Hele (19850) in the
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cese of eggs thet were frozen at temperstures sbove 21+2°F and then
stored for 4 - B8 weeks at 38°'. The chenges in the physico-chemicel
systeuws of the egs thst sre responsible for this feult have not been
elucideated.

Chemicul composition of the white. The genersl composition of the
white hes been reviewed by Romenoff & Rowenoff (1949) end Brooks

& Teylor (1955) and the egg white proteins have been reviewed by
Fevold (1951) end vernsr (1984). As will be seen from Table 2,

the white is composed weinly of water plus proteins and & swmall emount
of cerbohydrate (glucose; Paréridge, 1948). 1In sddition, it conteins
smell smounts of various vitawins (see Tablé 5), & large number of
minersl elewents - & concise review of which is given by Brooks &
Taylor (1955) - snd non-protein nitrogencus weterisl, the swmino

acid frection of which has been investigated by Ducay, Kline,

& Mondeles (1960). The sepsrete lsysrs of the white differ in thelir
chemicel end physicel properties, the grestest being in ovomucin the
waejority of which occurs in the thick white. Our knowledge of the
protein cowposition of egg elbumen is founded on dete obtsined from
electrophoretic enslyses, the results of one ér which &re given in
Table 3. This knowledge may need to be revised in view of the results
which Rhodes, Azeri & Feeney (1958) and Mendeles (1960) hsve obtained
from gneslyses using e form of paper chromatogrephy. Thie method

hes indicated the presence of proteins in sddition to those found by
the first wentioned method. It would seem thet an essessment of these
differences must awsit studies in which both wethods ere used in
parallel. The esctuel cowposition of the egg white is determined by
heritsble fsctore (Forsythe & Foster, 1950) snd the composition of

the hen's diet (Csonka & Jones, 1952). The influence of the first
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mentioned 1s illustreted by the electrophoretograms of Lush (1961).
Qur knowledge cof the biologicsl sctivity of the various proteins is
summerized in Teble 3. When these properties were used as an index
of & protein's distribution in the veriocus lsyers of the white, it
wee found that ovomuein wes the only one which was locelized in one
area, the thick white (Feeney, Ducey. Silve & KaecDonnell, 1952),
thus confirming the evidence obteined from other wethods of snalysis.
Microbiologicsl assay wmethods heve aléo shown that the lysozywe
content of the chalszae is 2.- 3 times grepter than that of en equsl
smount of thick or thin white (

7. Bsker, Hartsell & Stedelwan, 1959). Moreover, the lytie
ectivity was found tc be increused by incubating the chslaszae with
& "mucinese"” produced by either Proteus vulgsris or Serrstis marceéescens
or by holding them in distilled water st 379 for 24 hr (Beker, et sl.
1959 ).
Chenges occurring durin he storege of en egg. I1n general the
foregoing hse been limited to s discussion of the state existing
in s fresh egg. The following changes occur during storsge: a) an
elkaline resction develops in the white, b) the loss of water frow
the white resultes in i) & decresse in the volume of the white which
is essociated with ep ineresse in the size of the air cell ond
ii) ap increese in its specific grevity, ¢) the variocus lsyers in
the white diseppeer and 4) the yolk becomes enlerged &s & result of
absorbing weter (see page 7).

The pH of the white chsesnges in the period immediately following

laying (Hesly & Peter, 1925). At the time of laying the white hss
e pH of sbout 7.6 but this rises, due to the loss of COg, to sbout

9.6 during the esrly storage period snd does not drop apprecisbly
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thereefter. This chenge nermslly occurs in the first 3 days in eges
stored at roowm teuperature. The rate of chenge and/or the ultimate
value csn be modificd by chaenges in the conditions of storsge. For
exsmple, the prate of change csn pe sccelersted by reising the storsge
tempersture (Sherp & Powell, 1931) and the ultiwate vslue can be held
below the normel by storege in atwospheres rich in COp (Moren, 1936).

The physicsl chenges which occur in the white sre illustreated
by the dete given in Table 4. The thick white contracts srcound the
yolk end, in so doing, 1t sppesars to force the inner thin white out
intc the outer thin white. Brooks & Hale (1989) have discussed |
possible explsnetions of these chsnges, psrticulsrly in respect of
the breskdown of the thick white, snd they conaider thst it way be due
to &« non-enzywic interacticn between the lysozywe snd ovouwucin
(Hewthorne, 1950), en explenstion favoured by a nuwber of other
investigotors (Hawthorne,K 19560; Feeney et sl. 1952; Cotterill &

‘inter, 1955; Wilcox, 1955).

The yolk tends toc settle in & fresh egg, but chenges in its
aspecific grevity result in the yolk becowing wore bwoyent {see page 7).
This together with the breskdown of the thick white snd the contraction
of the chalazae resulte first, in & notable increese in the frecdom
of wmovement of the yolk end finslly, in the yolk rising snd waking
contact with the shell wmembrese.

The rotes at which the chsnges dlacussed above occur are,
brosdly spesking, & function of the storsge tewpersture, the rate of
chsnge is incressed by en increasse in tewpersture.

Romenoff & Romenoff (1949) hsve reviewed the early reports
relating to chewicel changes occurring in stored egps. These reports

were wainly concerned with egge stored for periods of sbout & yesr and
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sre, therefore, of no immediste intereat to the egg microbiologist who
is meinly concerned with changes which might occur during the first

3 months storsge. By peper electrophoretic analysis of the egg white
proteins, ivens & Bandemer (1956) found & very slight reduction in the
composition of the ovelbuwin, s very slight reduction in the swount of
lysozyme and a slight incresse in the smount of both ovomucoid plus
ovoglobulin end conalbumin in eggs stored for 3 wonths ( the conditions
of storoge were not stated). Stute (1960), using wethods similer

to those of Ivans & Bandewer, found that significant changes could only
be established when eggs had been stored for more then either 1 yeer at
3% or 2 months at 22°. The investigution of Feeney et gl. (1952)
provides the most pertinent information on this aspect. They found
thet there wss no sigrificsnt reduction in the biologlcel sctivity of
lysozywe, conalbumin, ovowucin, ovomucold or evidin during storage for
either 15 days ot 35° or 45 days et 23°. Evens end his collasborators
have investigsted the changes in the ccncentretion and distribution of
vitawine during storege. They did not exawmine the stored eggs for
wicrobisl sterility, sn owigsiocn which wust be remembered when
sttewpting to sssess the significence of the regults summarized in
Teble 5. It will be ncted thst only vitemins Bg, Byo ond rivoflevin
showed eny werked reduction end thet pentothenic acid wes the only

cne to show eny werked chenge in distribution. This lastter observation
indicstes that one hes to consider the wigration of yolk materisl

when discussing changee occurring éuring the storsge of en egg. 1In
this context, it has been found (Schaible, lavidson & Bandemer, 1946)
thet iron migretes from the yolk to the white; the slbumen contained
7ng/100g elbumen et 1 month end 118ug/100g slbuwen et 8+5 months.
Simflarly, Duecsy, Kline & Mancdeles (1960C) considered that the incressed

concentration of free swinc scids in the white of stored eggs wes due
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to & slow diffusion of these substences frow the yolk. Lineweaver,
Morris, Kline & Peen (1948) found that, epart frowm lysozywe, the
white conteined only traces of enzyumes (catelaese, & tributyrsse snd
& peptidese), evidence which suggests that the principesl changes

occurring during storage are not wedioted by enzyme setion.

THE ANTI-MICROBIAL DEFENCE

A certein selection has been made in the choice of litersture
considered in this section. Reports of & technologilcel nature (i.e.
those desling with the influence of weshing on the ineidence of rotting
in stored eggs) have been cmitted. MNeny of these do contein observations
relevant tc the present review but it is felt thet this relevance is
wmore clearly seen when these reports are considered sgainst & beck-
ground of dats obtained frow more fundawentsl investigations.
in the interest of elsrity the litersture will be considered under
three hesadings.

The shell

The pores, which number betwsen 7,000 - 17,000 per shell
(Tyler, 1953), the meen dlemeter of whose cansls can be of the
order of 25 - 35p (Tyler, 1556), are obvicusly the potential
avenuéa for the entrence of becteris end fungi into eggs. This
inference is supported by the demonstration that yessts and bacterie
een be drawn through shells from which the mewbranes have been
rewoved (Haines & Moran, 1940; Csribsldi & Stokes, 1958).

Both Heines (1839%) end Romgnoff & Romenoff (1949) have
reviewed the esrly litecrature desling with wiercbial penetrstion of
the shell of intset eggs. In the csse of bscteris, the standerd

spprosch wes to iwnecrse the egg in & breth culture and, efter o

suitable period of incubstion, test the contents of the egg for the
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presence of visble becteris. A grest range of bacteriasl types have
been found to pasy through the shell under these conditions but

these presulis sre only of scamdemic interest because of the
unliikelihood of such conditions obtaining in presctice. The
penetration of fungal hyphse into the pores of eggs held in very
woist chembers has been frequently dewonstrated (e.g. Weston 4 Halpan,
1927) and in one cese, Lsgsevsky & Lutikova (194®/), it wss found that
this pemetirstion can result in the deposition ofxbacteria in the
contents of the egg.

Haines (1958) wus unable to recover visble bescteris frow the
contents of egps which had bzen held for either 1 or 12 hr in a
suspension of & pseudowonsd snd, woreover, he found thet such
treatwent did not prowote rotiing in eggs stored for @ fortnight st
20°. It wust be pointed out thet he did not attempt to isolate
bacterie from the shell membranes (ef. Bean & MecLeury, 1$59) nor
did he tske precsutions to ensure thet the wediuva wsse not rendered
ivon-deficient by the conslbumin present in the ssuple of albuwen.
There wos & significant level of contsmination of the contents end
& concomitant incresse in the incidence of rotting when eggs were
brushed before veing iwmersed in the becterisl suspension, evidence
which suggests that sowe protective materisl, possibly the éuticle.
hed been removed from the outside of the shell. Both Stusrt &
MeNelly (1943 end wilson (1945, have reported nigh incidences of
contamination of the shell wewbrsunes following the wiping of the
shell with @ cloth woistened wiitn pseudomoneds. In the case of
soiled second guslity eggs, Heipes (1938) found & 137 incidence of
rotting in unwashed eggs snd this incidence wes increased to 19%

when the eggs were wiped with & dawp cloth end further incressed to
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315, when the shells were rubbed with steel-wool plus asnd.
Similerly, FProwm & Monroe (1860) found that the ineidence of
rotting could be increased by rubbing the shells of uwoist eggs
with cheese cloth prior to their imwmersion in e broth culture of
Pseudomonss aeruginosa. Haines & Moren (1940) re-investigeted this
problem but thelir results cennot be compuared with those of Hsines
(1938 ) becsuse of differences in both the tewpersture and

relative humidity of the store ss well es in the period of storsge.
in this letter study, uaing-ﬁhe incicdence of fluorescence of the
white of stored egge ss an index of the effective penetration of
the shell with pseudowonsds, they found en aversge incidence of
17:6% (0 - 41%) for egge which had been immersed in & bscterial
suspension when both of these were at sbout the ssme temperature.
The incidence wss incressed to 1009 when either egps immedistely
they had been lald or eggs which had been re-heated to 930?,

were immersed in cold suspensions of pseudomonsds. They concluded
that the contraction of & werm egg reaultedlin bacteria being
sucked through the pores of the shell. Been & MaclLsury (1959)
recovered viable bseteris from the inner surfsce of 90 - 1007

of shells imwedictely efter worm eggs hed been iumwersed for 15 win

in cold suspensions of either Streptocccaous faecelis, Proteus
worgenii, Proteus vulguris or Iseudowonss seruginoss. Moreover,

B - 904 of the eggs had viable bacterias on the inner surfoces

of their shell mewbranes and O - 307 of the albuwens were
contewinated. If the eggs, after being removed from the bscterial
suspension, were stored for 7 days et room temperature, then there

Wes sn apprecisble increpse in the incidence of contewination of

poth the shell wembranes and the slbumen, 1t would seew ressonable
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to expect & close parallelism between the incidence of contaminstion
of thé inner surfece of the shell membrenes and thet of the whites.
Sueh & psrellelisw is not apparent in the report under considerstion
end this may be due to the method of sempling. A cotton swab wsas
dipped into the white snd then stresked onto a nutrient ager slope

( incubated for 24 hr at 379) and no precauvtions were taken to ensure
thet the wedium wes not réendered iron-deficient by the conslbumin
c.oried gver on the awab.

4 possible contribution by the shell to the snti-microbisl
defence of the egg wes sugpested by a thecretical considerstion of
the suitability of the shell &8 & medium for wicrobisl growth,
perticulsrly in respect of svailable water (Gillesple & Seott, 1950).
Un the sssumption that the water sctivity of the shell membranes is
ebout C+996 and that the wetcr vapour pressure gradient through the
shell.ia linear, they concluded that level of sveileble water (0-98)
suitsble for the growth of pseudomonads would extend outwsrds from the
membranes for & distence of sbout Bga in the csse of eggs held at 0°
end & relative humidlity of 88k. This distance would very with changes
in eny of the following: tewpersture, relative humidlty end shell
thickness. A value of 0*98 eveileble water was chosen because of
Scott's (1986) experience with pseudomonads growing on the surlsce
of mest, &8 wmedium which can be eonsidered to pe wore satisfactory
than the egy shell. This beiung so, the Tigure of 3%p;may need to be
revised in view of our knowledge (Wodzinski & Frszier, 1960; 1961a, b,
¢ and d) that en orgsnise’'s requirewment for woisture is determined by
wany environmental factors. Nevertheless, it would eppesr that an
organism does have to be lodged in very close proximity to the

mwempbranes before it is in & position to infect the ccntente of the egg.
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Gillesple & Scott (1950) found thet eggs with white shells
developed o significantly grester percentsge of rots then brown shelled
eges produced on the sswe farw and subjected to the sswme conditions.
Although the mesn shell thickness snd the shell denasity were very
siwiler in both types of eggs, these suthors were of the opinion thet
the observed differences were due to some inherent fesctor in the shell.
The true nsture of this phenowenon is not clear.

Shell membrones

The shell wembranes appear to have two roles in the snti-
wmicrobiel defence of the egg: &) wechsnicel snd b) chemical.
Heghenicel. Hindrance of bscterisl penetrstlon into the egg was
suggested by some of the esrliest work (for references, see Hasines,
1229). dore recent investigators have concluded that, in the case
of rot-produecing becteris, this is the primery function of the
membranes (Cillespie & Secott, 1950; Stokes, Osborne & Beyne, 1956;
“elden, Allen & Trussell, 1956; Garibsldi & Stokes, 1958; Kreft,
£lliott & Brant, 1858,. The wost direct evidence in support of this
conclusion has been presented by Walden gt al. (195%) and Geribeldi
& Stokes (1958). In the csae of the latter investigators, who used
the orgenisma which Florian & Trussell (1957) hed isolated from
rotten eggs, 1t wes found that the mewbranes behaved &8 bacterisl
filters, 2 property which was lost during the exposure of the
membranes to bscterisl action. Similsrly, using & pseudomonad which
hsd been harvested from s wedium containing Pg%20g snd the level
of radio-gotivity in the filtrate as an index of the efficiency of
the wewbrsnes ss bacterisl filters, Walden gt sl. (1966) found thet
the wmembrenes restrained the crgsnisws for periods of 15 - 20 hr.

Whether the loss of restraint was due to bscterial sction or whether
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it was due to weesknesses crested in the wembranes during thelr
exposure to rigorous methods of prepsration and aterilization
ernnot be decided. 1In the case of both inveatigetors, the
organisms were foreced through the shell end shell mewbranes

in & direction opposite to that which cceure normally (i.e. from
the inside of the shell cutwerds). In the latter esse, Been &
Fecloury (1959) - see page 1B -~ gave results which indicate that
the wembrenes sre cesily breeched when & werm egg is sllowed to
contract in a ¢old becterisnl suspension. It would appear,
therefore. thet the membranes offer only sn imperfect barrier

to bacterisl penmetration.

Chemicel. Korotkove (1957) detected lysozywe in the ahell wembrenes
snd considered that this substance, which remeined in the wembranes
during the esrly stages of incubation, pleyed en iwportent role in
the defence of the developlng embryo sgainst Gresu-positive bscteria.

The presence in the memwbrsnes of substence(s) toxic to rot-
producing baeteris wes sugpested by the work of Stusrt & MNelelly
(1943). 'They observed sn 80" mortsllity in the 4 hr fellowing
the eddition of Pseudomonss seruginoss to finely-ground weubranes
‘suspended in seline.

Alternative interpretotiocns of this obeservastion have been
offercd (CGillespie & Scott, 1950); newely, thust the aspperent
reduction in viable numbers may heve been due to either adhesion
between bacteprin and Lragments of wewbrene cor toxicity of the saline.
Subseguent investigstions heve ghown that the letter is the most
probsble interpretsticn. ¥Fopr instance, ttokes & Csborne (1956) noted
¢ reduction in the number of visble cells of elther Psecudomonas

seruginogs or Pseudowonss fluorescens when these were added to either
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a suspension of wembranes or the suspending wedium (saline). After
sbeut 1 - 4 hr following inoculation, the die-off in the wmewmbrane
sugspensiocn, which wes less than that in the seline controls, atopped
end multiplication followed. Regulta different frowm these were
cbtained with wewbers of the coli-aserogenes group. In this case, the
number of visble cells in both the mewbrane suspensions and the
spline rewmained constant for upwards of § hr following inoculstion,
efter which time bocterisl multiplication begen in the mewbrane
sugpenaion end ¢ werked die-off occurred in the control. Theage
euthors made sn unsuccesaful sesrch for & non-toxic suspending
mediuvm. Ellioctt & Brent (1967), vsing & strain of Pseudowonss,
devioed o suspending wedive which did not exaggerste the lsg-phase
of growtih.

The toxiec cgent(s) in these suspending wedie have not been
identified but the aveileble evidence does suggest that the toxicity
wight be due to wmetsl ions. The chelation of these by proteins is
e possible interpretation of the observed reduction in toxicity
following the addition of wembrsnes tc the suspending wedia.

Garibeldi & Stokes (1958) repcrted significent wultiplicstion
of both slgeligenes bockeri and Protevs melsnovogenes (Aeromonss
liguefsciens) in wewmbrane suspensions. Five out of 6 strains of
Ale. bookeri were the only bescteries of the many tested which
libersted ninhydrin-reacting substances during growth in membrene
suspensiocns.

The influence of the shell wewbrsnes in situ on wicro-
organisms has been infreguently studied (Zlliott, 1954; Brooks, 1960Db).
Kevertheless, 1t hss been esteblished that strsesines of fseudomonasg
ean live in this situstion. Both Elliott and Brooks noted thst
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significent numbers of viable corgsnisms were not recovereble from
the white until some considereble period fellowing inoculstion.
This situstion way be more epperent then resl. For, sa fer ss een
be sscertsined, neither of these investigstors tooi preceutions to
ensure that nutrient mwedie used for testing the white for the presence
of visble organisms were not rendered iron-deficlent ss & result of
the addition of conslbumin in the sswple. This together with the
difficulty of messesalng the possible influence of the anti-microbisl
defence of the white wesns that the exset role of the membranes in the
defence of the egg cammot be eesily elucldated by this type of
experiment.
4lbumen

The wmost recent reviews of this sepect (Haines, 1039; Romenoff
& Romavoff, 1949) were prepsred before the more iwportant work wes
done. 1In the following, thercfore, the literasture will be reconsidered
in the light of wodern knowledge. The nature of the anti-microbisl
defence of the slbumern is most easlily spprecisted when 1t iz considered
es o wediuvm for wicrobial growth, sn gpproseh which hes been edopted
in thia review. 1In the present context, the teru growth is used to
cover wultiplication &nd, in sddition, the formetion of enzywes whose
synthesis wsy be influenced by the cowposition of the medium. This
latter eepect hes been recently reviewed by Pardee (1961).

Intrinsic factors

The corcept that the elbumen is sn unfa#our&ble medivm for
micerobial growth erose frow observetions msde st the turn of the
19th ecentury (for references, see Helnes, 1939). This hns been

confirned in some recent investigaticns (Norotkove, 1955; 1956e end b;
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Brooks, 1960b,. Apert from the recognition that the white hes @
strongly alkeline resction and thet it conteins lysozyuwe, the
investigotion of this defence did not make progress until methods
were devised by which the principel proteins of the white could be
isoleted in relatively pure and undenstured forwm.

Availebility of water. The water sctivity of the white is 0°995
(Swith, 1934), & value which is considered to be optimsl for the
commonly occurring wicro-orgsnisws (Mossel & Ingrem, 1958).
Hydrogen-ion concentrotion and buffering power. The effect of the pH
of the white on bscteris wes investigeted by Sharp & Vhiteker (1927)
using species of Bacillus snd I'seudomonss end members of the coliform
group. Stendard volumes of egg white with pH velues covering the
renge 5°U - 10*b6 were inoculated with 1 wl of ¢ 3 hr broth culture
end incubated et 37°. & eclony count was made on the initisl inoculum
end on the egy white after 6 hr incubstion. liome or very few viasble
organisms were present when the pH was either 95 or 10¢5; at pH
values necrer to neutrality, the majority of orgsnisws wultiplied.
The excepticn, Beeillus subtills, wes presumebly killed by lysozyme.
Kultiplication occurred in thermally denstured ege white whose piH

wes 9«4, thus indiceting thst the piH slone wes not responsible for
the observed killing. CGeribeléi (1960), using the orgsnisums

which Florisn & Trussell (1957, had isolated frow rotten eggs,

found only one orgenism, & strain of jlcaligenes bookeri, which would
grow in egg white whose pH wes 9+°1. Many more orgenisms grew when
the pH wee adjusted to 75. 4All the orgenisws grew when egg white,
either st pH 7°9 or 9+1, wes supplemented with iron in quentities
sufficient to ssturste the binding potentisl of the conalbumin.
Brooks (1960b), also, hass claimed that the growth rate of pseudomonads

: dition of iron; wmore iron wes
in egg white cen be increesea Y e ©¢
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required when the pH wes 93 than wes required when the pH had been
edjusted to 6:-0. The meximum responze obtained in this wey did not
result in & rate of growth equal to that obtsined in & chemically
defined wedium, evidence which led Brooks to conclude that some other
factor, possibly the inedequate supply of suvitsble combined nitrogen,
was also influencing the organisws.

It would eppear that the pli of the white ects in two ways:

&) es en inimicael property, and b) as an sdjunct to the biclogicsl
activity of conalbuwin, & review of which ies given at & later stage.
The proteins of the white end the bicarbonate buffer systew

offer very little buffering eépaoity between pH 7+0 = 9+0

(Cotterill, Gerdner, Cunninghem & Funk, 1959). In consequence,

many contewporary investigetors ere of the opinion that scilds
arising frow microbiel actiocn on the glucose in the white of en
infected egg lowers the pH to & value more optimel for the con-
teminents. Such & phenomenon is known to occur during the induatrial
fermentation of egg white (Brooks & Teylor, 19565), but its occurrence
in infected eggs has not been dewonstrated.

0 winor winerel wments. A detailed suwwery (Brooks & Taylor,
1955) of meny snaslyses shows thet the white conteine sll the msjor
and minor elements which are known to be essential for mierobial
growth. 1t would seem, however, that some of these may be rendered
unavaelilsble to miero-orgenisms ss & result of their combinstion with
substences (e.g. proteins and riboflavin) in the white. Of these,
only one of the principal proteins, conslbumin, hss been shown to
play en importent role in the egg's defence. Ilts action wes first
observed by Schade & Caroline (1944) end its identity wss esteblished
by Alderton, Verd & Fevold (1946). The esrly investigetions of the
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physico-chewmical properties of this substence haeve been reviewed by
Pevold (1981) and Werner (1954). Pertinent materisl from these
together with repcrts published since 1954 will be considered first so
thaet the biclogical sction of thie substence may be seen in & proper
perspective.

Conalbuwin, an slbuminous protein whose occurrence in egg white
was first recorded by OUsborne & Campbell (1900), is an orgsnic ligsnd
with properties similsr t¢ those cf the serum albumen, siderophilin
(trensferrin,. 1t accounts for sbout 10% of the totsl egy white
solids (Longsworth, Cannan & usclnnéa, 194C; slderton et sl. 1946)
and is uniformly distributed in the fhick and thin white (Fecney et
gl. 1952). 1ts sequestering power is not detectably reduced by
short periods of storsge (Fecney et gl. 1962). Moreover, its
sequestering potential would not sppeer to be exhsusted by the iron
diffusing from the yolk during the storsge of eggs (8chaible,
Davidson & Bendemer, 1946; Geribsldi, 1960).

Severzl methods hsve been devised for the separation of
conslbumin from the other proteins of the white: precipitation with
awmoniuvw sulphate (Alderton gt gl. 1946), precipitation with ethenol
(Bain & Deutsch, 1948), and abscrption ontc carboxymethyl-iellulose
(Rhodes, Azeri & Feeney, 1958; Woodworth & Schade, 1959). The iron-
complex hass been crystellized by Warner & Veber (1951). The
moleculer weight hes been veriocusly reported ss 70,000 (Longsworth
et sl. 1940), 87,000 (Bain & Deutsch, 1948), 76,600 (Warner & Weber,
1951) and 85,000 + 20C (Fuller & Briggs, 1956). The last wentioned
value wes obteined frow & very couprehensive investipetion and would
seem to be the wost probeble value.

Conalbumin forms @ chromogenic complex with ferric ions
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{sslmon-pink) end cupric ions (yellow) and a colourless complex
with zine (Freenkel-Conrat & Feeney, 1950; Werner & Weber, 1951).
The ferric ions are wore Lirmly cheleted than the other two. Although
the active groupse have not been identified, the hydroxyl groups of
tyrosine have been impliceted (Werner & Veber, 1953) The formstion
of the iron-ccwplex requires 1 wolecule of CUg &8s either COz= or
HCOz=per estom of iron snd 3 protons are relessed (Warner & Weber
1953). The ability to form the cowmplex is destroyed when the
protein is denatured by sny one of several methods (Freenkel-Conrat
& Feeney, 1950).

The properties of the iron-complex are different from those
of conelbumin, the cowplex is less soluble end more resistent to
enzymic digestion end thermal denaturstion (Azsri & FPeeney, 1958;
1961). Other differences of & physico-chemical nature have been
listed by Fuller & Briggs (1956).

Schade & Caroline (1944), working with Shigells dysenterise,

Stephylococeus sureus, Zscherichis goli, end Ssccheromyces gerevesise,
observed growth inhibition in nutrient broth conteining egg white

(C*02 ml / 1 wl broth). The degree of inhibition wes influenced
by the yH of the brnth; et pH 5+8 and below. growth in the supplemented
broth could not be distinguished frow thet in unsupplemented broth;
between pi 5.8 - 6-4, there was o partisl inhibition and at velues
greeter than 7-4, the inhibition wes complete for 48 hr st 37°. Of
ten vitewins and 31 eleuents tested, iron slone overceume this
iphibition.

The effect of pure preparstions of this protein on becterisl
growth has been examined (Fraenkel-Conrat & Feeney, 1950; Feeney &

Nagy, 1962). When conelbumin waes added to wedis ip stoichiometric
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excess of the totsl iron found in the medis by chemicsl analysis.
inhibition of growth of wost of the orgsnisms were observed. This
inhibition expressed itself by an incresse in the lag-phsse of growth
and decressed rates of growth onece growth had begun. Gchade (1958),
using redio-sctive iron, hes slso claiwmed to have demonstrated the
importance of conaslbumin being in stoichiometric sxecess of iron.
Peeney &nd his collsborstors found thet different orgenisms showed

different degrees of inhibition which may be recorded thus: Micrococcus

lysodeikticus (wost sensitive) >lidorococcus pyogenes and Micrococcus
conglomerstus >Becillus subtilis >4 Grem-nogetive becilll. Different

degrees ol iphibition have glso been noted among rot-producing bascteria
(Geribeldi 1960). These differences are presussbly e reflection of

- different orgenisws' requirecuents for iron and, as such, ere in concord
with sur knouled;ye of these requirements (Waring & Werkmen, 1943),
Ineressing the pH, which decreases the dissocistion cf the iron-
complex, ineressed further the inhibition of the orgenisws used by
Feeney and his co-uworkers. Of great intereat to the egg wiercbiologist
wes these asuthors' observetion that inhivition occurred when the
orgenisme were seporsted from the ligand by dislysis tubing. &4

siwilsr situation could conceivably obtsin on the outer surfece of the
shell membrunes.

Feeney & Nagy (1952, also noted the stimulstion of pigment
rroduction by pseudomonads growing in wedium supplemented with
conalbumin; the contemination of & supplemented wedium with
relatively large amounts of iron suppressed pigment production.

Schade (1958) hus claimed thet the utilization of glucose and
the prcduction of catalase bykggsggxlococgua gureus is sujpressed

by ecnalbumin.
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The bioclogicel setions of sequestering agents heve been divided
into & number of categories (Weinburg, 1957; Albert, 1958) Albert
hes listed the following: &) insctivetion of & metal in its biological
setting e.g. HCON polsoning, b) inereusing the sctivity of the metsl
ion thereby waking it either wore svuileble or toxie to an orgunism.
and ¢) weking an essential ion unsveilsble to un orgenism. It is
cleer from the aveiloble evidence that corslbumin belonge to category ¢).

Several interpretations of the observed extension in the leg-
phese of growth have been considered (¥Freenkel-Conrat & Peeney, 1950;
Feeney, 1951; Fecney & Nagy, 1952); namely, &) & slow relesse of iron
frowm the complex, b) iron released by becterisl digestion of the iron-
complex, ¢) wierobial adsptetion to growth in an iron-deficient
environment, snd d) toxicity due tec other wmetal ions (e.g. Zn, Cu,Co)
which essume toxic proporticns becsuse of & metal ion iwmbalance
resulting from the rewovel of iron. The eveilable evidence favours
interpretaution &) and is the situstion which eppears to obtain in eggs.

In this latter situstion, Geribeldi (1960) hss considered the
possibility of rot-producing bacteris synthesizing chelating egents
which would rewmove the iron frow the conalbumin-cowmplex. The
production end/or utility of such systems in other environs have been
demonstrated (e.g. CGeribsldi & Neilands, 1956; Williemws, CGroen &
Rappoport, 1956; Fogg, 1956) end Geribaldi (1960) wentions sowe
preliwinary findings of ¢ siwiler nature with rot-producing bscteria
in vitro, but, ss yet, the occurrence of this phenomenon in infected
eggs hesa not been domonstreoted.

The observation (Feeney & Nagy, 1952) that the addition of
riboflavin to wedia supplemented with conalbumin further incressed

the inhibition of microbisl growth lead them to suggest that this
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substence wight play e role in the egg's defence. These authors
congidered that riboflavin wes scting es a supplementary binder of
iron, an interpretotion that wes then tenable in view of the contew-
porary cleims (Albept, 1950; 1953) that this substance cowbinés with
divelent wmetals. This interpretestion has been plsced in dcubt because
of observations made in wore recent times. Riboflavin is not now
considered to be s strong cheleting agent (lHamwerich & Fallab, 1958;
Herkins & Freiser, 1959). Moreover, the iron in the egg oceurs in
the trivelent state (Helkett, Peters & Ross, 1958) snd, finslly,
riboflavin has been found to occur in associstion with & protein in the
egg white end the properties of riboflavin when combined with this
protein ere unknown (Rhodes, Azari & Feeney, 1958; Rhodes, Bennett &
Feeney, 1959). 4 possible interpretation of the inhibition noted by
Feeney & Negy (1952) is suggested by the observation of Reumsey &
#ilson (1957). These suthors noted that the sddition of riboflsvin
énd Mn to s wmedium resulted in the inhibition of Migrococcus pyogenes.
This inhibition, which wee not reversed by Co, only occurred during
aerobic incubation. Further work iz necessary before a finsl
conelusion can be wmede as to the role, if eny, of riboflavin in the
defence of the egg.

in the majority of experiments wmentioned above, environmental
fectors other than the non-asvelilsbility of iron were cptimsl; the
exception is provided by the investigation of Geribaldi (1960) who
uged nutritionelly non-exacting Crauw-negative bacteria. Other factors
can be expected to be sub-optimsl in the egy white and, in this cese,
the binding of wetals by proteins other then conelbumin might sssume
prectical significence. 4 recent report (Tenford, 19852) has listed the

couplexing strength of serum albuwen as Cu=>Zn>Cd >Pb; &« couplex was
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strongest when the protein was held st an slkaline reasction. The
unavallsbility of metals other then iron wight concelvebly either
prevent the growth of orgenisma wore nutritionally demanding than
those discussed above or wodify the metabolisw of contsuinasnts in the
white. In the latter context, it would be of interest to know whether
or not the binding of Ca by sloumen, s elaimed by Abels (1936),
prevents the formestion of proteclytic enzyumes by thosée orgsnisws which
require Cs for thie synthesis (Heines, 1831; 1932). A first atep in
the elucidstion of this problem would be & re-sssesswment, bused on
wodern methoda, of the claiw wmade by Abels.

In the foregoing review, the discussion hes been liwited tq the
situvation which could be expected to obtaln with normel eggs, either
freshly leid or stored for a short pericd. A different situstion
wight be present in certein types of sbnorwel eggs. For exeswmple, it
is conceivable that wicro-orgonisms would be able to sstisfly their
iron reguirements wore essily in egg whites conteining blood ("blood
spots”, "diffuse blood” or "weet spots” ;. This counsiderstion is
wainly ecadewic, however, becsuse sbunorwmalitiecs of this type ure
nermelly discarded during the priwary greding of eggs in countries
whose uerketing procedures ere highly orgenized. The occurrence of
eggs whose white contein sbnormelly high concentrutions of iron has
been discussed on pege 8. The avellebie evidence indicates that such
eggs do not conteln wicro-orgenisms. 1t is noteworthy however, thet
HeKenzie, Thow & Getty (1955) fovnd significent bocterisl contemin-
ation (wore than 6 orgsnisws/wl; in 255 of the 48 exswples of
"yellow rots” which they exemined. This asbnormelity appesrs to be
due to faults in the vitelline wembrane and/or tho diffusion grsdient

in the yolk. is such, it resembles the faults discussed on page ¥
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but it differs frowm these in that only & relatively short period of
storage is required before the esbnormality is wanifested. It may be
that the high incidence of contamination observed by McKenzie et al.
(1955) is mssocieted with this speed of wanifestution. The
contamination of the shell membranes and/or the albuwen with iron
during the washing of eggs way be of more practical importance. Such
& possibility has been the subject of much discussion in American
poultry journels following the report of Garibaldi (1960). At the
mowent, however, this asspect does not appear to have been the subject
of systematic investigation.

Energy sources. The cerbochydretes end proteins are the two main
gources of energy aveilable to conteminants in the white. At the
present tiwe, considersticn will be reserved to the first wmentioned;
the utilizetion of proteins is considered at & later stage.

Roménoff & Romanoff (1949) have reviewed the literature dealing
with the csrbohydrates of the white. Glucose is the only free
carbohydrate in the white (Partridge, 1948), the others, which are
residues consisting of mennose, galactose and glucosamine (Stacey
& Woolley, 1940; Johensen, Marshall & Neuberger, 1960), are cowbined
with ovalobumin and the glycoproteins, ovomucoid and ovomucin.,

The discovery that glucose was responsible for deletericus
changes in the quality of dried egg albumen stimulsted research into
me thods for the removel of this substance. This work, which has been
reviewed by Brooks & Taylor (1955), showed that it could be removed
by either wicrobial fermentation or glucose oxidesse. The esse with
which the fermentation could be started led to the belief among egg
microbiologists that in an infeected egg the glucose is readily
available to the contaminants. This belief hss not been tested

experimentally.
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A8 for g8 can be sscertsined, there sre no reports desling
with mierobial sction on the carbohydreste wolties of the egy white
proteins.

Cowbined nitrogen. The egy white conteins two forms of combined
nitrogen: protein nitrogen snd non-protein nitrogen. The former
comprises the me jor fraction of the egpe white golide whereas the
latter smmounts, on sverage, to only 18 wg/egy (Romanoff & Romanoff,
1949). Dueey, Eline & Mendeles (1960) have investigated the awino
scid composition of the lstter. They found at lesst 16 free amino
scids whose totsl concentretion wes epproximstely 0°14 - 0°*54 pmoles/ml
in the albumen of fresh eggs end up to 2:3 pmoles in albumen from
eggs held under verious conditions of storsge It is tscitly
sssumed by egg wicrobioclogiste that, beceuse the mejority of rot-
produeing bseteric sre proteclytic, they satisfy their nitrogen
requirements at the expense of the egg white proteins. This
assumption persiste in spite of the review by Heines (1839) in which
he outlined the difficulities confronting the orgenismg during the
early stages of an egg's infection. No ettempts have been made to
elucidate the problews discuseed by Helnes, s situstion no doubt
reaultiﬁg from the leck of knowledge concerning the conditions
required for the production and functioning of proteclytic enzywes
of Craw-negative bacteris. This sspeet has been reviewed by Haines
(1934) snd the few generalizations which can be drawn frow this
together with inform:tion contained in vore recent publications will
be cited in the following discussion.

The esrly workers esteblished that proteolytie besct ris
cen synthesize filteruble proteasses in & chemically defined medium

without the enzym-'s substrate being present provided that Ce is
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eveilsble. 1t would be iwmportsnt to Kknow whether or not the binding
of this elewent by slbumen, &8 clsiwmed by Abels (1836), prevents the
Tformation of proteaséa by contaminants in the egg white. Likewise,
it would be desirable to know whether or not the binding oi other
wetal ions (Kg, Kn, Co and Zn), the importence of which in the
ectivation of dipeptideses of Iseucdouwonus seruginoss weas mentioned by
Gule (1951}, has sny influence on the functicning of such enzywes if
and when they are produced 1n'contauinated “gg white. The eariy work
alsc reveslied thst orgenists would not grow end produce protesses in a
minersl wedium ¢ontulning & weil purified protein unless sowe other
more easily essimilsovle forw of cowmbined nitrogen wass also sdded to
the wedium. In this context, it would seem desirable to estsblish
whether or not the non-protein nitrogen of the white is suificient

in swount and suiteble in composition for the rot-producing bescteris
to synthesize protesses. 1n the case of pseudomonsds, Brooks (1960b)
has stoted that their rate of growth in egg whi'e cannot be increassed
by the sddition of either glycine or avmwoniuvm salts. Ie concluded
that the non-svailobility of suiteble cowmbine! nitrogen waas of less
iwportance thasn the non-avalilsbllity of lron in the defence cf the egg.
The eurly observers elsoc recorded the faset thet the addition of
glucose to s wmedium conteining protein protected the protein

from digestiocn A similar situetion wes noted by physiologists

and they hypothnesized that gluccase had o "proteln-spsring" action.

in the cus: of bacteris, Sulle (1961) has stated that it is the

fall in pH resulting frow the breskdosun of gluccse whieh inhloits

the digeastion of the protein. As has been wentioned previously,

nothing is KEnown concerning the fate of glucose 1n an infected egg
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80 it is not known if gluccee has & "preteln-spering” sction in this
environuwent. Finally, it wos noted thet microbiel protesses digested
denatured protein wore easily than they dié netive proteins. Ingrem
(198P) reported thot ¢ feir proportion of yessts slowly ettecked
cosguleted egp white but very feuw sttacked the native protein.
Similerly, #ills & Wilkine (1958), working with a portislly purified
proteaée of Froteus vuigeris, found that the denstured protein was wmore
esaily attucked than the native protein. This aspect heas been the
subject of a numbsr of precent publicstions (for references, see
Schlamowitz & Peterson, 1959).

Several investigutors at the turn of the century‘repcrtad thet
the white inhibite the nction of trypsin and Lineweaver & Murray (1247)
have 1dentificd the anti-tryptic Cactor as ovomuccid. This substence
does nct affect bacterial multiplicstion (CGaribeldi, 1960) and has
no sction on a proteane of en aspergillus (kéﬁuahima, 1858). The
lutter guthor isoleted another and previoual& unrecognized protein
frow the egg white which wss more effective than ovemuceold in the
inhibition of trypsin. HKoreover, it inhivited the scticn of a fungal
proteésse. This observetion, which is ss yet unconfirmed, suggests
that the white way sontein & potent inhibitor of wmicrobisl protesses.

The peucity of our knowledge of this aspect of the egg's
defence has been ewphasized by the sbove discussion. Nevertheless,
the gveilable gsvidence dogs sugpest thet the form and eveilebility
ef the cowbined nitrogen in the ahite will preferentislly select
those orgunisws wheose requiremsnts, at lesst in the initisl phseses
of infection, erc setisfied by the swell smount of non-protein
nitrogen. Thie selection, which may be of very grest importance

in the defence of the developing embryc, would appesr to be reflected
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in the types of orgenisus present in rotter sgps of comwereisl origin.
These, Grew negative bacteris meny of which are proteclytic and wmany
of vhich grow in & Koser's type wedivm, are the type of orgeniawm which
ene would expect to be best sdapted for the exploitstion of the
environment under discuesion.

The poseslbility of the sitvution discusased sbove being modified
by methods of poultry husbandry ls sugreated by the reports of
Cotterill & Nordskog (1954), Rhodes & Feeney (1957, snd Gunther, Blinn,
Kolbezen. Conkin & wilscn (1852), &ll of whom heve presented indiresct
evidence which suggesta thet egrs easn ebsorb smoonia. It would be
interesting to know whether or not eggs do sbsorb eprrecisble
quantities of this substence during exposure to the atwosphere of
leying houses, particulsarly theze in which the deep litter rethod is
used. and, if so, whether cor not this contaminstiocon of the white with
gumenia would sssist becteric in the initiel estoges cof infection.
Growth fectors. The occurrence of these 1in the egy hss been reviawed
by Acwenoff & Rowsnoff (1948). The sctual coneentration of these
in au egg 1ls deterwined by the breed of the hen and, more important,
by the ewmount of the factor present in the hen's diet. The average
concentrations of growth factors in meterials cowmonly used in the
preperstion of poultry foods have been listed by Bolton (1959).

The fet soluble growth fsctors ocour only in the yolk whilst the
water soluble ones ure present both in the yolk and the white
The letter sre listed in Table 5.

It should nut be inferred thet becsuse these vitaming ere
preseﬁt that they are available to orgsnisms which maey require them.
Romanoff £ Romsnoff (1948) have reviewed the observstions which lead

to the recognition thet vbiotin 1o rew egg white is unaveilasble to
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laborstory sniwels which require this vitewin. Gubsequent work
(Lakin, Mokinley & williesws, 1940; BEskin, Snell & Williama, 1940;
Gybrgy, Rose, Kekin, Snell & williswe, 1941) terwinasted in the
iscletion of & previcusly unknown protein of the white to which
biotin becawe bound. The sddition of thlz protein to & wedium
prevented the growith of & biotin-reguiring yesst. Other workers
(Woolley & Longsworth, 1942) elso isclated this protein and found
thet its sddition to & wediuw prevented the growth of Clostridium
butylicum. Thies protelin is generully known es svidin. The
demonairstion of the divlogicsl setivity of avidin in sanimel feeding
éxperiwents as well as with wieroblological essay wethods hes led
to the sssumption thuet this substence way play s pert in the ege's
deience. This assguuption hus not been tested experimentally and
the ciaiw (Bauuglrtner, 1957) thet avidin was responsible for the
iphipbitvion of Bgeillus wegentaricus was founded c¢n results obtained from
very uncritical experiuments.

Scse recent studies (Rhodes gt sl. 1968 Rhodes gt sl. 1969)
have shouwn that riboilevin is attached to @ ;rcta¢n; "apopfotein“, in
the egg white. korevver, the couwbining potentisl cof this protein
could not be sstursted by feeding hens s diet rich in riboeflavin.
Tue obszervation that the sdditicr of the "spoprotein” to media
prevented the grosth of rivcrlevin-requiring orgenisws (Streptococcus
zywogenes and Lsctopacillus cusei) lead these suthors to suggest
that the protein way play sowe part in the egg's defence. The
practicsl iuwportsnce of this haes not been tested.

There is sowme uncertainty e&s tc the sctusl concentrestion of
vitemin Bg in the egg, particularly in the white. Evans, Butts &
Devidson (195la), who reported some of the highest velues for this
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vitewin in the white, considered that the vitawin through combination
with some substsnce in the white wes rendered unaveilsble to the
micro~organisms being used for its sssay. 1t was their opinion thet
their high velues resulted frow the use of & hydrolyzing procedure
which wes wore rigorous then those uged by eerlier investigstors.
As far ss c¢&n be ascerteined, this provlem hes not been re-investigated.
The work discussed sbove contains & werning sgeinst the
assunption that, beceuse there is no evidence to the contrary,
the other vitemina of the white sre avelilsble to contaniments.
Neither avidin nor the "spoprotein” were isclsted by the clder methods
of protein sepesrstion. The isolestion of avidiﬁ followed the feilure
to sssoclate Lhe uwinding of biotin with eny of the principel proteins
of the white, and the "spoprotein" wes not recognized vntil the cstionie
exchange wethod of protein seperstion (Feterson 4« Scbery, 1956) had
obeen applied to egg white (Rhodes et gl, 1868). The last ﬁentioned
suthors slsc reported the presence of severel other proteins which
occurred in very swall amounts andéd which héad not been previously
recognized, an ouservetion confirmed by kendeles (186u). Hothing
is known about these end it could be that they heve iwmportent
biologicel functions some of which wey be concerned with the egg's
defence. This werning is underliined by the observaetions wmede in
enother discipline. Gregory & Holdsworth (1969, found & minor
(less than O-1) of the totel proteins) snd previcusly unrecognized
protein of chick seruw cowdined with vitsuwlin Byg thereby reducing the
aveilebility of this vitswin tu Blgerequiring orgenisws.
Redox potentisl. The rfgox potential of the white is such thet

ansercbic bacteris would not be expected to grow. The Linding that
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such bscteris ere very rere contaminents of rotien egge epreers to be
the only evidence in suppori of this hypothesis.

-l 1 gon ; . Leschtschenko (1909) observed the
lysie of Beeillus gubtilis seeded into egg white end reccgnized the
enzywic nature of this phencnenon. GSiwmilsr observetions were made
by FPlewing (1982, end he c¢oined the terw lysozywe Icr the enzyme
responsible for this lysis. This enzywe hss been the subject of a
greet number of investigations, the pesults of which heve uveen
frequently reviewed; the references to the ecarlier reviews sre given
in thet of Sslton (1987). Lysozywe, & besic protein of low molecular
welght, affecte sensitive bacteris by hydrolyzing & wucopolysaccharide
couwponent of the eell waell. Some of the wore essily lysed becteries
belong to the following: Micrococcus, sercine, Stoephylococcus and
Becillus. Reeistant verisnts cen be oblteined by successive
subculturing of & sensitive organiswu through wedia conteluiong
incressing concentrations of lysozywe (Fleuwing & Allison, 1927).
Grew-negetive becteris are geﬁerally wore presistent but some of the
resistant ones cen be rendered sensitive by suitsble wmanipulations.
For exawple, Noller & Hertsell (196ls and b) found thet uwony strains
of' the coli-~aerogenes group cen be rendered sengitive by either pre-
treatuwent with heat, low pHd or butancl, or co-trectwent with butenol
or versene. They concluded that these trectuents degrsded some
iipoprotein cowplex which, in the norwsl cell, prevents lysozyme
resculng its substrate.

From this gecount it will be appreciested that lysozyue is
ancther selective fector in the defence of the egg. The uwujority of

work hes been done with crystelllized lysozywe and orgsenisws grown
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under optimel conditions. It is conceiveble thet in eggs the
conditions of growth are sub-optimsl end thet organisms which are
normally resistent to lysozyme ere rendered sensitive to its sction.
Another possible role of lysozywe wes suggested by the work of
Friedberger & Hoder (1932) who noted thet orgenisus not lysed by
high dilutions of lysozyme were flocculated. This phenowmenon,
which huas been cbserved with both sensitive end resistsnt orgeniswma
(for references, see Sslton, 1957), is due to the basic properties
of the protein which attrscts it to the negatively charged groups
on the becterial cell. This phenomencn may possibly prevent rapid
disseminstion of conteminsnts throughout the white.
Extrinsic fectors

The temperature ot which the egy is kept would eppesr to be
the wost important extrinsic factor in the ege's defence. In the
cese of the incubsting egg, this would fluctuate between awbient and
thaet of the hen's body, the sctusl rhythw veing determined by the
nesting hsbits of the brooding hen. This might be yet asncther
selective factor in the defence of the egg. I1n contemporary comwerce,
the control of storage tewpersture hes been the most fevoured method
of preserving the egg's freshness. Morecver, this form of storage hes
~been 1ﬁproved by the eddition of COg {(or ozone) to the storege
stwosphere. This sspect hes been reviewed by Sherp (1937), Hsines
(1939), Romanoff & Romanoff (1949) and Brooks & Teylor (1955).

Congclugions

The aveileble evidence (Heines & lorsn, 1940: Caribsldi &
Stokes, 1958; Bean & MaclLeury, 1959) does sugrest that the shell and
shell wewbranes offer only an imperfect barrier to bscterial

penetration The prineipal enti-microbisl defence appesrs to reside
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in the elbumen. The highly selective nesture of this defence has been
emphasized in the foregoing. 1In all csses the many cowponents of this
defence have been recognized es g result of experiuwents conducted
in vitro during the investigetion of problems which, in wmeny ceases,
were not directly concerned with the wmicrobiology of the egg.
Consequently, slthough there is much circumstential evidence relating
to the individual components, there is neither direct evidence
concerning their coordinstion in the whole egg, nor date thast cen be
used to sssesa their relative importence. 1t would seem that the
technique introduced by “lliott (1954) end used by Brooks (1960b)
offers & possible method for the elucidation of gsome of the problems
discussed above. In the meentime, it would seem ressonsble to
conclude that lysozywe together with the nutritional inedequacies of
the white ere wost probably responsible for the low incidence of
Orem-positive becteris in rotten eggs. iorecver, these two factors
together with the oxidized state of the white mey sccount for the
ebsence of obligate eneercbes. 1In the case of the Orew-negative
becteris, perticularly those thet are comwon conteminents of rotten
eggs, the availeble evidence (Brooks, 196Cb; Caribeldi, 1960) doecs
implicste conalbumin es being the most important component.

In practice, our knowledge of the selective nature of the
egg's defence derives indirectly frow investigetions of the
wicrobiology of rotten eggs. As & result, any conclusion must be
cerefully drswn. This is because, if the terms of ecology ere used in
en exposition of this problem, we are deeling with & 'elimax populaticn'.
In rotten eggs of cowmercial origin, this populstion is composed
almost exclusively of Grem-negative bsecteria. In the casg of nest

clesn eggs, Haines (1938) found that these bescteris comprised 387
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of the micro-orgenisms residing on the shell. It is very teupting
to conclude that these bacteris, because of their simple nutritionsl
requirements, their resistance to lysozyme and their tolerance of
elkaline conditions, ere preferentially selected by the co-ordinested
ections of the egg's defence. 3Such o conclusion would obviate the need
to glve further thought to the possibility that, in fect, we wmay be
desling with sowmething like the following: & 'dominent' orgenisw which
ploneers for species that ere unsble to explcit the environwent them-
selves: e succession of these latter organisms terminating in the
'elimex populetion'.

it would appesr thet this conclusion wes tscitly accepted by
both Elliott (1954) end Brooks (1960b) et the outset of their
investigations of the course of infection in egge whose sir cells
had been inoculated with pseudomonads. Thie deperture from in vitro
experiments hes given promising results, ss could be expected in view
of the in vivo experiments which Smith end his collsboretors (Swith,
1958) have used sucecessfully in the elucidation of baeterial patho-
geniecity. A wore extensive application of this technique together
with & more libersl selection of orgenisms could well provide answers
to some of the problems discussed above. In particulsr, the possibility
of & 'piloneering' organisw being involved in the infection process
should not be overlooked. In this context, it would be interesting
to use Alceligencs bookeri. Although this orgenism is frequently
present together with others in rotten eggs (Florisn & Trussell, 1957) it
is not normelly regerded ss an important rot-producer. 1t wes the only
one which Geribaldi & Stokes (1958) found to be capable of digesting
shell wembrenes in vitro end it wes one of the few orgsnisme which
Geribeldi (1960) found to be cepeble of growing in normel egg white.
Both these asttributes sugpest thst this orgenism wey play &n important
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'pioneering' role snd the feet that it is & slow growing orgenism may

sccount for its feilure to become dominant in the 'cliwax populetion'.

THE MICROBIOLOGY OF IRFECTED EGGS

in this section the emphesis is placed on the microbiology of
two types of infected egge which, for cocnvenience, are termed:
a) rotten egegs, and b) teinted eggs. The micrcbiology of eggs at
the time of lsying is discussed at & later stage.

Rotten egps

The earliesat work on this type of infection, reviewed by
Pennington, Jenkins, St. John & Hicks (1914), wes mainly conecerned
with the charscterization of the orgenisms, an spprosch which
persisted until re-infection experiments were introduced by Niles
& Halnen (1937) e&nd Heines (1938). These revesled thet each
charscteristic rot wes produced by & specific type of organism, &
finding thet wes in opposition to the veiw of Pennington et al. (1914)
who considered thet these verious rots were steges in an egg's
decomposition. The types of rot together with the causative sgents
ere listed in Teble 6. Both Miles & Helnen (1937) end Heines (1938)
found that becteriel rots were dominated by Grawm-negetive becteris.
This situstion hes been found in all subsequent investigations (Alford,
Holmes, Scott & Vickery, 1950; Richerd & Mohler, 19850; Killer & Crawford,
19563; Floriepn & Truseell, 1957). Furtherwore, it hss been & cowmon
finding thet an infected egg norwmally contains organisms other than
those thet ere resporsible for the distinetive festures of the rot.
These have been regerded &s either secondery inveders (Florien &
Trussell, 1957) or the csusative egents of "colourless rots" (Alford

et. gl. 1950; Florien & Trussell, 1957). The importsnce of these
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orgenisms in the infecticn process is not known and it would seew
desirsble to hold the term “secondery inveders" in sbeysnce until
the neture of the infection process is known in more deteil.
Moreover, wmany of these orgenismwe are siwilar to those that ere
esscciated with teinted eggs (see Teble 7) and the sprlicsation of
organoleptic test to the orgenisws isoleted frow rotten eggs might
well show theat the sawe problem is being considered under two hesdings.
The sbsence cf sdeqguate dete prevents an sssessment of the
relative importance of the various orgenisms listed in Teble 6 in
the infection of commerciel eggs. 1t would seem that such an
essessmwent would be possivle if large numbers of orgenisms isclsted
frow rotten eggs whose histcries were well documented could be
identified by & few tests. At the wmoment, however, there does not
appeer to be selisfactory evidence in support of the widely sccepted
belief that pseudomonads sre the most importasnt conteminants of
commercial eggs. Alford et al. (198C) found thet only 38" of the
3,783 rots exsmined in stored Austrelian egps wenifested festures
which are known to be produced by these orgenisms. Teble 8 contains
dats that have been couwpiled frow the report of Knowles (1957) who
exswined stored Irish eggs. It will be seen thaet even under
conditions (cold storsge) which could be expected to be selective
for pseudomonsads, this type of orgenism did not show & marked
dowminance. Hkoreover, the high incidence of infection with pseudo-
monads in eggs washed in wechine C mey heve resulted from a hesvy
contamination of the mechine. sn interpretstion that is suggested
by the report of Gillespie & Scott (195C). 1In Censde, Florien &
Trussell (1957) found that 40 out of 8l eggs were infected with

these orgsnisws. The orgenisms' production of an essily detected
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pigwent &nd the possible enhancement of this property by the iron-
deficient state of the white wey account for what appears to be &
biesed view. This situation should discoursge the existing presctice
of using only fluorescent pseudomonads in investigations of the
infection process.

The literature desling with eggs infected with fungi hses been
reviewed by Haines (1939). This type of spoilsge is rere in
commercial eggs and only occurs during storsge in reletive humidities
of 90" and upwerds (Sharp & Stewart, 1936). These suthors found thst
during short periods of storasge the infection is superficisl snd rewmsins
confined to the shell, a condition which is kKnown es "whiskers” in the
industry. During prolonged atoresge, the infection becomes dissem-
inated through the egg, the speed end incidence of this being deter-
mined by the relstive humidity. Sporotrichum gernis end Clsdosporium
herbsrum, both of which produce very charscteristic changes in the egg,
are cownon conteminents (Moran & Piqué, 1926; . eston & Helnen, 1927).

Taeinted eggs

There ere & number of publicetions desling with the microbiology
of eggs having either off-odours or off-flavours which, for the sake
of convenience, esre termed teinted eggs in this review. The suthors
together with the causstive orgenisws sre listed in Teble 7.

Several of these organisms have been the subject of & recent taxonomic
investigation (Szybslski, 1950). The sbility of these becteris to
produce teints in fresh eggs wes investigsted by Brooks & Hele (1954).
The type of teint under discussion is trensfersble by inoculsetion

of the csusstive orgenism into fresh eggs end, ss such, it differs
from the talnts which srise frow storasge of eggs in certons

contaminated with odoriferous chemicsls or substances produced by
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micro-orgenisms eg. actinomycetes. It will be noted thet these taints
ere produced by Grawm-negetive bscteris meny of which are similsr to
those ineluded under "colourleas rots"™ in Teble 6. As hss elreedy
been menticned, the separation of teinted eggs frow rotten egges may

be an srtificiel division.

THE COURSE OF BACTERIAL IRFECTION OF THE HER'S EGG

Information derived from a) fundsmental investigations and b)
empiricsl observetions is avaeilsble for discussion in thies section.
That cowming frowm a) will be congidered in the firast instence.

Fundewental investigntions

Gillespie & Scott (1950}, using informetion obtesined mainly
from emplirical observetions, considered the following to be possible
steges in the infection of an egg: &, contemination of the shell,
b) penetration of the shell, ¢) colonizetion of the shell membranes
end d) infection of the contents of the egg. These stages are used
in the following discussion.

Contswination he shell end contents of the

Congenitsl. The litersture on the micrcbiology of the oviduet has
been reviewéd by Romanoff & Romenoff (1948). It appears thst in
the norwal hen the oviduct is sterile end that it has mechenisms
which freee it from chance contsminetion. In some hens, the ovaries
become infected with Salmonelle snd these orgenisms cen be included in
the yolk. 1t is interesting to note that Miles & Helnan (1937)
were unable to infect eggs by feeding hens with cultures of Yroteus
welsnovogenes (Aeromenss liguefsciens). Flatt (1936), on the
other hand, hes claimed tc have produced "fleating yolks" by feeding
hens with the spore forming becillus which he hsd isoleted from eggs
suffering from this fsult. This problem does not sppesr to have been

investigated further.
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Rettger (1914), Hadley & Celdwell (1916) end Haines (1939)
have reviewed the eerly litersture desling with the microbiology
of freshly lsid egprs. All three sre of the opinion that the
contentes of roughly 90X of such eggs sre free from micro-orgsnisms.
More recently, Wolk, McNelly & Spicknell (1980) reported an aversge
rete of contaminetion 6r 120 end Forsythe, Ayres & Redlo (1953)
found the highest incidence in eggs thaet had been washed in cold
water. MNoreover, Kraft, McNelly & Brant (1958) found & linesr
relsticnship when the incidence of contemination was plotted sgeinst
the porosity of the shells, the highest incidence of contaminstion
occurred with the most porous eggs. The existence of sn epproximste
insteed of &n ebsoclute vaslue of contemination cen be attributed to
two difficulties essocisted with the sesmpling of eggs under strictly
aseptic conditions: a, sterilization of the shell, &nd b, removal
of the contents of the egg and ssmpling of the white. Many of the
isolates have been found to grow poorly, if st ell, at the hen's
body tempersture and the majority would not be regerded es typical
representetives of the orgenisws normally sssociested with the hen's
alimentsry censel, evidcncé which suggests that either meny of these
bscterie were included in the egg af'ter it hed been laid or that they
were contawminents procured during sswmpling.
Extregenitel. The shell, which is considgred to be sterile st the
tiwe of leying, scquires micro-orgsnisws from all surfeces with which
it wmekes contect. Heines (1938) geve figures renging from 1°35 x 10% «
8.0 x 10° (incubeticn, 20°) end 35 x 10* - 1.6 x 10° (incubstion, 27°)
for the number of vieble orgenisws present on the shells of naturslly

¢leen eggs. Forsythe gt gl. (1963) reported e mesn count of 6°3 x 104
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(1«0 x 104 - 1.0 x 106) for wicro-organiem, both bscteries end woulds,
on the shelle of soiled eggs. Towkins (1937) found betwsen 200 - 5OO
mould spores per shell. Neither Heines (1938) nor Foraythe gt al.
(1953) found eny definite or charscteristic chenges in the numbers of
becterias on the shells of eggs held in stores controlled for
tempersture, relotive humidity snd, in certein ceses, concentration
ef COg.

Heines (1938) reported the following composition for the
isolates obtained from naturally clean eggs: sporing rods (30%), cocei
(25%), Orem-negetive bscterie (38%), veests (4%7) end setinomycetes (37).

Fenetrotion of the shell

Thig topic hes been considered on page 13 and it will suffice
to list the known factors: &) sucking in of becteris during the
contrection of & warm egg, b) flooding of the pores with contaminsted
water drawn in by capillery attraction and ¢) deposition cof bescteria
in the egg's contents by fungal hyphae thet have grown through the
shell. In eddition, wmore effective penetrstion by wethod b) cen be
procured by rubbing the surface of the shell with an sbresive.

Colonization of the shell wembrsnes

The fate of orgenisms plsced on the inner membrane of the eir cell
of whole eggs hes been infrequently studied (Elliott, 1954; Brooks,
1960b). Elliott (1954), who inoculsted the asir cell with O+5 wl of
either & weshed cell suspension or & broth culture of Iseudomonss
ovelis. found thst the orgenisms remeined visble in the wembranes of
the mejority of eggs. He was unable to recover viable orgenisms from
the white until 8 deys following inoculstion and it took & further 2
deys before all the albumens were infected. . After 30 dayes incubstion,

there were sbout 3-0 x 10 vieble organisme /g egg white. A possible
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explanation of the non-recovery of vieble orgenisms frow the white
during the eerly steges of infection hes been discussed on page 15.

A siwiler technique wes used by Brooks (1960b) but, owing to his
vntimely death, his results heve been inadequetely documented in a
preliwinary report. Nevertheless, in the cese of fresh eggs he found
thet the corgenisws wultiplied slowly in the shell wewmbrsene of the

gir cell for the first 12 days, &t which tiwe s marked incresee in
the number of crgeanisws both in the wewbrene snd in the white occurred.
e was of the opinion that this increcse was due to some sge-induced
change in the membrsnes, &n aspect which hes been discussed on page 5.
The number of viable orgeniewe in the white showed a certain
parallelisw with those in the wmewbrane, evidence which led Brooks

to suggest that these orgenisme were derived from those present in
the wembrane end had not arisen from the few which had invaded the
albuwen during the easrly steges of the infection process.

infection of the egg's contents

it would appesr from the asbove that the membrsnes play an

importsnt psrt in the contswination of the elbumen Ayres & Taylor
(1956) have studied the fate of seversl Crem-negntive bacteria
inoculated in the zlbumen of either whole or broken-out eggs. The
rote and extent of wultiplicetion in whole eggs was not appreclebly
different from that in the broken-out eggs. Both cheracters were
markedly influenced by the incubation temperoture viz. (the bracketed
figures refer to the tempersture et which wultiplicstion occurred):
Egeudowonss fluopescene (2, 10 end 20°), Serrstis end
Proteus vulgepig (10 end 20°) end Sslmonells pullorum (20°). This

report does not sllow setisfectory generslizetions to be made.

This is due to: &) the use of only one strain of esch orgesnism;
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Brooks (1960b) hss shown thot the reate and extent of multiplication
of pseuvdomonads in slbumen in vitro varies apprecisbly suiong streins
and that the pettern of a psriiculer atrain cen be wodified by changing
the wmethods used for preserving the culture, and b) no sttempt wes
made to assess the influsence, if any, of extreneous substances derived
frou the medium on the growth of the organisms in the albumen.

Ampiri observation

Following the observetiocn of Hsines & Xoran (1940), wmany
invegtigetors have used the immersion of & werw egg in & cold
suspension of sn orgenisw ss the first step in the study of the
infection process. In general s luoreseent pseudomonad hes been
used snd the incidence of fluorescence of the white following storage
hes been used as the index of infection. 1t eppeers thst if enother
index is used, e.g. ieolation of orgenisme frow the white, (Stokes,
Osborne & Beyne, 195C), thie technique cen be used with orgenisms other
then pseudomonads (Trussell, 1955; Bean & MescLaury, 1959). The
sssesswent of the informetion erising from this approsch wes difficult
until the publicetions of Brooks (1960b), Stokes gt gl. (1956) end
Promm & Monroas (18560).

Stokes et sl. (1556) used strsins of 3aslwonglle end treced the
course of infection by deterwmining the number of visble orgenisms
present in the slbuvwen. In the csse of eggs infected with Sglwonellas
orenienburg end incvbeted st 29°, there wes & slow penetration of the
shell wewbrenes during the first week of incubation, followed in the
second week by & slow ineresse in the number of organisms in the white
and culmineting io the third week with 2 werked incresse in the number

of organiswg in the white. VFrouw & Monroe (1960) imwersed eggs in

& broth culture of Pseudomonss geruginosa (both of which were at the
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sowe tempersture) end followed the course of infection by exawination
of the egges in & cendling lewp fitted with & source of ultravioclet
irradiation. Lesa then &5 of the egge menifested signs of infection
during the first 10 deys incubstion but between 10 and 15 deys there
was s very warked incresse in the incidence of infection, & trend whose
strength snd durstion during the subseguent 10 - 15 days incubation
was influenced by the trestwent that the eggs had recelved prior to
infection. The patterns in both these investigations show certain
similerities to those reported by Broocks (1960b), pasrticulerly in
reapact of the slow rate of infection during the first 10 - 15 days
following inoculetion. This evidence suggests that the method of
Brooks might provide ¢ means of elucidating some of the problems
discussed on pege 53.

Attention will now be given tc the other investigetions in
which the method of lisines & Loran (1940, was used. Lorenz, Starr,
Starr & Ogesswera (1952) found that the incidence of fluorescence
wes influenced by: &) the concentretion of the orgsnisms in the
suspension - &n observation slso made by Stokes et al. (1956), snd
b) the tempersturs differential between the egg and the suspension;
the incidence of fluorescence was directly proportional to the
tempersture differentisl over the renge 6 - 21°. They found that the
thickness of the shell did not influence the incidence of rotting.
Orel (1959a), on the other hand, found thet there wes & staetisticelly
satisfectory correlation between the rate of development of fluorescence
and the egge' specific gravi}y, 8 charecter which is considered to be &
reflection of the quality of the shell, perticularly its thickness
(Romenoff & Romsnoff, 1949). Eggs with a specific grevity grester

then 1.0B82 did not show fluorescence until 8 days after its sppesrence
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in egge whose specific gravity waes less then 1+088. Llliott (1954)
found that tne inclidence of fluorescence end the rele of its
development could be increased by storing the eggs for severesl weeks
prior to their iwwersion in & bscterlal suspension. Frowms & Monroe
(1960) increased the incidence of fluorescence (but not its speed

of developwment) by washing and/or rubbing the shells prior to immersing
the eggs in & becterisl suspension. Gtokes gt al. (1956) and Orel
(1959b) found thst the rate of infection could ke retearded by storing
the eggs st low temperstures. In addition, urel (1969b) reported that
the onset of [luorescence could be delayed by elther olling or
therwostabilizing (10 win st 58 - 60°) the eggs after they had been
infected.

MICROBICLOGY IN THE PRESERVATION OF THE HEN'ShEGG

This subject has been reviewed by Sherp (1937), Heines (1939),
Rowanoff & Romenoff (1949) end Brooks & Teylor (1955). It appesrs
thaot seasonal varistion in egg production wss the wain reason in the
paat for egg preservation. Today, the extent of this vsriation has
been reduced &8 a result of changes 1in the wethods of poultry husbendry.
Hence the preservstion of shell eggs for use in the country of thelr
origin hse declined in importence, & decline that hses been further
accentuated by &n incresse in the prescrvation of egg products e.g.
frozen eggs and dried egg powder. Nevertheleas, significant nuwmbers
of eggs are still ilwported into those countries whose indigenous
supplies are not sufficient. The needs of transportation have
resulted in chenges in the methods of preservation of shell eygs.
The introduction of refrigersted stores whose etiuiospheres are contrclled

in respect of humidity and/or concentrastion of U0g is evidecnce of the



50

efforts made by applied scientists.

Siwilarly, fundamental principles have been applied in efforts
to retard the loss of quality during the storege of shell eggs. 1t
is surprising therefore, that, unlike other foods, microbiology has
had only a limited impsct on the theory and practice of preservation
of the shell egg. This situntion is ewphosized in the reviews dealing
with the influence of weshing dirty eggs on the incidence of rotting
in such eggs during subseguent storage (Heines, 1939; Winter, Burhert,
& VWettling, 198Z2: Brooks & Teylor, 1955). 4Although these authors are
of the opinion that the incldence of rotting is generally incressed
by waahing, thelr reviews contein references to numerous investigations
in which no detrimentsl effects sttended this prectice. 1t is note-
worthy however thet this sspect rewains & controversisl issue only in
those countries whose egg producers are either subsidized (e.g. Britein)
or not dependent upen an export msrket for the dispossl of their
products. Two major exporting countries (Denmmerk ané Australie) have
long since introduced legisleation whereby the producer is peid a
premium for naturslly clean eggs.

The following is not intended to be & comprehensive review of
the literature desling with microbial westage in atbred eggs. 1ts
primery purpose is to outline the problem in such a wenner so thet
emphesis is given to the meny geps in our knowledge.

It is known (Vinter, Burksrt, Clements & KacDonald, 1955) that
soiled eggs herbour more orgenisme per shell then ds nesturslly clean
gggs. The available evidence (page 49) indicetes that bsecteris other
than those which ore normally essociated with the hen's slimentery
cenal are the most importent rot-producers. Since there sppesrs to

be no informetion concerning the relstive importence of feeces, nesting
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wateriel, deep litter weterisl asnd/or soil ss soiling agents, it
would seem thet a8 tscit sssumption of & correlstion between heavy
goiling snd the egg's contsminstion with potentisl rot-producing
becteris is unwerrented. It hos been shown (Lorenz et el. 1952)
that the extent ard loceticn of the soilling of the shell is of sowe
importence. They studied the incidence of rotting in eggs to whose
surface had been applied sterilized soll contsining & culture of &
peseuvdomonad. The aextent and locstion together with the incidence of
rotting (brecketed figures) were ss follows: shell completely covered
(66+77); half the shell, lesrge end (28.6%): half the shell, smell end
(18:2%); 1 cmg, large end (28+67) end 1 cm2, small end (17-4%), It is
intereating to note thét they could induce & high inecidence of
rotting duoring the storage of unwashed naturally olean eggs by the
simple expedient of contasminating the nesting meterial with a
paeudomonad. A similer claim has been made by Dr. J. Patton (pera. comm.)
It would seew that this form of contawination is of little
importence in proctice (Alford gt gl. 1950; Trussell, Fulton & Cemeron,
1965; Trussell, Triggs & Greer, 1955). These suthors, who attempted
to sssesz the influence of various ferm prectices on the incidence of
rotting in stored eggs, found that: @) en ege's resistence to rotting
has & genetis bssis, end b) the highest incidences of rotting are
generally cesocisted with egge that have been clesned in wechenicsl
washers. The true nature of &) is not understood. it is impossible to
draw satisfactory conclusions from the many investigetions of b),

inveatigations which have been reviewed by Haines (1939), vinter et al.

(1952) and Brooks & Taylor (1955). This is due to: &) the use of
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eriteria for the sesesswent of the incidence of rotting, and e¢) the
glmost couwplete asbsence of inforwotion concerning the numbers of
potential rot-producing bscteria present on the eggs end/or the wachines.
Moreover, the limited information derived from more fundamental
inveastigations (Elliott, 19854; Brooks, 19680b) doss not permit an
interpretstion of the information obtained frowm these empiricsl
cbservations.

The negative correlation between the number of orgsnisms per shell
and the incidence of protting which is evident in the dats given in
Table 9 suggests that the logstion of the orgsnism in the egy ia of
more iuportsnce than the number present on the shell. This implies
that washing machines assiat bacteriel penetrstion of the shell
Although our knowledge (page 13) sllows us to suggest umethods whereby
the machines could asaist this penetretion, the information derived
from empiricel observations does not permit sn sassesswent of the
relative iwmportence of theae mathods in cowmerecianl practice.

Attempts to use diginfectants (or antibiotics) for the control of
rotting in washed cegge have glven indirect evidence in support of
the conclusion that washing wachines cen play en important pert in
bacterial penetrstion of the shell. The dote suumerized by Vinter
et al. (1985) show thet & significant reduction in the number of
viable bacteris per shell can be affected by weshing egge in water
containing any one of & number of commonly used disinfectants. DBoth
Gillespie & Scott (1960) end Ayres & Teylor (1956) have shown, however,
that even & rigorously controlled dainfacting procedure does not
result in the sterilizestion of the shell of ell eggs. In coumercisl
practice, Gilleapie, Sglton & Seott (1980) found that breterisl

rotting in washed eggs could be significently reduced if relatively
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high concentrations (6,000 ppm, of hypochlorite was &added to the water
in a weshing mechine. Koreover, they found thot & merked reduction

in the number of orgenisus per shell wes not slways sssociated with
freedom from rotting when such eggs were stored. OGillespie & Scott
{1880} found that the treatwent of the shells of washed eggs with
disinfectants did not reduce the inecidence of rotting during the
subsequent storage of such egps. Atteupts to use sntibiotic for the
control of bueterial rotiing of eggs have not proved successiuvl
(Schmidt & Stsdelman, 1957; Besn & kMacLaury, 1959) =nd it would seew
thet this feilure is due to the contawinants in the egg being protected
from the sntibiotie through the lastter's combination with proteins of
the albumen (Elliott & Romoser, 1957).

The observation (Gillesple & Scott, 1680) that vieble becteria
were not recoversble from the contents of washed egge until the 1l4th
day fellowing storsge at 18° does suggest theat the oouree of bacterial
infection in commercislly weshed eggs is simliler to that in eggs
infected in the laboratory (Elliott, 1954; Stokes et 8l. 1956; Brooks,
1960b; Fromm & Monroe, 1960). It would seem, therefore, that some of
the problems discussed above wight bc resolved if & wore liberal
selection of orgenisws were used in experiments similer to those of

Elliott (1954) and Brooks (196Ub).



FIG. I. THE STRUCTURE OF THE HEN'S EGG AS SHOWN BYA SECTION
THROUGH THE LONG AXIS

A:AIR CELL.B:OUTER THINALBUMEN.C:THICK ALBUMEN. D: INNER THIN
ALBUMEN. E:VITELLINE MEMBRANE. F:BLASTODERM. G:CHALAZIFEROUS

MEMBRANE. H:CHALAZA |'YOLK.J: SHELL.K: SHELL MEMBRANES .



FIG.2. A CONVENTIONAL DRAWING OF A RADIAL SECTION OF
AN EGG SHELL

A:CUTICLE. B:SPONGY LAYER. C: MAMMILLARY LAYER.
D: SHELL MEMBRANES. E: PORE.



Table 1.

Aver osition of 11%
Weight
4
Inorgenic wmatter 58
Calcium esrbonste (celcite) (98°43%),
Magnesium cerbonate (0+84%),
Tricaleium phosphate (0-73")
Protein 0-2
Lipids Trece
Totel golids 60
Water 0-1
TOTAL 61

Composition

Fad

95-1

3+ 3
Trece
98°4

16

100+0

®, modification of the Table given by Brocks & Teylor (1958)



Teble 2.

Aversge cowposition of egg albumen

Amount
g
Water 28.9
Solids

Orgenic

Proteins 35

“ Lipids trece

Carbohydrates | 03

Inorgsnic 02

TOTAL 329



Teble 3.

Ovalbumin
Conalbuumin

Ovomucoid

Globulins

Avidin

OUvomuein

Pro n tn

Percentage of
total protein
60+ 0%
138
14+0

2°8
446
4¢3

0+06°
80

n o album

Biologicsl
sctivity

Iron-binding (Schade & Ceroline, 1944)

Anti-tryptic fector (ZLineweaver &
Kurray, 1947)

Bacteriel lytic agent (Fleming, 1922)

Biotin-binding (“ekin gt al. 1940)

Heemagglutination inhibitor (Lanni
et sl. 1949)

&: the figures listed below the letter & sre taken from Longsworth,

Cannen & Macinnes (1940).

b: figure teken frow Woolley & Longsworth (1942)

¢: figure teken from Sgrensen (1934)



Table 4.

he effect of k n 1 e

0° and B80% relstive humidity®
Time Average weight Aversge percentage of totel white &s:
(weeks) of total white
g Outer thin Thick Inner thin
white white white
0 330 227 46+ 4 309
12 319 45+8 374 16-8
24 306 52+ 9 31-56 156+6

®Brooks & Hele (1959)



Table 5.

Chenges in the vitswin content of eggs ggoged at Q°

Vitawin

Folic secid®

Choline®

358

Biotin

- Niecin®
FPantothenic 3;166

Riboflevin'

8
Bie

WE, whole egg.

l, Evens, Davidson, Bauer & Butts (1953).
3, Evens, Butts & Davidson (1951s).

Butts (1953).

6, Evens, Davidson & Butts (1952).

Unit/ege Fr

WE
Bw
EY

WE
EW
EY

WE
EW
EY

WE
BW
EY

WE
EW
BY

#E
EW
EY

WE
EW
EY
VE

EW
EY

png

pg

wpe/g

ng

pg

bg

wRE

EW, egg white

esh egpgs
2 months
4+ 59 4+ 59
0«51 065
4+09 393
28682 256
0+4 0-8
251 264
123+6 98-6
68°1 49+3
54:6 493
2286 244
70 656
520 561
31-83 289
28°56 256
28 34
608 570
i d 97
511 473
169+7 162+5
100+ 6 1001
69-1 62+4
387 341
256 22
362 319
EY, egg yolk

5, Zvens, Butts & Davidson (1951b).

8, Evens, Bendewer, Basuer & Devidson (1955).

BEges stored for:

12 months

3+ 37
o662
275

251
33
248

60°+2
31+0
29:3

228
71
469

32+1
22+5
9-6

660
213
347

1470
927
643

260
23
237

2, Evans & Devidson (1951).

4, Evans, Davidson, Baver &

7, Evans, Butts & Davidson (1952).



Table 6.

Types of rot produced in eggs by verious bacteris

Rot Ceusative orgeniswm Investigator
Black rot, type 1 Aeromonss liguefeciens Kiles & Halnen (1937)
Bleeck rot, type 2 Pro lgari Heinds (19039)
(paeugomonaa
Fluorescent green Pseudomonas fluorescens Heines (1939)
rot
Fink rot Egeudomonas fluorescens Heines (1939)
Red rot Serretis marcescens Alford et al. (1950)
Green rot
Alesligenes bookeri. Florian & Trussell (1957)
Yellow rot
Custerd rot Peracolobsetrum Florien & Trussell (1987)
interwedium
Colourless rot ) :icaiigenag mgzgggl;ganga Florien & Trussell (1957)
pseudomonas’
achromobecter Alford et s1. (1950)
coliform

%t would seew that this type of rot cen be produced by certain

strains of pseudomonads (Haines, 1939; Florian & Trussell, 1957).

@In the publicetion of Alford et gl. (1950) Fs. schromobscter is

given es & causative agent of this rot. This wes en editorisl

error end should preed "strsins of Pseudomones, Achrouiobgscter ete.”

(Scott, pers. comm. ).



Teble 7.

Types of orgsnism isclated from eggs

vin ithe

off-odour

Orgeniswm
Uff-odours
Agngomggaggeg pggolgng

2]

ud na ggavea;eng
Pseudomongs mucidolens

Fgeudomonas mucidéleng
ver. terds

Fgeudomonas govelis

E
E

nggdomongﬁ SPp.
gbecter closcae
Alceligenes spp.

b

Pseudomones putida ;

Zscerichis cold
Pseudowonas spp.

n off-flavour or an

Inveatigstor

Turner (1927)
Spanswick (1932)

Levine & Anderson (1932)

Richerd & Mohler (1950)

Heines (1938)
Heines (1939)



Teble 8.

g of rot found in naturally clesn -cleaned snd mech
hed uring cold or 6 wonth
Trestuent Ho. of eggs Types of ro
tested
Green ur and black
Naturally clesn eggs 1,766 6 16
Dry-cleaned eggs - 1,796 12 21
p Lo 1,731 108 66
Mechine-weshed eggs 2 1,664 120 79
3 1,569 808 309

. 1, rotating drum washevr; 2, egiteting wesher; 3, brush wesher

Table compiled from the date given in the report of Knowles (1957)



Table 9.

h fe on ste of double clespin

on both roller end tape machines

-

Irestment Rots (%) Number of orgenism

Uncleaned 17 60, 0C0

Clesned on roller machine
once 267 2,100

Clesned on roller machine
twice 56°7 2,700

Cleaned on roller machine
followed by tepe machine 305 9,100

Cleaned on tepe wmachine
followed by roller machine 45°0 4,800

Cleaned on tape machine
twice 8°'9 156,000

Cleaned on tape machine
once 72 21,000

®counts wade on nutrient ager containing 0°'6 p.p.w. crystel violet

A wodified form of the table given in the repert of Gillespile
& Scott (1950).
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INTRODUCTION

The literature desling with the wicrobiology of infected eggs
has been considered on page: 40.

The object of the work reported hereunder wes to assemble o
comprehensive collection of typicel conteminants of rotten eggs &0
that en exsmination of the bscteriasl infection process could be
initisted. The characteristice of representstives of each wajor
group of isolates were exsmined in deteil. The results obtained
were used a) to identify the orgsnisms, end b) in an attempt to
sseribe the eppeersnces of infected eggs to the metsbolic attributes
of the ceusstive agents.

METHODS AND MATERIALS
Rotten eggs. These were obtained during the sutumn of 1958 from
2 egg collecting centres in the South Hest of Scotlend end 1 in the
South of England. These eggs had rotted on the prewises of the
producers and were rejected during candling ilmwedistely on receipt
et the collecting centres. In addition, eggs induced to rot under
controlled conditions were exsmined. First quality eggs (leid by
“hite Leghorns), which hed been bsdly soiled with feeces end/for
deep litter materiel, were weshed in tep water and then held for
‘seversl hours st 37° before being returned to the wesh water
(g 18 - 20°). Bacteriel penetration of the shell is known to be
sssisted by the contraction of & werm egg on cooling (Hsines &
Morsn, 1940). The egge werc sllowed to soak for 20 win. They
were then pleced in screw-capped glass Jjers, the bottoms of which
were lined with molist cotton wool, and these conteiners were stored
st one of three temperatures, 30, 20 end ¢.10°. Three separste

batches of eggs were trested in this manner. The eggs were
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frequently candled and rotten eggs were rewoved for examinstion

gg. The eggs were wiped

with elcohol and placed on & pipeéclay trisngle the arms of which

hed been bent through 90° so that the triengle now stood upon three
legs. The surface of the shell wes flawed before being pierced with
6 sterile scslpel end the contents were poured into & Fetri dish.
Recordings were made of the sppesrence of the contents snd the
waterlal wss exewined under ultrs-violet light. 4 loopful of the

egeg woes stresked onto nutrient agsr (composition given in sppendix)
contasining 0°'3% (w/v) yesst extrasct (Yesstrel) eand filter-

sterilized glucose in a final concentration of 0+1% (w/v). Two
stresk plates were prepsred frow esch rot One plate waes incubated
serobicelly at 27° and the other, sfter having its surface covered
with 5 ml of the following, was incubsted in a MsclIntosh & Fildes

Jar containing en stmosphere of CUy (5 perts) end Hy (85 parts):
(g/1.) Cysteine-iCl, 0°B; thioglycollic ecid, 0-5; egar (Davis,

New Zeslsnd), 15; resszurin O-5mg,pH 7°2. The plates incubeted
serobicslly were inspected daily for seven days at which time
representatives of each morphologicel colony type were transferred

to nutrient broth. The purity of these isolstes wes ensured by
re-pleting. Selected colonies developing during anseroblc incubstion
were steb-inoculated into glucose nutrient sgar and the donor colony
was tested for ceteslase.

Cherscterization of the iscletes. An 18 hr culture in nutrient broth
was Used es the iroculum in all experiments. All tests were done at
279 except in the csse of nutrient gelstin which wes incubated at 22°.
Recordings were wade at frequent intervels during the firat 14 days

incubation and finelly on the 28th dsy following inoculation.
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Kesintenance of stock cultures. One set was mainteined under winersl

0oil on nutrient asger slopes stored at roow tempersture. 4Another set
wes stored in nutrient broth et 4°. This letter set wes sub-cultured
et 6 wonthly intervels, et which time the purity of the culture was
checked end fresh broth cultures were prepered for lasboratory use.
Flegelle steining (Rhodes, 1958). Prepsrations were made from
nutrient agar slope cultures after 12, 24, 48 snd 96 hr incubstion.
Fermentotion tests. The medium of Hugh & Leifson (1953) was used
routinely but bescteria which produced either no chenge in the pH

or an elkeline reasction in this medium were re-tested in the wedivm
of Boerd & liclding (1960). Both inoculsted and uninoculsted tubes
of besel medium were incubasted slong with basal medium contesining
the fermentation substrate. The latter were sterilized by Seitz-
filtration, except in the cesse of the priwary alcohols which were
held for 15 win at 100°, end added to the liguefied wedium when

thie hed cooled to 45Y. The substretes were normelly used in &
finel concentration of 056X (w/v) or, in the case of the primary
elcohels. 0°86% (v/v). Exceptions to thie are noted in the text.
Steb-inoculations were wade into 10 wl of medium in 15 x 180 mm
test tubes.

Lcetoin production. OCultures in peptone (1:0%; w/v) contesining
glucose (0°6%; w/v) were tested with Berritt'e (1936) method and the
pH of the wedium wes tested with wethyl red.

Starch ol Platee of nutrient sger containing 107 (w/v)
eoluble starch weve inoculated on the surface end sfter incubation

they were flooded with & sclution of Lugol's iodine.
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Aesculin. Spot inoculsticns were made on the surface of nutrient ager
containing eesculin (0+1%; w/v) and iron citrate (C-008%; w/v),
the blackening of the cclony and/or the maedium in the viecinity of
the colony wea taken to indicate sezculin breskdown.
Fro dige on. Rutrient gelatin wes stebbed with & straight wire
and incubsted at 22°.

S odu on. ¥Filter paper soaked in lsad scetate was suspended over
peptone water containing s piece of hest-coaguleted egg white.
¥} ic se util ion. 8lopes of the medium of Board & Holding
(1960) conteining the sodium salt of the secid (final concentration,
0*285%; w/v) were inoculsted with & cell suspension prepered by
adding & drop of en 16 hr nutrient breth culture to 10 wl of water.
The growth on and pH of the supplemented mediuvwm were cowpared with
those on the besal medium.
Arginine test. Medium 2A of Thornley (1960) was dispensed in 3 wml
amounts in screw-cspped bottles whose voluwes were sbout 5 ml.
After inoculation the remaining free air-spece wes filled with
sterile vaseline. To eliminate the possibllity of fslse negatives
which wight be expected to erise through the decolorization of the
ecid-buese indicetor, freshly prepsred indicator was injected into the
medium at the end of the incubstion period.
Produgtion of phenylpyruvic secid. PeCl5 wes used to test for the
presence of phenylpyruvic ascid (bottle-green colour) in the water of
syneresis collecting at the bese of slopes of nutrient ager containing
phenylelanine. In the case of doubtful resctions, & cell suspension
prepsred from & nutrient ager slope culture (Henriksen & Closs, 1938)

was tested by the method of Stewert (1959).



58

indole. Cultures in tryptone (Difco) broth (1°0%; w/v) were tested
by the method of Roessler & MeClung (1943).
Ures hydrolysis. Thoee bacteria which produced sn slkaline reaction
in the medium of Christensen (1948) within 48 hr were recorded as
urease positive.
Oxidase test. A loopful of cells from & nutrient eger slope culture
wes pleced on filter peper containing e 1+07 (w/v) equeous solution
of pars-smino-N:N-dimethyl eniline (B.D.H., Leboratory reegent).
The developwent of & blue colour within 1 min was recorded as @&
pogitive resction.
Production of lecithinsse. Egg yolk was prepered by the method given
in the Manusl of Methods (1957). Lecithinese sctivity wes tested by
inoculsting either nutrient sger (10 perts) conteining egg yolk (1 pert)
or nutrient broth contsining egg yolk (proportions sswe &s above).
Known positive streins (S8errstis mercescensg end Bgeillus gereus)
were used as the controls.
Chelsted gluconate medium. This wedium wes prepered and used eccording
to the instructions given by Peton (1959).
Nitrote reduction. Cultures in peptone weter (1°07; w/v) &nd KNOg
(0*1%; w/v) were tested for nitrite end, if negastive, nitrate.
Resection in skim wilk conteining an scid-bese indigstor. Skim
wilk contasining either litwus or bromthywol blue wes sterilized by
steswing for 1 hr on three successive days.

ow mupe u . JInoculated nutrient asgar slopes were incubsated
at the following teumperstures 4 (in & beaker of water held in & cold
room), 10, 80, %0 end 40° (in thermoststicelly controlled water beths).

RESULTS

Of the 132 eggs exswined, 70 were obtained frow commercisl
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chennels and the remainder were leboratory induced rota. A total of
226 isolates were obtained from these eggs, the majority of which
contained s mixed infection. ©No obligete snaerobic bacteria, moulds
or yeasts were isolated, the absence of the lstter two were confirmed
by microscopic exeminetion of infected material which hed been stained
with polychrome methylene blue. Subsequent examinations of swall
numbers of rotten eggs originating frowm divers sources indiceted that
e normael and representstive renge of both bacterial types and egg rots
were encountered in the Autumn of 1988.

The preliminary sepsration of the isolstes was bssed on the
following tests: Crawm's staining resction, shape and motility;
regction in litmus milk; action on glucose, lactose snd ures; oxygen
requirements end exemination of cultures on nutrient eger or in litmus
wilk under ultra-violet irradietion. The grouping of the orgenisms
is given in Table 10. It will be seen thet the egg infections were
dominated by Gram-negative bacteris. The number of isolastes of
slcaligenes and non-fluorescent pseudomonads wes possibly exagpersted
because of colonial varistions which were not recognized &s such when
the plates were sampled.

The occurrence of the different types of Cream-negetive becteria
in the various groups of eggs is shown in Teble 11l. It is considered
thet no definite conclusions should be drewn from this desta becasuse of
the small number of egge examined end the wmethod (astresk plate) used
in the isoletions from the rotten eggs, a method which could be
expaected to result in the isolation of only the numerically dominant
contsminenta. HNevertheless, there appesr to be three points worthy

of comment. Firstly, the ssme types of bescteris were found in the
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commercial rejects es were found in the rots produced in the
laborstory. Secondly, the storsge temperature appesred to have had
some selective effect in the induced rots. The wajority of
alcaligenes were isolated from eggs stored at 20°. Fluorescent
pseudomonads were isolated frow eggs stored at 10 and 20° but not
from eggs stored at 30°. The majority of proteus-type bacteria
(8/9) were isolsted frow eggs held st 30°. Thirdly, the number of
fluorescent pseudomonads wes surprisingly low in view of the widely
gccepted belief that these sre the most importent orgenisms in
comuuercial eggs.

Representetives of the varicus groups listed in Teble 11
were selected for deteailed exeawinstion. In weking this selection,
cere was exercised to ensure that the collection wes composed of
orgenisms which had been isolated from the verious sources listed
in Table 1l. In all csses the properties of these organisms were
tested on at lesst two occassions during the two years following
igoletion. Some of the results are given in Table 12. Additionsl
details and the identificetion of the groups ere discussed in the
following section.

Alceligenes

A homogeneous group wes formed by the 9 representstives
selected for detailed examination. These bacteries were inert
in the more commwonly used biochemical tests and sowe of the following
charscters proved useful adjuncts in recognizing strsins of this
group. BSkiwm wilk containing either litmus or bromthymol blue
became aslkeline within 72 hr end remained so for 28 days.
Respirometer studies and chemicsl analysis of growing cultures

failed to demonstrate glucose utilizetion, results which confirmed
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those obtsined with conventionsl fermentetion tests. Acidic
substences were formed frowm an oxidstive breekdown of the primery
aleohols ethanol, propenol and butenol (tested in the mediuwm of
Bosrd & Holding, 196C). Ko clesring wes seen on the ethanol-CaCl,4
medium of Shimwell, Carr & Rhodes (1960). Table 13 summerizes the
results obtained from an investigation of orgenic acid utilizstion
by these bacterila.

in medie, in which ammonia wes the sole source of combined
nitrogen, growth occurred when the casrbon source wes either gluconste
or ethenol but not when 1t wes glucose or citrate. No growth occurred
when either ethylsmine or methylamine wes the sole source of carbon
and nitrogen.

These organisms hed no detectable sction on: egg yolk, potato
slopes or glycercl snd no growth occurred in nutrient broth &t pH
4*5 (adjusted with HC1).

A chsaracteristic variation of colonial worphology was noted
end this is illustreted in Flate 1. It is considered that this
property wmay hsve been responsible for the isolestion of such lerge
numbers of these organisus.

Cook (1961) observed that these organisms grew snserobicslly
in medis containing NOg, but not KO, with the production of gas.

The bacterie isolsted in this study have been identified with
Alealigenes faecslis, & conclusion supported by comperison with
Conn's culture of Alcsligenes faecslis (NCIB 8156).

Fluorescent pseudomonads
Table 14 shows the bilochemicel differencee that existed smong

the 9 isolates chosen for detsiled examination. These organisms have
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been identified with Pgeudomonas fluorescens as defined by Rhodes (1959).
Proteus

The six representastivea of this group had the following
properties in addition to those given in Table 12. 411l the streins
fermented sucrose, 5 out of the 6 strains fermented wannitol,
dulecitol and inositol. None of the strains produced sub-culturable
growth in & wminerel wedium containing either glucose or citrate.
They had no detectable sction on egg yolk. 4 brown pigment was
Tformed by cultures growing on nutrient sgsr conteining tyrosine
after prolonged incubstion at rcom tempersture. All the cultures
preduced proteus-type growth on nutrient sgar. The six strsins are
considered to be Proteus vulgeris Hauser.

Qoli-aerogenes group

The results obtsined from test for acetoin formstion snd methyl
red reaction were used to seperate the streins of this group into A
and B of Table 12. Croup A hes been identified with Cloesce (Report,
1958) end two main types were recognized: ;) a non-lsctose fermenting,
proteolytic group which produced & heevy scum in nutrient broth
containing egg yolk and & soft clot, slight acidity end wmarked
digeetion in litmus wilk, end ii) & lactose fermenting group which
had no detectable action on egg yolk and produced only an acid
reaction in litmus wilk.

Strains of Group B have been identified with Cltrobscter
(Report, 1958).

Aeromonads
Strains of this group were not recognized in the preliwinary

work and it was not until flagella stains and re-infection experiments



. 63

had been done that the present collection was obtained. The
identification of these with Aeromonss wes supported by studies in
which they were compared with Pseudomonss ferwmentans L 417 (von
Wolzogen Kuhr, 1932) end Aeromones liguefsciens (NCTC 7810). The
gtraine isolsted in the present study have been identified with
Aeromones liquefsciens &s defined by Eddy (1960). This species has
been celled Aeromonas hydrophils in enother recent investigastion of
this group (Ewing, Hugh & Johnson, 1961). Three of our isolates have
been exswined by Dr. Eddy who is in egreement with the sbove
identification.

 The first adequetely dovumented asccount of the occurrence of
this orgenisw in rotten eggs wes that of Miles & Halnan (1937).
These suthors were of the opinion that it was s proteus to which they
gave the newe Proteus melenovogenes. This newe is still used in
current reports (e.g. Florian & Truesell, 1957; Frazier, 1958)
although the orgenisms were leter identified with Aeromonss (Miles &
Miles, 19561). Streins frow this latter study were included swong
those examined by Zddy (1960).

Non-fluorescent pseudomonads (pseudowonsd £)

A homogeneous group was formed by the 9 isolstes selected for
detailed exemination. The orgsnisws are obligete serobes and have
from 1 - 3 flagelle attached to one pole of the cell, an aerrangewent
which did not chenge during a 96 hr observaetion period.

Un nutrient ager, e smoeoth circuler raised colony of butter=-
like consistency wes generslly formed, occasionally &n irregulsrly
outlined rugose colony developed. An unsuccessful ettewpt wes wade
to find the reason for this verietion. Young cultures on nutrient

egar were colourless but & light yellow colour developed after pro-
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longed incubstion &t room tewperature. This pigmwent could be most
easily seen on medie containing OaCO3 or some other white insoluble
meterial. This pale yellow colour wes elso evident in the pecked
cells produced by centrifugetion of an 18 hr nutrient broth dulture.
No pigment was formed in the gluconste mediuwm of Peston (1959) - this
mediuw did not support growth unless supplemented with yesst extract

Cood growth waes obteined with &ll the conmonly used lasboratory
media. In wedia in which smwonia wes the sole source of combined
nitrogen no growth occurred with the following cerbon sources:
glucose, gluconate, citrate or ethanol. HNoreover, none of the following
could serve as & source of both carbon snd nitrogen: ammonium lactste,
methylemine or ethylawmine. Growth wes obtained when & glucose
winersl medium wes supplemented with yeast extrect. The amount of
growth (visusl estimstion) asppeared to be determined by the
concentration of yesst extreact.

Viebility was quickly lost during storage st room tempersture
of cultures on nutrient eger which hed been covered with wineral oil
within 48 hr of inoculstion. Oeastisfasctory weintenance of viability
was obteined with nutrient broth cultures stored either et 4° or room
tempersture snd sub-cultured at 6-monthly intervsals.

The uvtilization of glucose by strains of this orgenism vas
demonstreted by stendard wmenometric techniques. The results of one
such experiment sre given in Figure 3 frow which 1t will be seen
that this is a constitutive property. The dissppesrasnce of glucose
from & growing culture wes dewonstrated by chewical methods. Dublous
results were obtained from early attewpts to dewmonstrate ecid
production by cultures gpowing in & medium conteining glucose and

en acid-bese indicator. 1t will be seen frowm Table 15 that with
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either the mediuw of Hugh & Leifson (1958) or that of Hugh &
Ryschenkow (1961) there wes no clesr-cut resctions other then s
pronounced slkaline resction in the bessl wedium. It wes inferred
thet this resction waes wmesking eny acid which might erise from glucose
utilizetion. 4 wmedium wes devised (Board & Holding, 1960) in which

& pronounced alkaline reaction did not develop in the besal medium and
it will be seen from the results given in Teble 15 that when this
wedium conteined glucose it registered sn scid resction on the

7th dsy of incubstion.

Aecld reactions detectable only in the wedium of Board & Holding
(1960) were obtained with the following substretes: fructose, xXylose,
lactose, ethanol, propsnol or butenol. No clesring occurred during
growth on the ethanol-CaClz mediuvm of Shimwell et al. (1960). A
strong scid reaction developed in the medie of Hugh & Leifson (1953)
end Hugh & Ryschenkow (1961) containing either srebinose or maltose.

No change in the pH wes seen in skim milk containing either
litmus or browmthymol blue but the milk wes slowly digested from the
top downwards and & soft clot formed at the bottom of the tube. A
very cherascteristic slwond-like (nutty) odour was produced in these
cultures, &n odour that was particularly noticeesble immedistely upon
opening an incubator containing & number of these cultures. Moreover,
it wes @lso detected in infected eggs end on & number of medis
contelining proteins particularly those conteining native proteins
derived frow eggs. This property has not declined during & 3 yesr
period in which these orgeniswms have been wainteined on laborstory
media.

These orgsniswms digested the following proteins: gelatin, casein

and hest-coagulsted egg white. The rote of digestion wes slow when
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Judged by the speed of liquefsction in nutrient gelstin st 28°.

In this cese the following sequence wes observed (bracketed figures
refer to days incubation): napiform (2-3), stratiforwm (7), the

latter progressed slowly until sbout & third of the geletin weas
liquefied on the 28th day following inoculation. A similar sequence
wes seen in 187 gelatin or nutrient gelatin conteining glucose (final
concentration, 087, w/v). HNo liquefsction occurred when the surface
of nutrient gelstin, either with or without glucose, wes covered with
either minersl oll or weter sgar conteining reducing substances. lLead
ecetate paper suspended sbove peptone water containing a piece of
heat cosgulated egg white registered the production of HoS within

48 hr st 27°.

Teble 16 summarizes the results obtsined trom en investigation
of orgenic acid vtilization by two streains of this orgsnism.

These orgenisms had no detectable sction on egg yolk, poteto
slopes or glycerol (tested for seid production snd the production of
hydroxyacetone) snd they did not grow in nutrient broth et pH 4°5.
They did not produce eny pigment in nutrient egsr conteining tyrosine.
There was no chsracteristic appeersnce in the growth which developed
on Dorsett's egg wediuw.

Becteria of this group were considered to have some properties,
particularly in respect to the changes occurring in infected eggs,
similar to those of the bscteris which Floriasn & Trussell (1957)
identified with Alceligenes bookeri. The properties of one of their
isolates sre set out in Teble 17. This study showed that this strsin
had few properties in cowmwon with either these suthors' published

description or the orgenisms isclsted in this study.
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The organisws isolated in this study have been identified with
Pgeudomones es defined in Bergey's manusl (1957). Attempts to
identify st species level resulted in PFseudomonss fregi (Hussong,

Long & Hamwer, 1937) end Pseudowonas meltophilis (Hugh & Ryschenkow,
186C; 1961) being chosen for cowparstive studies, the results of which
ere included in Teble 17 These showed thet our orgenisms and Es.
weltophilia shered a number of properties. 1In particular, the
reection in litwus wilk and the psttern obtained when various wedis
were used for studles of carbohydrate utilization. 1In the lestter cese,
F£s. meltophilie geve & pattern similar to thet shown in Table 15.
Certein differences ere shown in Table 17 but 1t is considered thst
the confusion existing in the clessificetion of non-pigmented
pseudomonads prevents en assessment of their texonowmic significence.
Moreover, it is considered that an unguaslified acceptance of Is.
meltophilis es & new and distinet species would be premature in view
of the sbsence of published deteils obtained from cowparative studies
with closely relsted pseudomonsds, perticularly those msltobionie

acid producing streins which Kluyver, de Ley & Rijven (195)) end
Bentley & Slechta (1960) exswined. In the meantime, the organisums

isoleted in the present study will be referred to as pseudomonsd K.

DI3CUSSIOR
This study has re-emphasized the importance of Cram-negetive
bacteriz in egg infections. From the taxonomic viewpolint, it wes
noted thet the organisms isclated in this study were similor to
those isoleated by Miles & Halnan (1937) and Heines (1938) -~ imported
South Africen, stored English and iwported Austrelisn eggs -, Alford,
Holmes, Vickery & Scott (1850) - stored Austrelien eggs -, Richard &
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Mohler (1950) - Germen eggs - and Florian & Trussell (1957) =
Censdlen eggs. Further evidence of this close similerity wes elso
obtained frow re-infection experiments, the results of which are
Aiscussed st a leter stsge. The wost not sble sbsentees frow our
group of 1solates were HSerratis weprcescens. which Alford et el.
(1950) found in less than 1% of the eggs which they examined, aend
Fgeudowones aeruginogss, an orgenism whose occurrence in rotten eggs
has been described by Flett & Anderson (1939). 1t wses concluded
that the priwery object of this study, rnemely the estsblishment of
e cowprehensive collection of the cowmon conteminents of rotten eggs,
had been sttained.

The svailable evidence does suggest that these conteminents
heve & wide distribution in neture and that their selection, presum-~
ably by the enti-microbisl defence of the white, is not appreciably
influenced by geographicel factors, wethods of poultry husbandry
end/or egg werketing procedures.

It hes been stated thet many of the contawminents ere feecal
in origin (e.g. Florian & Trussell, 1957), an essertion which is not
supported by convincing evidence. The orgenisws isclated in this study
are not considered to be typical of those normally essocisted with
the sliwentary cenal of the hen. HMoreover, the raiiure of the
wejority of these to grow &t the hen's body tempersture suggests that
& gource other then feeces is the principal depot of contémination.
The esveilable evidence does suggest thet this is wost likely to be
8oil snd weter.

it hes been customery in recent studles of this type to
seperate the isolates into two groups depernding on the changes

produced on re-inoculeatior into eggs. In general no attempt was
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made to correlate these chenges with the known wmetebolic attributes

of the orgsnism. GBSuch en attempt wes waede in the present study but

it was quickly reslised that the information obtained from conventional
re~infection experiments (e.g. Miles & Halnen, 1927 or Florien &
Trussell, 1957) wust be considered slong with evidence originating
from more critical examination of the infection process if s complete
pieture is to emerge. This aspect is considered more fully et s

later stage of this thesis.
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after 96 hr at 27° by strains of Alcaligenes

faecalils

A, Strain G36/1

1) A shiny round raised colony
with a regular border

11) A round raised shiny platean
encircled by a flat dull
area wilith an irregular borde
er

B, Strain @21/3
An exaggerated form of Aii,

Colonles of type Al were rarely
produced

Ce Strain NCIB 8156

Produced colony type Al and
Ail

Magnification X2
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Fig. 3. Graph showing oxygen uptake at 30° by & strain of pseudomonad B
(68/1) in the presence of glucose. Flasks contained cells (equivalent
to 1°25 wmg dry wt./ml) 1°0 ml; M/15-phosphate buffer, pH 7:0, 1:0 ml;
substrate (0*1 M-glucose or M/15-phosphate buffer for endogenous),

1°0 ml; KOH in the centrasl well. An 18 hr nutrient ager culture was
tested on glucose ®» , and a control @ ; an 18 hr glucose nutrient

sger culture wes also tested on glucosee , and a controlo .



Teble 10.

The preliminery grouping of 226 strsins of bscterie
isolated frou rotten eggs

Grew-positive i Number of isolates
Streptococel 2
Micrococel 4 ;
Rods 2

=N iv
Aleeligenes 52
Non-fluorescent pseudomonads 24
Fluorescent pseudomonads 39
Froteus 156
Coli-serogenes® 75
Ungrouped 13

®5trains of Aseromones ere included in this group



Teble 11

The occurrenc

Number of eggs
Orgeniswg
Alcaligenes

Non-fluorescent
pseudomonads

Fluorescent
pseudomonads

FProteus

Coli-
aerogenes®

of differen
becteris in rotten eggs frow verious sources

Leboratory induced rots

f Gram-nega

Storage tewpersture Secottish
g.10° 200 30° A B
27 19 17 33 23

] 26 6 7 5

10 8 3 6

4 5 0 4 b

1 3 3

9 7 18 22

®3trains of Aeromonss ere included in this group

Commerciel rots

English
A
14

12



Table 12.

Propertiecs of CGrem-negetive bscteris
isoleted from rotten eggs

Eroperty
Flagelletion

Action on giucoae
Action on lectose
Hydrolysis of starch
Acetoin formation
Methyl red test
Gelatin hydrolysis
393 production
Indole

Arginine test

Uree hydrolysis

Deamination of
phenylelanine

Oxidase test
Aesculin
Action on KNOg
Lecithinase

Growth tewmpersature
(°c)

Humber gr streins
exsmine

Obligate aerobes -

Alcaligenes

FPeritrichous

30

Non-fluoreascent
pseudomonad

Fols
O
O

4 -

10

r

30

Fluorescent
pseudomonad

Polar

0

Ao * bL

4 - 30

O, acildic substences arising frow sn oxidstive breakdown of the

substraete; -, no detectable

+*, & strong positive resction for HgS;

resction;

+, & pogitive resction;

+', 8 wesk poasitive

reaction for Hpe8, end d, seversl different resctions among the

organisms exocwined (see Teble 14)

/ Qontinued (sieevecne



Teble 12 (continued)

Eroperty
Flagelletion

Action on glucose
Action on lsctose

Hydrolysis of starch
Acetoin formstion

Methyl red test
Gelatin hydrolysis
Hg8 formetion
Indole

Arginine test

Deamination of
phenylalanine

Oxidase test
Aesculin

Action on xnoa
Lecithinase

Growth tewmperature °C

Rumber of strains
examined

Proteus

Peritrichous
F

+

NOg

20 - 40
6

Coli-serogenes
A B
Peritrichous
FR
FRg
& -
- +
+6 -
-8
+! +!

3 *
ROB NOB

:g -

4 - 30 4 - 30

14 7

Aepromonad

Folar

FR4

s

NOg

¥, fermentation; FR, ferwentation followed by & pH reversion;

+%, strong resction for HgS; +', wesk resction for HgS, and

-, no detectable recction.



Taeble 13.
til ion of orgenic ids by eleceligenes

Strain
G21/3 ws/2 632/1 Aleal e 1

NCIB 8
Aeld
DL-aspertic + + + .
L{+)=glutamic + + + +
Glycine + - N *
DL-ssparagine - + - -
L-argiﬁ:ne - + - &
monohydrochloride

No detectsble sction: DL-&lenine; DL-methionine; DL-ornithine;

DL-tryptophene; Valine

K acetate . - + s
Na citrate + + - +
Ne succinate + - - B
Ne lactete +& +% + % +%
Na formate + - - -

Slopes of the medium of Board & Holding (1960) conteining the sodium
salt of the orgenic ascid (finsl concentration, 0+25°, w/v) were seeded
with & dilute cell suspension. +, strong ealkeline resction;

+¥ sgtrong elkeline resction end swount of growth merkedly grester
than that on the controls; =, no difference between the wedium

conteining the orgsnic acid snd inoculated besal medium; NT, not tested



Table 14.

Some € eés of strains of fluo : ent udomo

isolated from rotten gggg

| Strein no. Qg.lg.iﬂ-.g
G3/1 +
Gl2/1 +
CF3 -
Cro1*® .
cres/1 B
ED9/2 B
G10O -
G29/1 -
cwe/& -

Action on
Ug

Reduction

ges formed

Reduction
ges formed

Reduction
gas forwed

Reduction
gea forwed

Reduction
gas formed

Lecithinese

Titeos wi1
digested
digeated
digested
digested
digested
éigested
Alkaline
Alkaline

Alkaline

* This strein produced & brown pigmwent on initisl isolation but this

property waes slowly lost during maintensnce on laborstory media.



Teble 15.

The influence of different medis on the
demonstration of glucose utilizetion by
g non-fluorescent pseudomonad (G11/1)

?edium) Containing Reaction after deys st 27°
10 ml glucose
(g) 1 2 3 7

Hugh & Leifson (1963) 0 k K K K

0° 05 & ” - o
Hugh & Ryschenkow e} K K K K

(1961)

0+0b K K K

0+10 K X K K
Boerd & Holding (1960) 0 - k k k

0-086 - - - A

0. 10 - - - A

-, no detectable changs in the pH; k, weak alkaline reaction;
K, strong alkeline reesction; &, weak scid resction;

A, strong acid reaction.



Table 16.

he utilizaetion of orgenic aci elected in

of a non-fluorescent pseudomonsd

4cid Strsin
G8/1 G11/1
DL-alenine + +
DL-asperagine - +
L(+)=-glutamic + +
DL-valine + +
DL-aspartic - +

No detectsble sction on: L-srginine wonohydrochloride, DL-methionine,

DL-ornithine, DiL-tryptophsane

Na citrate + .
Ha sucecinste + *
Ne lactate +® +»
K scetate +' +'
Na formste + +

Slopes of the medium of Bosrd & Holding (1960) conteining the sodium
salt of the organic scid were seeded with a dilute cell suspension.

+, strong alkaline resction; +, wesk slksline resction;

+®, gtrong alkeline resction end the swount of érowth markedly grester
than that on the control besssl wediuvm; +', & strong elkesline reasction

developing seversl deys after inoculetion.



Table 17.

Cow ison he non-~I{luore
eudomonsd wi ome oth &
Species: Non-fluorescent Pseudomonas Pseudomonas Alcsligenes
pseudomonad maeltophbilie fragi bookeri
Strains: 10 isolates NCIB 9201, "NOIB 29d
9202, 9208, 8642
9204.
Obteined rotten eggs NC1B NCIB Dr. Geribaldi®
from:
Ag;;og on:
Glucose a a A -
Fructose a a NT KT
lisltose A A NT NT
Lactose & &a NT NT
Arasbinose A - RT NT
4Zylose a - NT NT
Ethanol 8 - KT a
Oxidase test - - + +
Geletin + - + -
hydrolysis

Arginine test - - + NT
Litwmus wilk No pH change Fo pH change - Heduction

Digestion Digestion (no odour)

Soft clot S50f't clot

Alwond-~-like Almond-like

odour (strong) odour (wesk)
Nutrient Granuler Uniform RT NT

broth: turpidity turbidity

-, no detectable action; &, weak ecid pesgtion; A, strong acid resction;
NT, not tested.

¥ Dr. Geribeldil obtained this strein from Florien & Truassell (1957).
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INTROUDUCTION

The literature dealing with the growth of wicro-orgenisws on the
shell mewbranes in vitro has been reviewed on peges j7.39.

The report of Stuert & lcNally (1943) suggested thet the membranes may
contain substances that are toxic to the coummon conteminants of rotten
eggs. Lubsequent investigetions have indicasted thet this toxiecity
was most probably due to substances, possibly wetal ions, present in
the saline in which the wembrsnes were suspended (Stokes & Osborne,
1956; Elliott & Brant, 1957; CGaribaldi & Stokes, 1958). In fact, the
last wmentioned suthors, who worked masinly with pseudomonads, found
that significent bascterial multiplication occurred in suspensions of
disintegrated wmembranes. Since Novel & Nickerson (1959) have shown
thet mechanicel demsging of keratin cen result in changes which allow
the growth of orgsnisws that are unable to utilize the native protein,
the significance of this multiplicestion in relation to bescterial
infection of the egg cannot be essessed.

Representatives of the various groups of orgenisms listed in
Table 12 together with wembranes that had not been subjected to
extensive mechanical_damaga were used in en sttempt to obtain further
informetion on the extent of bacteriel wultiplicstion on the shell
membrénes in vitro. 1In sddition, particuler attention wes given
to the possible digestion of these structures by the organisuws.

METHODS ARD MATERIALS
Urgenismg. These were stored in nutrient broth in the laboratory.
OUne drop frowm a cepillary pipette of an 18 hr nutrient broth culture
(incubated at 27°) in 9 wl of water was used as the inoculum in the

experimwents discussed hereunder.
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Eggs. Neturally cleen eggs obtained frowm & wmeted flock of white
leghorns were used within 4 days of leying.

Colony counts. The method of Miles & Misre (1938) was used. The
capillary pipettes were made in this laboretory snd their accuracy

wes checked gravimetrically. Three drops (volume, 0:02 ml) of eech
dilution were placed on nutrient eger in & Petri dish and incubated

at 270;

Shell mewbrenes. Eggs were cracked ascross their equators, the contents
Giscarded and the inside of the shells waeshed with water. Great care
wes taken to minimize teasring of the wembrasnes during their removal
from the shell. The wmembranes were sgein weshed in water before being
held in chloroform st room temperature for 24 hr. This substence wsas
removed in an sir-streem generated by & water-pump.

Suspending medium. A-medium similer to thst 6r Geribaldi & Stokes
(1958) wes used. 1t consisted of'an squeous solution of Sgrensen's
phosphate buffer (finesl conecentration, M/150) conteining the following
(wg/1.): MgBO,4* THo0, 200; ZnSOy, 5:0; MnClg-4hg0, 7-2; FeSO4q°7HQ0, 10¢0;
CaClg, 11+0 end CoClg, 1-0. The pH, which waes adjusted by verying

~the proportions of the two phosphates used in the buffer solution,

was checked with & gless electrode after the medium hed been sterilized
by holding momentarily et 22 1b/in°.

Glagsware. Selected items of glassware ('Fyrex') were kept separste
from the other commonly used leborstory glesswere. These items were
cleansed by soaking in soap solution gnd weshed meny times in water,
culminating in distilled water. Cotton wool wae used to plug these
vessels and they were sterilized by holding wmomentarily et 22 1b/in”.

Chemicel tests. i) Nessler's resgent. This wss used routinely to test
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for protein digestion. 1i) Ninhydrin. The method of Moore & Stein
(1948) was used occesionaslly to test for protein digestion. Indane-
trione hydrete (Ninhydrin; B.D.H., Leborstory reagent) wes purified
by trestwent with charcoesl end re-crystsllized. The intensity of the
colour resction wes determined with @ Spekker absorptiometer conteining
the yellow filter no.606. The velues were converted indirectly into
sbsolute unite by weans of s standard curve prepered with leucine.
RESULTS

It wes noted in some preliminsry experiwents that no inhibition
of bscteriel growth occurred when pleces of membrane were plaeced on the
surface of nutrient sger immediately after the surface of this had been
inoculated. A faint opacity wes formed by bscterial growth in those
regions of water sger upon whose surface pieces of wmembrane had been
pleced immediately efter inoculstion. This opscity was most easily
seen at the edges of the membranqa. The smount of growth, ess Jjudged
by opscity, wes not incressed by previous exposure of the mewmbranes to
conditions designed to transform the proteins by either densturstion
or digestion. 1In such tests the membranes were held in sterile solutions
of either N-HCl, N-NeOH, urea, papein or trypsin for 24 hr at 279, and
they were repeatedly washed with sterile weter before being placed on
the sgar.

Table 18 contains the results from an experiment the object of
which wes to check the mewmbrasne suspensions and the suspending medium
for toxicity. 1t will be seen that neither of these had any inhibitory
effect on bacteriasl visbility. 1t wes considered thst colony counts
would provide the most critical method of assessing the influence of
shell membrenes on bacterial viability. Shell wembraenes (aither

half an egg's wmembranes or 6 pieces from separete eggs which together
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approximeted the esmount present in the former) in 15 wl of suspending
wedium (pH 7+2) conteined in & 50 wl Erlenmeyer flassk were inoculated
with either 1 cr 5 drops from s capillery pipette of n dilution of the
organiam. An uninoculated membrene wes included in every experiment
and s further check on the mewbranes’' sterility wes provided by
inoculeting pieces of mewmbrane in nutrient broth and incubating these
et 27°. The following observetions were made: &) changes in the
colony count, b) changes in the eppesrances of the mewbrenes and
suspending wedivm. In addition, various chemicel wmethods were used

to detect protein digestion.

Changes in colony counts. The results obtained from seversl experiments
ere summarized in Fig. 4 Bacterisl wultiplication occurred in the
suspending medium in the majority of ceses. This wultiplication was
less then thet occurring in suspending wedium containing wmembrsnes,
although these differences were slight with certain orgasnisws (ef

Fig. 4e). Although the size of the inoculum did not influence the
form of the growth curve, it did, in the wmajority of ceses, deterwine
the final size of the bascterisl populetion. 1t might be inferred thst
thies wes due to nutrilites included with the inoculum. No significent
differences between membranes from one egg and the eggregetes from

6 eggs were noted. These results indicate thet the wewbranes provide
something which is bLeneficiel to bscteriel wmultiplication. This
provision could be in the forw of either nutrilites or in & mwodification
of the ionic balance snd/or pl of the suspending wedium or some
permutation of these. Informstion bearing upon these possibilities is
discussed st a later stage. lieentiwe, it cen be noted thet non-
proteolytic (ef Pig. 48 & b) es well es proteolytic bacteris multiplied

in the mewbrsne suspensions.



Streins of pseudomonad E were

used in this study. This orgsniswm resembles the bacteria which (
Floriaen & Trussell (1967) identified with Alcsligenes bookeri.

The ebility of strsins of the latter to digest the shell membranes

wes noted by CGeribaldi & Stokes (1958) The optimum pH of the

medium for the wultiplicsation of our strains was 7+2, s value used

in ell experiments. The type of result obtained is exemplified by

the data given in Fig. 5. 1In the first pert of the incubstion period
the rate of multiplicetion wes incressed when the suspending wedium
containing membranes wes supplemented with trace awmounts (final concen-
tration, 0°'01%, w/v) of either yeast extrset, peptone, glucose, aqueocus
extrect of deep litter msterial, squeocus extract of hens' feeces or
pleces of shell. The ash obtained from yesst extrsct was also
stimuletory. OCelcium cerbonete and celeium phosphete, two of the mejor
components of the egg shell, did not csuse stimulation. In fact, the
first wentioned substance had & slight depressive effect. By the 8th
dey following inoculation, &bout the seme number of visble cells were
present in both supplemented and unsupplemented wembrene suspensions.

The supplementas did not have any detectable effect on wultiplication

in the controls.

The results discussed in this section were obtained with whole membranes
contained in unsupplewmented suspending medivm. No detectable changes

in the gross structure or orgenization of the shell membranes were
‘produced by eny of the orgenisms. Loss of colour of the mewbranes
inoculated with certain orgenisms wes noted. The shell wembrenes of

a freshly opened egg asre colourless but they become pink om exposure

to the stmosphere. The pigmwent, the chemistry of which is in doubt
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(Brooks, pers. comm.), behaves as & pH indicator. An uninoculated
mewbrene reteined its colour throughout incubstion. Likewise, no loss
of colour was detected when membranes were inoculated with Ale. feecalis.
Ps. fluoresecens or Ir. vulgeris. The colour was sowetimes lost from
membranes inoculated with & proteclytic strain of Closea end was
inverisbly lost when either Aer. liquefpciens or pseudomonad E wes used.
This loss did not eppesr to be due to chenges in pH since the pH
attained in uninoculated membrene suspensions (pH 7+5) wes not signifi-
cently different frow that of inoculated suspensions (pH 7-6 - 8+0).

The loss of pigwentation was always associsted with a marked incresse in
the turbidity of the suspending wedium. In other words, a msrked
incresse in opecity wes noted with membrane suspensions inoculated with
either Aepr. liguefaciens, pseudomonad E or, occesionally, Closca. There
was no wmarked increase in turbidity in membrene suspensions inoculsted
with either Pr. vulgeris. Ps. fluoresgens or Alc. faecslis. The
essocistion of these two features sppears to depend on the ability of

the organism to synthesize proteases.

Di ion of membr . 1t wes noted in the preceding section that no
detectsble changes in the orgsnization of the wewbrenes resulted frow
becterial growth. Zvidence of protein breskdown was therefore sought

by chewicel wethods and Nessler's reagent wes routinely used for

this purpose. A positive reaction was given by the suspending wedium
removed from wembrane suspensions in which Aepr. liguefsciensg, pseudowonad
E end, occasioneally, Cloascs had grown. HNegetive resctions were given

by all the control suspending wedis, uninoculated wembrane suspensions
and wmembrenes inoculsated iith Pr. vulgerig, Ps. fluorescens or Alg.
fgecalis. Fig. © contsins typical results obteined when protein
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digestion wes tested by a wmethod (Moore & Stein, 1948) in which
ninhydrin is used to determine the presence of swino acids. The
rsgults obtained by this method paralleled those obtasined with
Nessler's reagent. It will be seen thet the relesse of ninhydrin-
rescting substances from the membranes was detectable 1-2 days
following inoculation snd thst this release reached its pesk several
days later, the subsequent decreese was probsbly due to the breskdown
of awino acids.

Hydrogen sulphide wes liberated into the air-spece above membrane
suspensiocns which gave & positive resction with Nessler's reagent.

In general, this picture was not modified when pieces of egg
shell were included in the membrene suspensions. In this csse, however,
proteolytic strains of Closca tended to give more positive resctions,
and the shell did espprear to promote the relesse of ninhydrin-rescting
substances by Aer. liguefaciens.

tion of oteo . Semples were withdrawn dsily from both

inoculated wembrane suspensions and the control suspending wmedium.
These were divided into 2 parts, one of which was tested with Nessler's
reagent and the other, after the addition of & drop of chloroform,
wes plasced in holes (7 wm dismeter) cut from water sgsr (1-5%, w/v;
pH 7-2) containing geletin (Cox, Edinburgh; 0-2%, w/v) to which hed
been sdded & cryatel of thywol st the tiwe of preparation. The Fetri
dishes containing this wedium were incubsted st 37°, snd after 24 hr
gelatin digestion wss tested by flooding the agsr with scid Hgllg.
The results st 120 hr gre given in Teble 19. It will be seen that
a8 positive resction with Nessler's resgent waes associsted with the
presence of proteases in the suspending wmedium. The amount of enzyme

present wes not enough to give & detecteble resction with azo-cesein
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(Chernley & Tomerelli, 1947) during incubstion for 1 hr at 37°. it
ghe end of the experiments, subcultures were wade from the membrene
suspension into nutrient gelstin. The latter were ircubsted at 22°
end observed for liguefsction. Alc. faecslig, &s wes to be expected,
wes the only orgeanism which fasiled to liquefy gelatin. All the other
bacteris liqguefied the geletin in & way and a2t & rate which could be
predicted from previous observsestions of this property. 1n the case
of Ir. vulgeris and Pg. fluorescens, this was tsken to be evidence
that the cells developing in the membrane suspensions were not non-
proteolytic variants in the sense of this property being lost st the
gene level. 1t wes concluded that these orgsnisus were prevented
from forming proteolytic enzymes, or at lesst those which digest the
proteins of the membrsnes end/or geletin, becsuse of some insdequacy
in the environment. HNeither an incresse in the concentrstion of
Ca in the suspending wedium nor the sddition of pieces of shell
rectified this inadeguacy.
DISCUSSION

The explanstion of the wultiplicetion discussed in the foregoing
is not clear. The orgenisms used in this study, which with the
exception of fr. vulgspris and pseudomonad E sre of non-exacting
nutritionsl demends, are the types which are known to multiply in
nutritionally-insdequate environments such ss distilled water or
phosphate buffers. Although multiplication generally occurred in our
suspending medium this wes always less than thst occcurring in the
suspending wmediuwm conteining shell membrenes. This can be accounted
for by supposing thast the wewbranes were influencing bacterisl
multiplication by either a) & modification of the ionic balsnce of
the suspending medium (either by contributing ions to the suspending
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medium or by sltering the belance of those already present), or

b) provision of nutrients. In the forwer case, the stimulatory effect
of the ash of yeest extract does imply thet the shell membreanes may
heve made certain ions unaveileble to the orgenisws. /lthough great
care was teken to remove the albumen during the preparation of the
membranes, the presence of trace smounts of conalbumin may have been
responsible for this effect. If this implication is sccepted, it can
be concluded that the greater multiplication occurring in the wembrane
suspensions wes at the expense of nutrilites present in these membranes.
Although it is known (Ecker & Lockhart, 1961) that the number of
viable orgenisms present in e mediuvm is an unsatisfsctory criterion
of its initisl nutritionsl quality, it would seem that the membranes
contaein only swell amounts of nutrilites thet sre reedily svailable

to the organisms. This conclusion would appresr to be supported by

the observation thaet & marked increase in the rete of multiplicstion
attended the supplementation of a membrsne suspension with trece amounts
of either yesst extrsct or peptone. Zcker & Lockhart (1961) found
thet, within certein liwits, cell wass waee directly proportionsl to
the initial concentration of & nutrilite in & wedivm. In the experi-
ments under discussion, there wes no notsble increase in the opecities
of the suspending medium or the suspending medium containing membranes
except in the csse of wembrane suspensions inoculated with Aer.
liguefaciens, pseudomoned E or, occesionally, proteolytic streins of
Closca. 1t wses found, however, thet this incresse in opscity was
associsted with the presence of proteases end products of protein
degredation in the suspending wediuwm. Whether these orgenisms were
able to produce protesses as & resvlt of the nutrilites present in

the mewmbranes or whether this production wes influenced by the
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composition of the suspending wedium cannct be decided. It was
concluded, therefore, that the shell wewbranes in vitro e¢an support
the growth of the commonly occurring contaminants of rotten eggs.
This conclusion is in concord with those of GStokes & Osborne (1956),
Elliott & Brant (1957) end Garibeldl & Stokes (1958).

It would be dangerous to meke zn uneritical acceptance of this
conclusion and use it when discussing the roles that the shell
wembranes may or may not play in the egg'es defence. Brooks (1960b)
found thet the rate of multiplicstion of pseudomonads in albuwen in vitro
wes significantly slower than thet in egg white containing shell wmembranes,
the greatest incresse occurred in elbumen containing wembranes from
aged eggs. Brooks considered the conclusions of the authors cited
ebove but concluded that this ineresse in the rate of wultiplication
was not due to nutrilites present in the wewmbranes. He considered that
this conclusion wes supported by his observation that the rate of
multiplicstion was not incregsed by the addition of glycine or esmmonium
salts tc slbumen., Instead, he fevoured the conclusion that the
iwportant contribution by the mewbrenes wes iron and, possibly,
other metal ions, & conclusion which is not in concord with his
views of the changes occurring in the shell wewbrenes in eggs on the
12th day of stcrege viz. "a& sponteneous change occurs in the wembrane
which wakes it wore susceptible to bacterisl attack”. 1t would seem
that the conclusion arrived at by Brooks and that asrrived at in this
study can be reconciled in the following wanner. Although Brooks
(196Cb) does not give informetion concerning the form of the wembranes
and the method of their incorporstion in the aelbumen, it would seew
reasonsble to assume that egp white conteining shell mewbrenes would

not be & homogenecus medium. It is conceiveble that in such & wedium,
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bacterial multiplicetion would be confined to the shell wembranes and
that the white would be contaminated from these loci -~ this concept
of the manner of contamination of the white is in agreewment with the
sequence of events which Brooks (1960b) found in eggs whose air cells
hed been inoculsted with pseudomonads. The acceptance of this concept,
support for which would appear to be given by the analogous situstion
occurring with the growth of obligete anaerobes in liquid medis
containing perticulate watter - the 'nidus effect' - Knight (1941),
allows one to suggest that becterisl multiplicstion wes being sided
by iron in the wewbranes, &s suggested by Brooks (1960b), end the
presence in the wembranes of the nutrilites whose occurrence wes
implied by the results given above. It would seem, however, that en
assessasent of the contribution, if eny, which these make to becterisl
multiplication during the infection of eggs would be best postponed
until wore information is availsble concerning the changes that occur
in the shell wembrenes of stored eggs. This espect is considered

in the next part of this thesis.



Alcdliggﬁcs faecalis.

Aer. liquefaciens CF|7/|

LOGIO VIABLE COUNT/ML SUSPENDING MEDIUM

A CwW5s/2 B G2/3 C
././\..
i RS 1
r il N
° S >
. --°"\*"‘ .
!/ ¥
®
s L @
®
O 2 4 6 o 2 4 6 8 O 2 4 6
Pseudomonas fluorescens Pr.vulgqris
Gl6

D Gi2A E CF2I F

e
\0--_...._____.

;/H | L
J -/ -
\ L & K

62;1-6 O 2 4 6 8 O 2 4 6 8

INCUBATION AT 27° (DAYS)

Fig.4. Ccontinued)



Pseudomonad E

G G8/lI H GIVYI

Bb
p-3 L !
o ® @
fa) A i ~—~e—
w 8 /*\c—'"" ®
>

b - @
()
> o~e
= 4} ! ./
Z -
w o \\ .f’\\
0
: 2 5 Y a2 . ] g L [l [ 8 ']
w o 2 4 6 O 2 4 6 8
-
>
—
*—
Z
-
8 Cloaca

| G4 4 o Suspending medium
w
J 9r¢
m
S o—®
> [ = T e Membrane suspension
o7t ZNO
0 [ J
(o s
4 Inocuium: a dilution of

5t ® an I8 hr nutrient broth

cuiture.
- °
3.

O 2 4 6 B8
INCUBATION AT 27°
CDAYS)

Fig.4. GROWTH OF BACTERIA IN SUSPENSIONS OF
SHELL MEMBRANES



LOG, o VIRABLE COUNT/ML SUSPENDING MEDIUM

Hens' fae ces!.

6F /X
Deep
litter /)
ST //' Control
o7 membrane
X o——O~—suspension
4 - o ’.-._.-.
o&-::.: 7f,x: \’\,O:: :
X._ |Controls
3 » ik A J' —
o [ 2 3 8
9t /‘;
//x
8 =3
Peptone-\,
7 b

Yeast /
| extract
6 Z.. /
g

Glucose
5r X
3 ‘JControl
membrane
4Fr suspension

L

rd “\
/_. .V' ~o

3¢ a

4 :‘]Controls
A A A A

-

o |1 2 3

4 8

INCUBATION AT 27° (DAYS)

b extract

P et L]

I' >
Yeustf' /’
X

Control

f membrane

suspension

" -
sOTO ¢t

S TR~ ex it l Controls

i 1 _1' ]

2 3 8

. GROWTH OF PSEUDOMON-

AD E GII/l IN SUSPENSIONS
OF SHELL MEMBRANES
SUPPLEMENTED WITH

VARIOUS SUBSTANCES

Controis: suspending media

without membranes

Suppliements: final concentra:-

ion,0.01°%/0 (w/v)



=ULIPAYUIN: - -~

‘UlJpAYuilu Y3}im UO1}DDoJ

2|quinsb2w D 2AI6 j0uU pIpsuolsuadsns 2UDJQW2W P23DINDOUIUMN  'S2OUDISqNS bulIdD24

"JuUnod 2|qDIA - — -wnip2w bBuipuadsng :o ‘CcsaubJqwaw |j2ys s$,662 up j)py

jJo 3opyy p2iowixoaddp J2yy2603 yosiym s662 21pupdas wou) $252i1d9) UOISU2dsSNS 2UDIQU2IN : @
Vid3lovea 40 HLIMOYOD 3IHL OSNIYNA S3INVIEGW3IWN

NINHY DRIN REACTIONS EXPRESSED AS PG LEUCINE
/ML SUSPENDING MEDIUM

8l

73HS WOY4 S3ONVLSENS

ONILOVIYU-NIYAAHNIN dO 3ISv3I3y 964

(SAVA)olLZ LV NOILVENDNI

91 ¢+1 21 of 8 9 ¥ ¢ O

Bk

L€

€ €

Qeer— = =0 e = — — 0. -0 nl!i.l.\.l-..l.

3 PpDUOWOPN2Sd

gl 91 +1 21 Ol 8 9 14 ¢ O
. r T T T L a8 J T T L] L n*
Qe = = == — Q reerrrerc = =0~= ==0=-0-0~-0¢
E /
/
. / ig
I
!
: .
!
. | {9
|
i |
|
J ° O\ — nh
\ |
II — <
s \ o
b .
o f/ \\..\i\ .w
\ _ - ;
\ —
e [ Xl ®
®
[ ] \
. /0 lg

Su2(dDj2nbl}] spuowol2y

|
201

o

WNIGSW SNION3IASNS TW/LNNOD 3T8VIA



Teble 18.

Survivel of bacterie in suspensions of shell membrenes

Crgenism No. of Suspending mediuwm plus Suspending wmedium
strains membrane

Days incubstion at 27° Deys incubstion st 87°

3 14 33 3 14 33
Alcaligenes 2 + + - + + =
feecelis
pseudomonad E 2 r 3 A + + - -
Foeudomonss 2 + + + + + +
fluorescens
Prote 2 + + B + - +
fuiEﬁ%Zs ;
Cloacs '
non-proteolytic 1 . + + + + +
proteolytic 4 + - + v + +

Viebility tested by streaking a loopful of the suspending medium on
nutrient agsr. +, confluent growth slong the streak; +, isoleted

colonies along the streak; -, no growth.



Teble 19.

Production of proteolytic snzywes by becteris growing
in gsuspensions of shell wmembranes

Orgenism Suspending medium Suspending medium plus
mewbranes
Reaction with Proteolytic Resction with FProteolytic
Nessler's reagent enzymes Nessler's reasgent enzyme
Incubation Incubsation incubation Incubstion
(hr) (br) (hr) (br)
0 120 0 + 120 Q 120 0 120

Alceligenes - - - - - - - o
faegcalis

Fseudomonas - - - - - - % -
fluorescens

Froteus - - - - - - & =

vulgaris
Closaca - - - - &

Aeromonas - - - 20 - N - 75
diguefsciens

pseudomonad E - - - -~ - + - 10+0

controls

-, no detectable resction; £, week resction with Nessler's resgent;
+, strong resction with Nessler's reegent; Numerels, width (mm) of
clearing of gelatin sround holes (7 ww dismeter) cut from water ager
(1°5%, w/v) containing gelatin to which had been sdded thymol and

chloroform.
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INTRODUCTIOR

The litersture desling with the course of bacterial infection
of the hen's egg has been considered on pages 43 - 47 . A number
of investigetors (Gillespie & Seott, 1950; Elliott, 1954; Stokes et
al. 1956; Fromm & Monroe, 1960) have presented evidence, derived
mainly frow empiricsl observations, which suggests that the anti-
microbiel defence becomes exhsusted 10 - 15 days following the
infection of a newly leid egg. Brooks (1960b), who examined the
course of infection in eggs whose air cells had been inoculsted
with pseudomonads, obtained evidence which indicated that bacterisl
wultiplicetion wse confined to the shell membrenes during the initisl
phase of infection and that the white end yolk were contaminated with
migrants from this source. The rate of wultiplicetion during the
initial phase was slow when compared with thst occurring in & second
phase whose beginning wes determined by the age of an egr at the tiwe
of inocculation. In the cese of newly laid egps, this second phase
began on sbout the 12th dey following inoculation but this period waes
wmarkedly reduced if the eggs were stored for 1-7 days prior to
inoculation. This second phase of multiplication was associated
with & heavy contamination of &n egg's contents and the first
macroscopic signs of infection of the yolk and white. Brooks
considered that this change was due to & spontaneous chenge in the
preoperties of the shell wmembranes. The nature of this changa awaits
elucidetion.

The object of the work sbout to be described wes to gain & clearer
understanding of the changes which result in the sppsrent exhaustion
of the anti-microbial defence of an infected egg. DBacteriologicel

and chemical wmethods were used to trace the course of infection in
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egge whose air cells had been inoculated with a dilute cell suspension.
METHODS AND HATERIALS
Egps. These were produced by & mated-flock of White leghorns. The hens
were fed a layers' retion and they were kept on deep litter. Iggs
produced during one day were used in any one experiment and they were
stored at room temperature prior to inoculstion. All the eggs were
candled end those of poor internsl gquelity were discarded.
Srgenisms. The properties of the orgenisms used in this study ere
listed in Table 12. The organisms were stored in nutrient broth et
room tewpersture. An 18 hr nutrient broth culture wses used in oll
experiments. The cells were hervested by centrifugation and twice
washed with Sgrensen's phosphate buffer (pH 7-2; K/15) and resuspended
in distilled water.
Bacterisl penetrstion of the shell snd shel mbrgnes. The methods
used were besed on those described oy Geribaldi & Stokes (1958). The
appareatus is depicted in Fig. 7. There were differences, however,
in the preperstion of the shells. In the present study, the surface
of the shell wes wiped with 707 ethanol, the pointed end of the shell
removed and the contente discerded. The shell, held in & pair of
sterile forceps, wes agsin wiped with ethenol before being plesced in
8 crystallizing dish containing 15 ml of sn 18 hr nutrient broth
culture. Nutrient broth (15 wl) was introduced into the inside of
the shell end incubation at 27° followed. Fenetration of the shell
end shell wembrenes snd purity of the culture were tested at 24 hr
intervals by streaking & loopful of the broth from within the shell on
nutrient sgar end incubaiing at 270. Each bscterium was tested with a

minimum of three eggs.



The technique is illustrated in Fig.8. The shell sbove the sir cell
wes swebbed with 707 ethenol. A carborundum-disk was used to drill
3 chennels in the shell ebove the sir cell (the 3 joined to form a
triangle) but the outer shell membrene was not perforsted. / gless
ring (internal dismeter, 15 mw; height, 7 wm) was cemented (paraffin
wex) onto the shell surrounding the trisngle. The inside of the ring
ond the surface of the shell were wiped with & burning pledget of
cotton wool containing ethenol. The trisngulsr shaped piece of shell
was removed snd, with the egg resting on its side, the outer mewbrane
waes rewoved frow the ares freed frow ghell. A vaseline-coated
coverslip was sealed on the top of the glass ring. 1f the contents
of the egg were removed, the shell wes rinsed with sterile distilled
water and filled with waeter ager (pH 7-28; eger previously washed
with water). This proved to be the most sstisfectory method of
preventing the desiccation of the shell wewbrsnes. Fleces of filter
peper (Whatman No.l; dismeter, 6 mm) soaked in an appropriate dilution
of an organism were placed on the inner surface of the air cell.
Four of these disks would fit into the air cell of &8 3 or 4-day old
egg. A disk wes removed after & sultable period of incubstion and
comminuted by shaking in a serew-capped gless vial containing 6 glass
beads and 2 wl of water. One millilitre of this wes used in
subsequent msnipulstions.
inoculation and sewpling of esgps. HNethod 2.

n tion. The outline of the air cell wass marked (with a leed
pencil) on the shell st the tiwe of cendling. A cerborundum-disk

wes used to drill & hole in the shell, previously swabbed with 707
ethanol. The needle of a Record-type hypodermic syringe was pushed
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through the shell membrane and O-1 wl of & becterial suspension: op,

in the cese of controls, Ol ml of the suspending mediuw wes expelled
from the syringe. The needle wes positioned roughly tengentislly

to the shell during its introduction into the sir cell. The direct
evidence which wss used to ascertain the inner membranc's freedom
from perforation will be discussed at & later stage. The hole in the
ghell was sesled with sterile vaseline (g. B80° at the time of
spplicstion) and the eggs were held in Keyes trays during incubetion
at 279.

Sawpling. The eggs were candled end particulsr attention wes paid to:
8) the freedom of wovement of the yolk., &nd b) the presence of o
"running air cell”; this phenomenon occurred when the inner wembrane
of sn air cell hsd been punctured with the hypodermic needle and eggs
showing this condition were discsrded. The shells were swabbed with
70% ethanol, the pointed end of the shell was fractured with a sterile
scalpel snd the contents of the egg were poured into & Fetri dish.
The contents of the egg and the inside of the shell were inspected
end, when approplate, exemined under ultra-~violet irradiation. The
whole of the white wes transferred to a 50 wl Erlenmeyer flask
conteining 10 gless beads end it wes shaken for 5 win with & "Microid"
Tlesk sheker (Criffin & Tatlock Ltd., London). Serial decimsl
dilutions (diluent, 1/4-strength Ringer's solution) were prepared

from 1 ml of homogenized albumen end semples from these were either
included in nutrient ager containing 0.06° (w/v) iron citrate (1 ml
diluent: 10 ml wedium) or inoculated onto nutrient sger by the method
of liles & Misre (1938). The Petri dizhes were incubated at 27° for

1 week.
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The shell weuwbranes were freed frow slbuwen by repested flushings
with sterile water; in the case of eggs in edvenced stages of rotting,
the rewovel of waterisl from the inner membrane of the air cell
c¢alled for extensive flushing. This operation als: gave information
on: &) theefficiency of the szaling of the injection-port; if this
was luproperly sealed, the air cell collapsed under the weight of
the water, &nd b) changes in the water-retsining property of the
inner wembrene of an air 0011.’ The disweter of the eir cell wes
mieasured with a peir of screw-adjusted callipers. The inner membréane
wes excised slong its boundary of contect with the outer shell mewbrsne.
This disk of mewmbrsne wss ground to & psste with & pestle in a
wortser containing sand (the pestle and morter were sterilized with
formaldehyde and fiushed with sterile water). The paste wes svapended
in 9 wl of 1/4-strength Ringer's solution ( this suspension was regsrded
es & 10~} dilution in all subsequent manipulstions) and seriel decimal
dilutions were prepared in the seme wedium. Stsndard volumes (0+02 ml)
of these were inoculated on nutrient sger by the method of Niles &
kisre (1938). Incubation wes et 27° until the size of the colonies
wes optimel for enumerastion.

Chemlcsl methods. The pH of an albumen wes determined with & glass
eélectrode. The swount of free glucose in the albuwen wes determined
in the following wsnner. Ten willilitres of slbumen were slowly edded
to 25 wml of esbsolute ethanol. The cosgulum was disintegrsated with a
glase rod and stored st room tempersture for 24 hr. The cosgulum

wag removed by filtretion end the filtrete wes wade up to 50 ml in

a volumetric flask. Two b wl amounts of this were used to determine

the free glucose by the method of Sowogyi (1945).
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RESULTS
Preliwin Xpe
Bac 3] enetretion of the ghell and shell + The effect of

albumen rewaining in the egg shell on bacterial growth and the
efficacy of the wethod of sterilizing the shell were investigated

in prelivinery experiments. Jo differences in the rate or awount

of growth (visuel estimation) were detected when growth in nutrient
broth wes compared with that in nutrient broth (5 wl) conteining
elbuvmen (0+2 ml). Spore forming bacilli grew when ethanol-treated
shell were incubsted in nutrient broth. In consequence, all growth
erising in tests wade with the common contaminants of rotten eggs wes
scrutinized snd, when necessary, exsmined by other wethods.

Fig. 18 containg & summary of the results obteined frow an
investigation of bacterisl penetrstion of the shell and shell wewbrenes.
it was found thet the time tsken for different shells to be penetrsated
by the sswe orgenisw veried. This is illustrsted by the results set
cut in Teble £1. Woreover, the rete of penetrstion of a number of
shells by vaerious streins of the sswe bscterium varied. This
variation will be seen in Fig. 18. It would seem thet the rate of
penetration is governed by seversl fsctors. The differences in the
rate of penetration of different shells by the sewme bacteriuvm may
have been due to veriations in the thickneas of the wembrenes. Such
veristion was frequently noted in subsequent work but its importance
in the subject under discussion was not tested. No success ettended
attenpts to corrclate the different penetration rates with sny known
properties of the orgenisws. All the orgsniswms were wotile but the
speed of penetration did not appear to be influenced by the type of
flagellar arrengement. In addition, proteolytic esctivity did not
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appeer to be important. This is clesrly seen in the results set out
in Fig. 18. For exswple, the non-proteolytic Alc. feecalis behaved

in a wenner siwmiler to that of the pseudomonad E, an orgsnism which

digests the mewbranes.

The technique used in the experiments described sbove gives a
very inadequate simulstion of the conditions which could be expected
to operate ir prectice. This criticism wes stressed by Richard &
lMohler (1950) in the course of their review of the weny investigstions
in which the sbove type of experiment hed been used. Consequently,
attention wes turned to investigstions using whole eggn. Neantime,
bowever, it can be noted that the shell end shell membrasnes impose

& teuwporsry barrier to becterial penetration and thet this does not

appesar to ve destroyed by bacteriel protesses.

The results

set out in Teble 22 show thet the addition of slbuwmen to nutrient
eger can inhiblt becteriel growth. This was overcome by the addition
of iron citrete (finsl conecentration, C-057, w/v) to the medium. It
was concluded that this inhibition wss due to the orgenic ligend,
conalbumin; the influence of this substance on the growth of other
common conteminants of rotten eggs is discussed at & later stage.

#8 & result of this observation, nutrient eger supplemented with

iron citrate (0*05%, w/v) wes used when testing slbumen for bscterial

contawination.
Resistence to the lytic ection of lysozyme. Fig. 9 illustretes the

chenge in opacity which followed the addition of lysozyme (final
congentration, 5/ug/m1) to #n 16 hr nutrient broth culture of

kicrococcus lysodeikticus (NCTC 2665). The opacity of an 18 hr

nutrient broth culture of eny of the organisms discussed in the firast
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section was not detectably changed by the sddition of lysozywe.
Moreovepr, & suall inoculum (s 4 mm loopful of &an 18 hr nutrient broth
culture) of any of these organisme initiated growth in nutrient broth
conteining lysozywe ({inal concentration, 5/39@&4. It was concluded
that none of the orgenisws used in this study wes sensitive to the
lytic action of lysoczywe.

Bacterisl growth in filter psper resting on the inner shell membreane.

The inner wewbrane at the air cell end was inoculated with an
sprropriate dilution of bacterias conteined in disks of filter paper.
The egges were incubated at 27°. Four disks were placed in esch air cell
end at deily intervals one or more disks were used to determine changes
in the number of viable becteria. This method wes developed with the
object of obteining informetion concerning the beheviour of orgsnisms
placed on the inner shell membrane of whole eggs.

In preliminery experiwents the behsviour of bacteris wes exsmined
when filter paper disks were incubeted on inert waterisls at 27°.
Inoculsted disks were placed on either water sgesr (187, w/v; pH 7-2;
the egar previously weshed with waeter) or collodion mewbrenes supported
on filter paper (Whetwen, No. 17) moistened with 2drensen's phoaphﬁte
buffer (pH 7+2; K/15). The number of vieble cells was determined et
24 hr intervels. The results presented in Fig. 10 include those
obtained with & nutritionslly non-exscting orgeniswm, Ps. fluo ns,
and others obteined with Epr. vulgeris, an orgsnisc which does not grow
on a glucose ammonium sslts wmedium. It will be noted that significant
multiplicetion occurred end thet this wes not prevented by previous
washing of the cells. 1In sddition, there were differences in counts

given by different disks removed from the wedium st the sswe time.
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This veristion hes & besring on the resulte of subseguent work on

shell wembranes. The experiments also demonstrated that the colony
counts were not edversly affected by the cellulose fibres produced by
comwinution of the filter paper. Fopr ipatanoe, no marked association
of bacterisl celonies with cellulose fibres wes epparent when drops
from the 2 wl of water in which the filter paper was comminuted were
placed on nutrient sger. In fect, deforwation of colony form wes
rerely noted even when becteriel growth occurred on or near to heavy
deposits of cellulose fibres. The setisfoctory nature of colony counts
obteined with successive decimal dilution provided conclusive evidence

that the cellulose fibres did not interfere with the counting technigque.
e8po of swell inocula pleced on the inner shell membrans. The

results obtained with Ps. fluorescens G12/1, Cloaca G75/2 and
Fr, vulgeris Glo ere presented in Fig. 11. The results obtained with

the following organisws were essentially similer to those shown in

Fig. 11 (bracketed figures refer to the number of organisms tested):

Fg, fluorescens (1), Closmca (8), Aer. liquefecieng (1), pseudomonad E
(2), Er. vulgsris (2) and Ale. feecelis (1). It will be seen from

FFlg.1ll that significent beseterisl wultiplicetions occurred in disks of

filter paper resting on the inner wembrene in situ. Moreover, it will
be seen that becterisl multiplication was not incressed by storing the
egga for 14 days prior to imoculetion. A noteworthy festure of these
experiments wes the fact that the populstions occurring in filter paper
disks resting on the shell wewbrasnes of intact eggs were normally
greater then those developing in eggs in which the contents hed been
repleced with weter agar. This is illustrated by the results set out
in Fig. 114 end 115. This observation suggested that the albumen wes
assisting bscterisl multiplication in the filter peper disks. Further
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evidence of this assistence was obteined when Cloegs G75/2 wes used.
This organism forme & viscous substance during growth in a number of
comwonly used medis. This substance wes formed when the orgenisums

grew on the inner membrane of intact eggs but not on the wewbrane of
eggs whose contents had been replesced with water ager. The presence
of this substance cesused the filter paper to sdhere to the wembranes
end the removal of the disks without rupturing the membranes called
for the greateat care. Further evidence of the influence of the
aélbumen wee obteined frow experiments in which streins of Pg. fluorescens
were used. The contents snd the mewbrasnes of eggs inoculated with
these orgenisms were examined under ultra-violet irradistion. Marked
fluorescence wes generally associasted with the wembrene end slbumen of
intact eggs obut it wes never seen in the membrznes of eggs whose
contents had been replaced with water asger. This informetion sugprested
that the conditions obteining in the filter paper disks were unlike
those which Brooks (1960b) considered to exist in the wmembranes
themselves. loreover, the observetion that the storage of eggs did

not benefit wmultiplicetion wes in wmarked contrast to that of Brooks
(1960b). These differences, together with the fect that the behaviour
of an orgenisw could not be atudied for wore than 96 hr (i.e. & filter
peper disk sewmpled every 24 hr), were responsible for the adoption of
the technique of Elliott (1954) for further investigations of the
course of becterisl infection in eggs. Meentimwe, the results discussed
above indicate that a nuwber of commonly occurring contswinants cen
grow in filter peper disks resting on the inner shell wmewbrene in situ.

The pattern of bacterisl multiplicstion in eggs
A dilution (1/100) of washed cells obteined frow en 18 hr nutrient
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broth culture wes used to inoculate the air cells (0+1 ml/air cell)
of 3 or 4-day o0ld egge end the courge of infection was followed by
bacteriological and chemical methods.

A proteolytic (CPF21) end & non-proteolytic strain (G1l0) of Ps.
fluorescens were used in attempts to repest the observetions of Brooks
(1960b). The inoculated egps were incubated with their eir cells
uppermost at 27°. At deily intervels 10 eggs were randomly selected
for becteriologicel examination.

Changes 4in
The sequence of events observed in this investigation is exemplified

by the date presented in Fig. 12. For comperative purposes the visble
counts were calculated se the number of organisws/10 mm (dismeter)
disk of wmewbrane. It will be seen that there wes @ significant
inerease in the size of the populationg in the 48 hr following
inoculation. The size of the populsticns beceme more widely scattered
during the next & deys, but a consideration of the mean count for each
dsy does suggest that the populations declined in sigze after a short
period during which the size appesred to be static. This situstion
was disrupted on the 7th day (i.e. when the eggs were eleven days old)
at which time the egge fell into 2 types: a) those in which there
appesred to be & slight reduction in the size of the populations and
in which there wes no visible evidence of infection of the eggs'
contents, and b) those in which there was a warked incresse in the
size of the populations in the air cell wembrane and in which there
wes fluorescent green pigwent in the wewbrene and, normelly, in the
contents of the eggs. It will be seen from the data presented in
Teble 23 that this pigment was norwelly present on the surface of
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the yolk. 1t is noteworthy that this wes slways either on or in close
proximity to the blasstoderm. The occurrence of large bacterisl
populations in the inner wmewbrene of the eir cell was generally
associsted with gross contamination of the albumen (Table 23). A
discussion of the loss of the water retaining-property of the inner
membrane (sce Table 23) will be reserved for a later stage.

han, n _the vieble counts in the albumen. The data set out in Table 24
show thst visble organisws were recovered from only a few of the slbumen
in the 5 days following inoculation. 3ince only 1 ml of slbumen was
tested, these results only indicete freedom frow gross contamination.
Some of the albumen contesined lsrge numbers of orgsnisms on the 8th and
subsequent days of incubation. It will be seen frow Teble 22 that, with
the exception of egg no. 10 on the 7th dsy following inoculetion, this
was always sssociasted with the presence of fluorescent green pigment in
the mewbrane and, generally, on the surface of the yolk. It will be
seen, however, that the presence of this pigwent in the mewbrane was not

alwsys sssoclated with either detectable or gross contamination of the

slbuwen.
Chenges in the internsl properties of the eggs. The following changes

were observed when the eggs were candled: 8) a progressive enlsrgement

of the air cell, snd b) s progressive incresse in the freedow of movewent
and buoysncy of the yolk. Useful indices of the latter were provided by

the speed and the extent of the gyration of the yolk on turning the egg.
Both these changes resched their wsxima on the 7 - 10th days of

incubstion at which time, also, the yolk finelly ceme to rest in the
uppermost part of an egg. This weant that on the 7th end subsequent deys

of incubation, the yolks were in close proximity to the inoculeted wembrenes.

These changes in the wovewent of the yolk were also sssocisted with &
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progressive decrease in the quality and definition of the thick albumen,
propertics thet were observed in the broken-out egg.

The changes in the internal preperties of the egp suggested thet
the sudden increase in the size of the bascteriel populations in the inver
membrane of an air cell resulited from & contact between the yolk snd the
inoculsted mewbrsne. This supposition wes glven support by the obser-
vation that the first signs of infection of an egg's contents were
normally associated with the blastoderm. It is known thst the yolk, as
8 result of its gravimetrical asymmetry, tends to & resting position
in which the blaestoderm is uppermost. Differences in the rate of ascent
of the yolks, different rates of increase in the size of the eir cells
end the faect (es shown by injection of & dye) that the inoculum was
norwally eccentrically positioned in the air cell werc reassons which could
account for the sudden increese. in the size of the populstions in the
inner vewmbrene of the air cell belng scattered in the way that is
illustrated in ¥Fig. 12.
influence of the yolk on bscterial wultiplication. An esttespt was wede
to correlate the sudden incresse in the size of the populetions in the
inner wembrenes with the deterioration of sowe properiy of the slbuwmen.
Experiments siwiler to that deseribed ebove were carried out and the
deterioration of the guality of the albuwen wae &ssayed by severel
methods. These were chosen frow those discussed by fesley & Stadelman
(1969).  No success attended these experiments end it wes coneidered that
this wes due to the lack of precision of the wethods uged to assay the
deterioretion of the quality of the albumen. Consequently, the folloaing
method wes used. The &ir cells of 10 dozen 3-day old eggs were
inoculated with 0°1 wl of a 1/100 dilution of & washed cell suspension.

Half the egys were incubsted with their air cells upperwost whereas the
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remaining egge were incubsted in the reverse position. At frequent
intervals & eggs were randomly selected from esch group snd, after
candling, colony counts were wede on the inner mewmbrsne of the air
cells and the albumen.

The results obtained with Ps. fluorescens CF 21 are set out in
Pig. 13 end Teble 25. It will be seen frow Fig. 13 that in those eggs
in which the air cells were upperwost the sequence of events wes
essentially similar to that discussed ebove. It is noteworthy that
the inner wewbrane of the sir cells and the slbumen of all the eggs
contained lerge nuuwbers of orgenisme on the 12th and subseguent days of
incubation. A different vattern was given by the eggs that were
incubated in the reverse position i.e. eggs in which ghe yolk woved
away from the inoculsted mewbrene. It will be seen from Fig. 13 thet
the initisl incresse in the size of the populations wes followed by a
period (9 - 19 days) during which there wes s decline in the size of
the populations. Uloreover, on the 9 - 16th days of incubstion the
albumen wos not detectably contswinated. On the 19th, 23rd and 30th
days following inocculation, there was an incresse in both the incidence
end magnitude of contswination of the elbumen snd an incresse in the
size of the populstions in the inner mewbrsne of some of the air cells.
The resuvlts obtained during this period are summarized in Tsble 26
frowm which it will be seen thet the contawination of an albumen was
not slways essocisted with visible evidence of infection in the
contents of sn egg. It wass noteworthy, however, that when fluorescent
green pigment did occur, it wes always associcsted with the yolk,
particulerly that part which was in contsct with the shell wewbranes.

The sbove type of experiwent was repeated with orgenisms cther than



98

pseudomonads. The results obteined with Aer. liguefaciens CF10/1 are
given in Fig. 14 and Teble 27 end those obtained with other orgenisus
are given in Teble 28 (Closca G75/2), Teble 29 (pseudomonad E).

Table 30 (Ale. fsecslis) snd Table 31 (Aer. liguefaciens CF17/1).

it will be seen that all these organisms gave & sequence of events
which, with wminor exceptions, wes essentislly similer to thest deseribed
above. The exceptions are discussed in the following section. As

a result of these experiments it was concluded that there were two
phases of multiplicetion during the course of bscterisl infection of

an egeg.

Primgry phesg of bscterisl wultiplicstion. This occurred during the

48 hr following the inoculation of the wembrsne. The low incidence of
contemination of the slbumen did iwmply that the multiplication was
confined to the shell wmembrsnes and thsat wigrants from this locus were
unable to multiply in the slbumen. Evidence in support of this
sssumption was obteined in the following experiments. The air cells of
eggs were inoculested with O+1 ml of an 18 hr nutrient broth culture.
Lggs were rendomly selected at frequent intervele snd colony counts made
on the inner shell mewbrane of the air cells end the slbumen; the H-ion
concentration of the slbumen was measured with & gless electrode and
the concentration of free glucose was deterwined by the method of
Somogyi (1945). Some of the results obtained with Aepr. liquefsciens
are set out in Teble 32. It will be seen thet the lerge inoculum used
in this experiwent resulted in large bacterizl populstions in the shell
membranes and gross contamination of the albumen from an esrly stage

in the infection. Nevertheless, chenges in either the H-ion or glucose
concentration were found only in albumen of eggs in which there were

definite signs of infection on the surface of the yolk. This took
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the form of & peteh of custaerd-like waterisl on or nesr to the blastoderm.
Resulte siwilar to these were obtained with & proteolytic (CF21) end
& non-proteolytic strein (Cl0) of Pg. fluorescens. These results
indiceted thet the wigrants shich sccumuleted in the albumen during the
primary phese of wultiplicestion were unable to utilize the glucose
present in the elbumen. It could be inferred thet this failure to
utilize the most freely eveilable end plentiful energy source of the
elbumen was responsible for the non-multiplication of the primery
invadera of the albumen.

The results set out in Pig. 1524 were obteined from an experiment
in which the wultiplicaticn in the shell wewbrsne of pseudomonad E
G11/1 suspended in distilled weter wes ccwpared with thet of the
sewme orgenism sugpended in & deep litter infuesion (U+5 g deep litter:
100 ml of distilled waster). It will be seen that the inoculuw suspended
in & deep litter infusion multiplied to & grester extent then did the
inoculum suspended in water. The experiment was repeated but in this
case the orgenisa was suspended in either & deep litter infusion which
had been extrected with B-hydroxyquinoline (0+5 g) dissolved in
chloroform (100 wl) or this medius conteining FeSOy (100 pg/ml).
1t will be seen frowm Fig. 1B8C thet the presence of FeS04 increased
the extent of bacterisl multiplicaetion in the inner wembrane of the
air cell., loreover, it was found (Fig. 158) thst the adéition of
FeS04 (100 pg/ml) to & 057 (w/v) solutiocn of yeast extrect (Difcq).
in which the concentration of wetal ions had been reduced by extraétion
with 8~hydroxyquinoline, slso increased the extent of the primsry
phase of multiplicetion. Results (Fig. 15D, E end F) siwmiler to those
discussed above were obtained with Ps. fluorescens CF2l. The amount
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of FeS04 (lﬂiﬂg) introduced into the air cell was asbout 1/2,8500th of
the smount which would be required to saturete the binding-potential
of the coneélbumin present in the white. It wes noted, however, thst
the ¥eS0y pruduced & ssluon-pink discolourstion in the inuer shell
wembrane and thet the intensity of this discolourstion did not change
in the course of incubation. This observation indiceted thet the iron
yéé not being rewmoved by the conalbumin present in the slbumen. It
weé'concluded thet, in the cese of the washed cell suspensions used
in the experiments discﬁused ebove, the extent of the primery phease
of wultiplication wes controlled by the aveilebility of ircn in the
shell membranes.

Un one occasion (Teble 25, 7th dsy of incubstion, egg no. 10) &
becterial population of sbove-gversge size wses present in the inner
wembrsne of the air cell of an egg in which there were no visible
signs of infection other then the loss of the water-reteining property
of the mewbrane. This feature, which is discussed &t & later stage, is
considered to be evidence of baecteriel sction on sowe structursl
cowponient(s) of the shell wmewbrene. This observation implies that
bacterial utilizstion of these¢ can, under certain unknown conditions,
@llow the extent of growth of the primapry phsse of wultiplication to
exceed thaet which normally occurs.

The primary phase of wultipliceution wes followed by & phsase
during which there wes & reduction in the size of the bacteriel
populetions in the inner uewbrane of the gir cells. This was wost
clearly seen in eggs in which the yolk woved away frow the site of the
inoculuw. Horeover, the extent of this reduction appeared to be

determined by some inherent property of son orgenism. For exauple,
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Closga G75/2 (?able 28) showed & wost pronounced decline wheress

Aepr, liguefseiens CF 17/1 (Tsble 21) did not. Although insufficient
work hes been done on this aspect, it would seenm ressonsble to assume
thet this decline resulted from: a) & slowing down of bsoterisl
wultiplication, b) wmigration of the orgsnisws from the wembrsne to the
elbumen, and ¢) death of some of the orgsnisms present in the wembranes.
The latter possibility wes suggested by the resulte obtalned with
paeudowmoned E. It was found that on the 14 - 23rd dey of incubstion
the formatlon of colonies by the orgsnisws 1n the wembrancs of egss

in which the yolk moved away from the site of the inoculum reguired a
longer period of incubation then did the orgenisus present st the
beginning of the experiment (48 ar couwpsred with 24 hr for ecdony
formstion). It wes inferred that the orgenisws had been rendered
woribund through starvation.

gecondary phase of multiplicetion. The results discussed above indicated
that this phease way have been induced in several ways.

in the first csse the induction resulted frow & contsct between

the inoculated mewbrans and the yolk. Informetion concerning the possible
neture of this induction wili be considered et & loter atege. 1t will
be recslled (Table 24) that the cccurrence cf an sbove-aversge number of
pseudomwonads in & wmembrane finted with the orgenism's pigment was not
elways essocisted with either detectoble or significant contemination of
the albumen. It would seem, therefore, that the initisl stage of the
secondary phese of multiplication wes confined to the shell membrenes.
The date set out in Tuble 32 suggested that the contawinants in the

white were @ble to vutilize the nutrients present in the latter soon

after the yolk had comwe into contact with en inoculsted wembresne. It
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wes concluded, therefore, that the secondsry phese of bacterisl
multiplication began in the shell wembrene when this was touched by the
yolk and that it then continued in the albumen.

The svailsble evidence did not allow generslizetions to be wmade
concerning the other wethods of induction. Nevertheless the results
discussed sbove dlé indicate two possivilities. Firstly, the
essocliation of gross conteminetion of slbumen with pseudomonads and the
occurrence of the orgsniswm's ;igment on the yolk (Table 23) inferrazd
that the seccndary phese of wultiplicstion may have been initisted by
wigrents that had reached the surface of the yolk. GSecondly, it will
be seen frow Table 23 that an epprecisble contewination of the white did
occur in the sbsence of any detectable change in the sppesrance of an
egg's contents. This was slso & notable feature in eggs inoculated
with Closca G75/2 (Teble 28) or hepr. liguefsciens CF17/1 (Tsble 31).
Whether this wultiplicetion wes induced by orgenisms that had recched
the surface of the yolk end wmultiplied before the development of
wacroscopic changes in the appearance of the yolk, or whether this
multiplicetion wes induced by sowme change in the properties of the
elbumen (e.g. diffusion of ironm snd/or smino escids frowm the yolk)
cannot be decided.

The effect of iron on bacteripl wmuitiplicstion in egga. The investi-
gations of Brook (1960b) end Geribeldi (1960) have shown thet, in the
case of the commonly ceccurring contaminants of rotten eggs, bscterisl
growth in albumen is inhibited because iron is rendered unavailable
through chelation with conalbuwmin., The experiuwents described hereunder
ware done with the object of demonstrsting the inhibitory ection of
this ligsnd in intect eggs.
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In preliminary experiments, the object was to obtain information
concerning the effect of iron on the growth on albumen in vitre of
orgenisms that had been isolsted from protten eggs. Sterile albumen
(10 parts) ~ for prepsretion, se¢ sppendix - wes wixed with a 100 parts
(by volume) of liguefied (48°) water sgar ("lonager"” lNo.2; Oxoid,
London) and 10 wl aliquots of this were placed in Petri dishes. The
surfece of this wedium wes covered with 5 wl of the water ager
contuining & 4 am loopful of an 18 hr nutrient broth culture. A disk
of Whatwsn no.l filter paper (6 mw dismeter) sstureted with sn squeous
golution of FeClg (0-001 g/wl) wes pleced on the inoculated agar.
Filter psper sosked with distilled weter or aqueous solutions of CaClyg
or MgsS0, ( theconcentration of wetel in these solutions wss equivelent
to that of iron in the 30015) were used as controls. The plates were
incubsted et 27°. 1t wes found that iron elone influenced bacterial
wultiplicsation. This occcurred in twc forms. A. The type of response
described hereunder wes given by streins of Ps. fluorescens and Aer.
liguefaciens. Colonies werc present around the filter peper conteining
?oCla after 24 hr incubation; macroscopie colonles were not present
elsewhere in the inoculeted agsr. Colonies were easily visible
throughout the sger &sfter o further 24 hr incubastion. B. The type of
regsponse described hercunder wes given by streins of fr. vulgeris,
pseudomonad E, Clogca end Alc. faecslis. A band of growth visible to
the naked eye wes present arcund the filter pasper containing the
FeClg on the 3rd day of incubstion. JMicroscopic exawmination revealed
that the size of the lenticular-shaped colonies in the agsr became
progresaively less &8 their distsnce from the edge of the filter paper
incresased. Moreover this decreusse wes sssocionted with a loss of

symmetry of the colonies. In fact, st & distence of ¢. 15 mw from the
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edge of the filter paper wicroscoplc colonies of very irregular outline
were present esnd these occurred throughcut the remeinder of the ggar.

The effect of iron on bacterisl wultipliication was tested in the
following wenner. The air cells of 3-day old egge were inoculated with
0*1 wl of & 1/100 dilution of & washed cell suspension. The eggs
were incubsted for 5 days at 277, during which time their air cells
were downwerd so that the yolk would not influence the orgenisms present
in the¢ inner wembrane of an air cell. It wss consideresd that this
period of incubation would exhsust the cells of endogencus wstoerisls
present ot the tiwe of inocculetion, thereby providing a critical test
of the ability of iron to influence becterisl growth in the intuct egg.
Un the B5th day following inoeulstion, C*l wl of un agueous svlution
of FeS04 (25 g/100 wl distilled water, or, in the cuse of controls,

01 wl of distilled water wes injected into the slbuwen ivwedistely
below the inner wewbrane of the air cell. The eggs, with their sir cells
downward, were incubeted at 27° for e further 2 days.

The 30304 dild not have any detecteble effect on the pH of the
elbuwen. Horeover, it spread slowly through the thin white in the 24 hr
following injection and through the thick shite in the 24-48 hr period
following injection. This diffusion resulted in the slbumen becoming &
selion-pink ceclouvr. The results set out in Fig. 16 were obtained with
8 strain of pseuvudomonad I, an organism that will not grow in & glucose
swmonive mediuw. It will be seen that the addition of iron to the
elbumen resuvlted in en incresse in the extent of growth of the orgenisms
in the shell membrsnes. Moreover it was founc that the slbumen contsining
iron was wore heevily contsuinated then thet containing distilled water.
The results obteined with other orgenisms ere summarized in Teble Z3.

it will be seen that the sizes of the populations in the wmewbranes of
eggs containing iron were slways grester then those in the wembrenes of
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eggs injeocted with distilled water. 1t wes considered that the yolk's
induction of the secondary phsse of multiplicetion may hsve been due

to the provigion of iron to the orgenisus present in the shell wembranes.
Time did not perwit an investigation of the effect of the ssh of yolk
materiel on the groath of orgenisms in an inoculated wembrane. As far
es can be ascertsined, the recults discussed sbove have provided the
firet direct evidence in support of the widely sccepted belief thst the
chelation of iron is the weln component of the anti-wicrobisl defence

of the egg.

mewbrane of the aip cell.

When water wes pleced on the inner wmewmbrene in situ of an

uninocvleted egy of eny sge there wes no obvious signs thst the water
pass;h through the membrene. It wes noted that when certain inoculsted
membranes were treated in this wanner, water psessed through and forced
drops - rewiniscent of dew drops - on the outer surfece of the membrane.
lKoreover, such membrasnes were more easily ground to & peste then uere
mewbrenes which did not show this phenomenon. This feature wes not made
6 subject of investigation but the informetion obtained frow the
experiments discussed above will be considered in this section.

This condition wes never observed in eggs in which the yolk wmoved
away frowm the inoculsted weunbrene. Moreover; the phenomencn wes
generally aasociated with definite evidence of a union between the
membrane snd the yolk., An exception tec this generalizetion hes been
discussed on page9? « OUn another occesion, drops were observed on the

mewbrane of air cells inoculated with en 18 hr nutrient broth culture

of jser. liguefsciens before the yolk had mede contact with the membranes.
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It wes concluded, therefore, that this loss of the water-retaining
property wes due to becteriel sction snd thst, in the case of the
washed cell auap?naiona used in the avove experiments, it was induced
by subatances present in the yolk. This effect was observed in eggs
inoculeted with proteolytic organisws (Is. fluorescens, Closca,
pseudomonsad £, Aep. liquefeciens) as well es in eggs inoculated with
non-proteolytic orgenisms (Alc. feecelis). This iwplies that this
phenowenon is not entirely due to becterisl protesges but thet it wmay
be due to the breskdown of the mucin fibres in the shell membranes.

The orgenisms were not tested for mucolytic sctivity.

Chenges in eggs produced by different species of
bacterie

Information obtained frow the experiwents discussed sbove together
with thet obteined from re-infection experiments will be discussed in
thie section. The results obteined frow the re~infection experiwents
sre summarized in Table 24. The wethod of Florisn & Trussell (1957)
wes used to infect the eir cell of 3-dey 0ld egge end these were incubasted
at 27°. Esaeh organism wes inoculated into 4 eggs. On the 42nd day
following inoculsation, the eggs were opened and the rote were identified
with the descriptions given by Haines (1939) or Florien & Trussell (1957).
In eddition, a 4 ww loopful of the contents of sn egg was subcultured
on nutrient ager and incubated st 27°.

Changes in_ the sppesrance of inoculsted epgs. It will be recalled that

the pettern of multiplicsation discussed sbove wss common to all the

orgenisms tested ‘and thet the primsry phase of multiplicstion wes rerely

assocloted with slgns of infection in the contents of &n egg. Chenges

in the asppeergnce of an egg were sssociated with the secondsry phase
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of multiplication and then only in the case of egge infected with
certain organisms. It will be seen from Teble 30 thet Alc. fsecalis
multiplied extensively when the yolk mede contect with an incculeted
membrene, Although this resulted in the slbumen being conteminated
with ¢. 1 x 109 organisms/wl, this gross contemination wss not essociated
with detectable changes in eilther a cendled or broken-out egg. In fect,

inoculated eggs could not be distinguished from uninoculoted eggs that
hed been incubated for & similer period of time. It was found that eggs
inoculated with Citrobseter or non-proteclytic straing of Cloaga
conteined lerge numbers of organisws on the 4°nd day of incubstion and
yet the eggs did not exhibit any signas of infection. In the csse of
eggs inoculated with non-proteolytic streine of s, f{luorescens, the
orgenismg' green pigwent was formed in the slbumen end this wes the only
feature that distinguished &n inoculated egg from an uninoculated egg
which hed been incubeted for & siwmiler period of time. The wost profound
changes cceurred in eggs inoculsted with proteolytic orgsnisws. In all
cases the onset of the secondery phese of multiplicetion was sssociated
with the occurrence of s patch of custsrd-like materisl on or in close
proximity to the blestcderm. These pstches increased in size snd/or in
appearance during aubseguent incubstion. Although there were verictions
in the B eggs opened at the same time, it wes possible to errsnge the
changes in whet is believed to be & true sequence.

The sequences obeerved with various orgenisws were ss follows (the

brecketed figures refer to the number of days following the union of
the yolk end the inoculated wembrene). Frotesolytiec strain (Cf2l) of
Iseudomones fluorescens: patches of green fluorescent pligment were

present in the inner wewmbrasne of the sir cell and, normelly, on the
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surface of the yolk and, ocessionally, in the albumen {1): the pigument
was present throughout the slbumen (2-5): custard-like materisl wes
present on the surfece of the yolk and the contents of the yolk were of
en oilly eppearsnce snd the albumen was turbid snd fluoresced under
ultre-viclet irredistion (6-10). Pseudomonad E: g pateh of custard=-
like meterisl wes present on the yolk (1-8): the yolks were gelatipous,
of sn amber-like sppearsnce and their surfaces were striped with an
olive-green pigment & strong almond-like odour wes present (9-20);
similsr to the foregoing but the white was selmon-pink (21). jer.
liguefecicng: » peteh of cuaterd-like mwsteriel was present on the yolk
{1-9): thie pateh wes olive-green in colour; the yolk wes gelatinous
end smber-like in sppeasrance (10): the custard-like materisl had been
reduced to a8 few patehes; the yolk was oémpletely gelatinous snd its
cenire wog amber-like in appearsnce whereas itz surfece wes olive-green
or bleck; the white wes slightly turbid end selwmon-pink (14). Closca:
&6 pateh of custard-like materisl wes present on the surfece of the yolk,
the centre of the yolk wes oily in appesarsnce and the white was very
viscous (1-4): the custerd-liks matorial was olive-green and the
white, which wes very viscous, wes salmon-pink (5-7): the whole surface
of the yolk wes covered with custsrd-like materisl and that psrt of it
which wea in contact with the inoculated weuwbrsne was olive green; the
centre of the yolk wes of an oily appeerence; the snlbumens were very
viscous and selmon-pink (10).

On the 48nd dey following incoculation, the sppeersnce of an
infected egg wes charscteristiec of o particulsr orgenism. This ellowed
the various rots to be identified with the descriptions given by Heines
(1939) or Florien & Trussell (19B7). The results of this identificstion

together with the salient features of esch rot ere svmmarized in Teble 34.
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An sttempt was wede to correlate the sslient festures of the
varioua_types of rot with the metebolic properties of the causative
organi;ma. The results sre given in Table 35. It wes noted thet, with
the exception of non-proteolytic streins of Ps. fluoresceng, the wein
difference between organiswms thet produced profound changes in eggs and
those thet did not wes that the former produced proteoclytic enzymes.
Furthermore, there appeared to be & correlation between the rate of
decomposition of the contents of an egg snd the rate at which an orgenism
liquefied gelatin. The most ective liguefiers, Aer. 11gug§aoiaag and Pp.
vul ig, produced the most extensive decowposition; pseudomonad E,
Cloacs and Ps. fluorescens, 8ll of which liquefied geletin slowly,
produced relstively less decowmposition. Miles & Halnan (1937)
presented evidence which indiceted that the blackening of sn egg wes
due to the production of HQS. -Similerly, in this study it was found thst
a8 strong odour of HgS wee present in eggs that contained either olive-
green pigwent or complete blackening and that these discolourstions
could be removed with HgOp. Moreover, there was & correletion between
the extent of blaeckening of an egg's contents and the rate of bleckening
of & plece of lesd acetate paper held in the etmosphere asbove the egg,
the festest bleckening occurred in eggs whose yolks were completely
blackened. It wss noted, moreover, that there wes & correlation between
the extent of bleckening of an egg's contents end the rate et which an
organism liguefied gelatin end produced HoS frowm hest-cosgulsted egg
white. The wost extensive blesckening wes seen in eggs infected with
ser. liguefeciens or Pr. vulgeris, two sctive liquefiers of geletin end
producers of lerge swounts of HgS. pseudomonad E and Closce, both of
which produced large amounts of lig8 from hest-coegulated egg white but
were relatively slow liquefiers of gelstin, produced only patches of
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bleckening on the yolk of infected eggs. Finelly, the proteoclytic
strains of Ps. fluoresceng did not produce Hgd frow cosguleted ege white
end the blackening of the eggs' contents waes never observed with these
orgaenisme.

Certein other festures of the rots could be presumptively attributed
to other metabolic properties of the organisms. For example, pseuvdomonad
E produced an sluond-like odour during growth in medis conteining
proteins; this odour wes @ noteble feature in eggs infected with thege
orgenisws. Similerly, Closee strains C44 end G75/2 produced very viscous
substences during growth in @ number of commonly used leborstory medis.
i1t would seem ressonsble to assume that this property wss responsible
for the wmarked increase in the viscosity of the elbumen of infected eggs.
In addition, the 6 streins of (loaca exswined in this study all produced
e thick layer of custard-like materisl around the yolk of sn infected
egg. It is noteworthy that s very heavy scum waes & notable feature in
nutrient broth contalning egg yolk in which these orgenisms had grown.
1t wes concluded, therefore, that this feature of the rot wes due to
lecithinese produced by these orgenisuws. It will be seen from the
information given sgbove that & selmon-pink discolourstion of the albumen
was present in eggs inoculsted with certein orgenisws. The merked
similerity between this discolourstion and thet obteined when FeS804
was edded to albumen suggested thet the pigment wes most probebly the
conelbumin-iron-complex. This implies thst wechanisms ( the sewipermeable
vitelline mewbrene and the diffusion gredient in the yolk) which hinder
the physico-chemical systems of the yolk frow resching equilibria with
those in the white are disrupted during the course of bascterisl infection
of sn egg. In view of this observation, it wes concluded thet the
gvailsble evidence did not werrent further presuwptive correlations of

the esppeersnce of & rot with the metabolic attributes of the orgsnism.
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Resistance of the slbumen to bseterisl digestion. The resistance of

the albumen to wmicrobiasl decowposition wes & noteble festure of infected

eggs. 1t wes only towards the 42nd dsy following inoculstion thst
decompogition of the qlbumen wes observed end, even theD,only in eggs
inoculated with Aer. liguefe or Fr. vulgeris. Moreover, it was
found thet the watery grey albumen present in such eggs wes coasguleted
with ethanol. The strength of such cosgula, es Jjudged by their
resistence to sheking, wes wmuch less than that of cosgula produced from
uninoculated eggs. The atrength of the coagule of albumen infected with
proteolytic strains of Closce or Ps. fluorescens was intermediaste between
those two extremes.

The possibility that this resistance way heve been due to ovomucoid
wes teeted in the following wenner. /4An orgenism wes grown in nutrient
broth for ¢ days et 27° et whieh time the cells were removed by
centrifugation and the supernatant wes steriliged by the addition of =&
drop of chloroform. Two willilitres of the supernatant were sdded to
10 wl szo-cesein (Charnley & Tomerelli, 1947) containing either 1 wl
distilled water or 1 wl of a 2% (w/v) squeous solution of ovomucoid.

This substance wes prepered by the method of Linewesver and Murrsy (1947).
These mixtures, conteined in 18 x 150 mm test tubes, were incubeted in @
weter beth msintsined st 37°. 4t frequent intervels 1 wl sliquots

were transferred to 6 wl of & §7 (w/v) squeous solution of trichlorscetic
ecid end the amount of liberated dye was messured in an esbsorptiometer.

A 0°0B% (w/v) squeous solution of trypsin (B.D.H., Englend) wes used as
the control. The inhibition of trypsin with ovowucoid is shown in Fig. 17.
Ovomucoid had no detectable effect on the digestion of azo-casein by eny

of the following orgenisws (brecketed figures refer to the number of

streins tested): Ps. fluorescens (2), Er. vulgeris (2), pseudomonad £ (2),
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depr. liquefaciens (2) end Closgs (2). It was concluded, therefore,

that ovomucoid was not responsible for the resistance of the white to
bacterial digestion.
DISCUSSION

A more couprehensive view of the course of becteriel infection of
an egg sppeers to have become availsble. Gillespie & 3Scott (1950),
using informetion derived mainly from empirical observations, conaidered
the following to be possible stages in the infection of sn egg:

@) contaminastion of the shell, b) penetretion of the shell, ¢) coloniz-
ation and penetrstion of the shell mewbrenes, and d) infection of the
contents of sn egg.

The present investigetion, though not concerned with contamination
or penetration of the shell, provided information which indicated that,
in the cese of cowmercisl eggs, these are the two critical stages in
the infection of an egg.

It is known that the incidence of solling of egg shells can be
reduced by peying strict sttention to the hyglene of the nesting waterials
and the egg collecting methods. Nevertheless, some eggs will alweys be
soiled snd it would sppear from the availéble evidence (Heines, 1939;
Winter et gl, 1952; Brooks & Taylor, 1585) that this dirt should be
removed by dry-clesning methods if bscterisl penetration of the shell is
to be minimized.

A number of investigators (Gillesple & Scott, 1950; Stokes et al.
1956; Froum & Monroe, 1960; Geribaldi & Beyne, 1960) have presented
evidence which suggested that effective bacterisl infection is confined
tc the shell mewbrenes for 10-15 days following bacterial penetration of
the shells of newly laid eggs. Brooks (1960b) found thet, in the case

of pseudomonads inoculated into the air cell, this period wes
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charscterized by & relatively slow rete of multiplicetion of the
orgenisms in the inner membrenes and & slow sccumulstion of contaminants
in the slbumen. The duration of this period was determined by the age
of an egg at the time of inoculation; it lested for sbout 12 days in
the cese of newly leid eggs but the period was considerably reduced if
the egge were stored for l-7 days prior to inoculation. 4t the end of
this period the rate of wmultiplication of the orgenism in the inner
shell wembrenes incressed and the contents of the eggs becswe more
neavily contaminated. Brooks suggested thet the incresse in the rate
of wultiplication resulted from & spontaneous chenge in the property of
the shell wembranes which wakes thew more suaceptible to bscterial sttsck.
The results obtained in the present investigstions have shown that
this sequence of events is cowmmon to organiswms other than pseudomonads.
Moreover, the use of sn inoculum (1°0 x 103) swaller thsn thot used by
Brooks (5-0 x 108) has given greater ewphssis to the stages in the
sequence. The observation that the primapry phase of multiplication
was confined to the shell uwewmbrenes snd that wigrents frow this source
remained inactive in the slbumen accords with the findings of Brooks
(1960b). The evidence obtained in this investigetion suggests thet 2
factors sre responsible for this econfinement. The first, and epparently
the lesst importesnt, is the mechanical bsrrier which the shell mewbranes
impose to becterial penetration. 1% will be recalled that the shell
wembranes can sct ss becterisl filters (Haines & Moran, 1940; Caribaldi
& Stokes, 1958) but thet this property is lost during contact of the
wemdranes with bascteris (VWslden gt sl. 1966; Geribeldl & Stokes, 1968).
It wes found in the present investigetion (Fig. 18) that the duration
of effective restraint by the shell wmembrenes in vitro wes apperently

deterwined by some property of the wewmbrenes and not by eny attribute



111

(e.g. proteolytic sctivity) of the orgenism. A siwiler situetion wes
found in the case of whole eggs. Although the method whereby becteris
penetrate the shell wembranes awalts elucidstion, it would seem
ressonable to assume that the wethod may be snslogous to thet which
occurs in the penetration of & bescterisl rfilter, an explsenstion offered
by Cillespie & Scott (1950). The low incidence of contaminetion of the
albumen during the priwary phese of the infection together with the
apperent inebility of the contaminants to multiply in the albumen
suggested that the properties of the albuwen were responsible for the
confinewment of the orgenisms tc the shell mewbrenes. Since the
secondary phese of multiplication could be indueced by the sddition of
iron to the albumen, it would appesr thet, in the csse of the contaminants
of rotten egge, conelbumin by ensuring the esbsence of svaileble iron
was primarily responsible for the confinement of the eerly stages of the
infection to the phell mewbranes.

Indirect evidence (Gillespie & Scott, 1950; Schmidt & Stadeluwsn,
1987) has indicated that neither disinfectants nor antibiotics are sble
to control becterisl multiplication in the shell membrenes. In fact,
the only commercially significent control of rotting in eggs hse been
obtained with a wethod of hest trestment - the eggs were held st
146°F/3 min - Funk (1943) Knowles (1956). The prectical application
of this technique has been hindered by various technologicel and
economic difficulties. In the weantiwe, therefore, the results of
Stokes et gl. (1956) end Orel (1959b) indicate thet cold storasge would
be the wmost precticable method of controlling infection. This wethod
doubtless works simply by reterding bacterisl wultiplicstion end

decreasing the rate of deterioration of egg quslity.
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it will be recalled thet the secondary phase of multiplicetion wes
induced in verious weys. In the firet case, inducticn occurred when
the yolk wade contset with an inoculsted mewbrene. It is noteworthy
thet this occurred 12«80 days following the laying of sn egg. Not only
does this suggest a possible explanation of the information given at the
beginning of this discussion, but it also permits another interpretation
of the results presented by Brooks (1960b). In fact, it wes concluded
thet the secondsry phese of wultiplication wee induced by substances,
poseibly iron, present in the yolk. Further evidence ageinst &
sponteneous chsnge in the properties of the wembranes (ef. Brooks,
196Cb) was ovteined frow eggs in which the yolk moved away from the
inoculated wewbrane. It will be recslled thet in this case the primary
phase of multiplicetion wass followed by & period during which there was
a decline in the number of corganisme in the inner wembrene of an air
cell. In spome eggs, porticulsrly those incculsted with Aer.liquefaciens,
Closca or L luorese , there wes & noteble incresses in the level of
contemination of the albumen end, occaesionslly, the inner membrene of
an air cell on the £0-~30th day Tollowing inoculetion. The ressons for
thie ere not cleer but £ possibilitics suggested themselves: a) the
multiplicetion of wigrents which bad resched the surfrce of the yolk,
or b) the wultiplicetion of conteminants in the slbuwen es & result of
some chenge in the properties of the latter.

These results suggeat thet the gite of infection way determine the
rete end, possibly, the incidence of rotting during the storege of
dry-clesned eggs. This supposition is supported by the observetions
of Lorenz gt s8l. (1962). They found the highest incidence (28+6 - 29:87)
of rotting in eggs whose blunt poles had been conteminated with a
pseudomonad and the lowest incidence (17+4 - 18+27) in egge whose
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pointed ends haed been contewinested., Since weshing ie the wost cowmonly
used wethod of cleauning dirty eggs, it ie possible thaet potential
conteminants would be lodged over the whole of the shell thus predis-
posing such eggs to a& secondery phase of wultiplicsation induced by &
union of the yolk and contaminated wmewbranes. In fect, this would
eppear to be the wost probable interpretetion of the results presented
by Frowm & Monroe (1260). They dipped eggs in cultures of pseudomonsds
both of which were st the scme tempersture; this would ensure that the
mewmbrenes would be conteminated with water drswn through the pores of
the shell by cspillsry stirsction. The course of infection was followed
by candling the eggs in a lemp fitted with & source of ultra-violet
irradiation. It is noteworthy thet they found a sudden inecrease in

the incidence of rotting on the 10-15th day of storsge, i.e¢. 6t & tiwe
when the yolks c¢ould be expected to have made contact with the shell
membrenes. Siwilsrly, the induction of the secondary phase of
wultiplication by the union of the yolk eand infected membrane would
appesr to be & possible interpretation of the results presented by
Stokes gt gl. (1956). These euthors, who infected eggs by sllowing them
to contrect in cold suspensions of galmonellas, found & very marked
inceresse in the level of contawinetion of the sibumen on the 1l4-20th dey
of incubation. This evidence suggests thet in commercial egps the
gsecondary phsse of multiplication would be induced principslly by contact
of the yolk and infected wembrane, 1t is noteworthy that & sequence of
events different frow thegse of Stokes gt gl. (1956) end Fromm & Monroe
(1960) wes reported by Garibaldl & Beyne (1960, for eggs which had been
dipped in bacteriel suspensions containing Fe2C4. In this cace, & high
incidence of infecticn was present on the 4th dey foldlowing inoculestion.

This observetion impliecs that the conteminastion of weter with iron may
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play oan iwportent part in becterisl rotting of commercisl eggs. It
would seem thaet this aspect is worthy of further exploration.

The resvlts obteined in the present study raeise questions coneerning
the terme that heve been vsed to denote the role thet & orgenism plays
in the infection of e&n egg. It will be recelled (page 59 ) that
although 709¢ of the egge exswined et the beginning of this investigetion
ccnteined s wixed becterisl infection, the majority of rots could be
identified with the descriptions given by Heines (1939) or Florien &
Trussell (1957). 1t wes found, however, thet only certain of the
isolates reproduced rota when inoculated into fresh eggs. 1t is
noteworthy that, with the exception of non-proteolytic Ls, fluorescens,
the rot-producing bacteris were proteolytic whereéas the others were not.
This obgervotion ie in sgreement with the views of Caribsldl & Stokes
(1968). 1t wes found, however, that both types of orgsnism geve en
essentially similar pattern of multiplicetion in the course of an egg's
infection. It is noteworthy thet Brooks {1960b) found & similer pattern
in eggs incculsted with g, putids or Ps. schuykilliengig, two organisms
that way heve originsted frow eggs suffering frow off-odours. (Brooks
& Hele (1954, steted that they had cbteined both species frow Richerd
& Mohler (18950) who hed isolated them frow eggs suffering frou off-
odours). This inforwation implies that the use of the terwm 'secondary
invaders' (e.g. Plorian & Trugsell, 1987) is unwerranted. It would
appesr that a utiliterian clsssification would be possible if stress
was given to the type of change occurring in en infected egg and
eprending to thie the ngme of the orgsnism thot wes responsible for the
sallent festures of these chenges., The orgenliswm wight be recognized
frow these changes or by laboretory tests. In any cese, if the terws

of eecology are applied, this orgenism would be regarded es the



115

'dominent’ species and the use of this term does not imply numerical
preponderence. The envisepged scheme 1s set cut in Table 36.

The re-infection experiments also revealed & fact whose prectical
implications are worthy of comwent. This conecerns & possible source
of contemination of frozen egg and egg powder; these products cen
contein many viable orgenisws (50,000 = BOO,000 orgenisws /g) but no
one hes accounted for the source of contewinaetion (Brooks & Taylor,
1965). 1t is conceivable thst wany of these contsminants may be
introduced by eggs infected with non-proteclytic becteris. It will
be recslled that such eggs did not exhibit signs of infection elthough
their contents herboured wany willions of visble organisus. Consequently,
they would not be eliminated by the "look and smell” test of the egg
breskers. Siwmilarly, eggs can be infected with selwonellas end yet
show no gigns of infection (Stokes gt sl. 19566). Such eggs could meake
& grester contribution to the contemination of egg products with these
orgaenisms then the verious sources reviewed by lieller, Enowles &
Bryce Jones (18568). 1t would appesr, therefore, that the bscteriological
quelity of egg products wight be ilwmproved by the use of newly laid eggs.



Fig.7. THE APPARATUS USED FOR AN INVESTIGATION OF
BACTERIAL PENETRATION OF THE SHELL AND SHELL
MEMBRANES. THE ASSEMBLED APPARATUS WAS

IN PAPER AND STERILIZED BY HOLDING

WRAPPED
MOMENTARILY AT 22Ib/in2.
A:Cotton wool. B: Top ofa milk bottle. C: Crystaliizing dish.
D: Top of a Petri dish. E: Egg sheil. F: Nutrient broth.

Drawn to scale.
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EITHER CONTENTS OF
EGG OR WATER AGAR

Fiq.8. METHOD USED TO STUDY THE GROWTH OF BACTERIA
IN FILTER PAPER DISKS RESTING ON THE INNER
MEMBRANE OF THE AR CELL.

A: Vasiline-coated cover slip. B8: Glass ring. C: Paratfin wax:

D: Inner shell membrane. E: Filter paper disk. F:Shelland
outer shell membrane.

Scale: X2.
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Fig.9. CLEARING OF AN I8 HR BROTH CULTURE OF MICRO-
COCCUS LYSODEIKTICUS. BY LYSOZYME.

®: 9.5ml ofa nutrient broth culture pius O.5 ml ofa

solution C1OOpug/ml) lysozyme.

©. 9.5ml ofa nutrient broth culture pius O.5ml of

water.



Proteus vulgarts

Filter paper containing PO, butfer: Water agar®

VIABLE ORGANISMS/FILTER PAPER DISK(6mm)

LOG
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INCUBATION AT 27° CDAYS)

Pseudomonas fluorescens

Filter paper containing PO, buffer

4
9 p
L Fig.lIO.BACTERIAL MULTIPLICATION
) . IN FILTER PAPER RESTING
8 3 5 ® = ON NUTRITIONALLY IN -
ADEQUATE MEDIA.
5Pk
H
3 - A A A 'Y
@ | 2 3

INCUBATION AT 27° CDAYS)

®: Dilution of an I8hr nutrient broth culture used to inocul=-

ate the filter paper

- Washed ce!ll suspension prepared from an I8 hr nutrient

broth culture used to inoculate the filter paper.

: Medium on which the filter paper was piaced.



Cloaca G75/2 Ps.filuorescens Gl12/.

EGGS: 3-days old |14-days old 3-days old
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INCUBATION AT 27° CDAYS)
Fig.Il. BACTERIAL MULTIPLICATION IN FILTER PAPER RESTING

ON THE INNER MEMBRANE OF THE AIR CELL.

Inoculum: a dilution of an 18 hr nutrient broth culture

®  Intact eggs

©. Eggs in which the contents had been replaced with water
agar
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Figd2. THE GROWTH OF PSEUDOMONAS FLUORESCENS CF2l IN
THE INNER MEMBRANE OF THE AIR CELLS OF EGGS THAT
WERE 3-DAYS OLD AT THE TIME OF INOCULATION. THE

AIR CELLS WERE HELD UPPEPMOST.

*=ONE EGG. O=FLUORESCENT GREEN PIGMENT

IN MEMBRANE
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Fig.14. THE GROWTH OF AEROMONAS LIQUEFACIENS CFIO/l IN THE
INNER MEMBRANE OF THE AIRCELLS OF EGGS THAT WERE

I-DAY OLD AT TIME OF INOCULATION.
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INCUBATION AT 27° (DAYS)

Fig.IS.THE INFLUENCE OF VARIOUS SUSPENDING MEDIA ON

BACTERIAL MULTIPLICATION IN THE INNER MEMBRANE
OF THE AIR CELL.

@O deep litter intusion CO-5g deep litter:|OO miwaterd. DL: deep
litter infusion extracted with 8-hydroxyquinoline. WZQIstillcd water.
YE: O.-5%0 (w/v) yeast extract CDifco) extracted with 8-hydroxy-
quinoline. The suffix F indicates that the medium had been contam-
inated with FeSO, Cfinal concentration 100 ug/mid. ®:anaver-
age obtained from S eggs. The eggs were 3-days oldat the time
of inoculation. Eggs incubated with their air cells downwards.



FeSO, added
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Fig.16. THE EFFECT OF THE ADDITION OF FeSOQO,
TO THE ALBUMEN ON THE MULTIPLICATION
OF PSEUDOMONAD E IN THE INNER MEMBRANE
OF THE AIR CELL

®: Normal eggs ory after the 5th day of incubation,
eggs whose albumen had been injected with O.l ml of

water. © Eqgs whose albumen had been injected with
O. ml of a 2.5%Cw/v) solution of FeSO,-7H,O.
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Fig.17. INHIBITION OF TRYPSIN BY OVOMUCOID

® IO ml azo-casein plus 2 ml of O.O5% (w/V
trypsin plus either | mi ofa 2°o (w/v) soiution of
ovomucoid or Iml of distilled water.

+ As above except that the trypsin had been heid a:
iOO0° for IO min.
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IN 3 EGG SHELLS

EACH ORGANISM TESTED

¥ NO. STRAINS



Table 21

Eenetration of the shell end shell wewbranes
by Proteus vulgaris Gl6

Humber of egse Number of shells Incubation et 27°

pene troted (hr)

8 2 24

2 +8

- e

1 96

1 120

1 144

1 168



Table 22.

Kedivm 9

u $
Inoculeted nutrient agar®™ (11 wl) containing: 10~8 10"6
1l ml distilled water 496 54
1 ml distilled water and 0°08Y (w/v) 380 36

iron citrate

1 ml albumen No growth"

1 wl slbumen and 0+0575 (w/v) iron citrste 364 42

® lNutrient eger (10 wl) wes inoculated with 1 wml of & dilution of
pseudomonad E (Gll/1) and poured into & Petri dish containing the

suppleuwent.

" Final recording wade after 14 deys st 27°.



Table 23.

sppesrence of eggs on the 7-llth de

n latio Poeudomonas fluorescens CFg1®

incu- Egg Logyy vieble bacteria/ lHewbrane's Fluorescent green
bation no. water-retain- plguent:
at 27° inner mewbrsne 1 ml ing property Inner yolk albu-
( days) of air cell albumen lost membrene wen
(10 om disk) eir cell
7 10 7+ 8327 2+ 3979 ¥ - -~ -
b 8°1692 4+ 3010 - ¥ F -
: i 9 8°* 3736 > 64771 - F P -
3  § 8° 2966 NR - ¥ P -
2 B8* 2966 =>7+0000 - P F F
9 4 6+9031 KR - P - -
5 8+ 2966 2+ 0000 ~ F F -
| 6 82966 = 6° 0000 - P 3 P
7 8° 5471 = 70000 + P ¥ F
& 8* 5780 6° 6021 - F - F
10 i 8 8° 2808 6+ 7782 3 P F OB
9 8- 5441 > 30000 - F F F
5 67337 KR + F - F
11 6 88502 b+ 6990 + F P o@
7 8+ 79569 NT + F - -

R, Eggs stored with their air cells uppermost. NR, Vieble bacteris not
recovered. NP, not tested. +, water-reteining property lost.

-y tater-retaihing property not lost, or no reac¢tion with vltre-~vioclet
light. F, Fluorescent green pigmwent occurring in pateh(es).

P, fluorescent green pigment disseminsted throughout albumen.



Taeble £24.

10
11

Regovepry of visble organiswms from the slbumen

(=)  7:0000

with Pseudomones fluorescens CF21

1.3010

2+ 65382

2+1918 -

=)
6:6021

Lgg no:
5] 6 7

1:3010 2.3979 13979

2:0000 ~6+0000 ~7-0000

- - -

(=) 6:6990

~2+6990

Ny

8 9 10
O el
1+ 3010 2+ 0645

- 1.6721 1+4314

- - -

1-6232 -  2-3979

1°4914 6 4771 -

1°3010 = N
NT KT NT

Numerals, Logyp viable orgenisws/l wl elbumen, numerals (underlined),

fluoregoent green pigwent in the inner wewbrane of air cell.

-, vieble orgenisms not recovered from 1 ml albumen.

(=), vieble organisus

not recovered frow 1l ml of the albumen of an egg whoae air cell membrsane

was tinted with & fluorsscent green pigment.

NT, not tested.



Table 2£8.

Days
at
27°

1
2
e
4
8

12
14
16
19
28
&0

Regovery of vieble orgenisms from the elbumen
of egps whose air cells had been inoculeted

with Pseudomonsa fluorescens CF 21

cell downwerd

Egg no:
air cell uppermost
b | g 3 3 B 5
- - . o - 26980
- - - NT 2+1761 -

(=) 71981 3°0000 §:0000 3+0000
~ 5:6532 §:5502 7:9294 7:6835
£:0060 8:6990 63010 1°3802 2:7540

-

8

)

2° 5211

£:2380 8+0000 2°9031 3°0000 2:6081
1.3424 208481 2-4771 2-9031 §+1139

(+)

Humersle, Log,, viable orgeniswe/ ml albumen.

(+)

fluorescent green pigment in the inner membrane of the air cell.

-, visble orgenisms not recovered frow 1 wl of albumen,

(=), viable

3+ G000

lumersls (underlined),

organisms not recovered frow the slbuwen of &n egg in whose membrene

there was fluorescent green plgment.

organisms/ml of slbuwen.

albumen of on egg in which there wes fluorescent green piguent.

NT,

not tested.

+9

wore than 500 viable

(+), wore then 500 viable organisws/wul



Table 26.

Changeg in_the sppesrsnce of eggs on the 19th, S3rd end 30th deys
following inoculation with Pseudowones fluorescens CF21
Loglo viable organisms,/ Water- Fluorescent green plgment:
Days Hgg reteining
ato no. inner wmenbrane 1 ml property of inner albumen surfsace
27 of eir cell elbumen air cell wewbrane of of
(10 wm disk) membrene air cell yolk
lost
6 4° 0090 2+2380 - - F F
7 4+ 0000 80000 - - - -
19 8 47782 29081 - -~ - -
9 2° 6021 8- 0000 - - - -
10 3°6876 2+6021 - - - -
6 3+ 8870 1-3424 - - .. A
7 3-6797 2° 8451 - - - -
23 8 3-9082 2+ 4771 - - - -
9 3°9603 2-9031 - - - -
10 6+ 5850 6-1139 - - P F
6 6° 3011 - - F F b
7 4° 4150 NR - - - -
30 8 7°0853 + - - - F
9 6+ 3803 R - - - -
10 5:9031 &+ 0000 + - - -

-, viable organisms not recovered from 1 wl of slbumen, or no reaction
under ultrs-violet irradistion. +, more than 500 visble organisws/wl

elbumen. ¥, fluorescent green pigmwent present. N&, Viable organisums
not recovered.



Table 27.

Regovery of visble orgenisms from the albumen
of eggs whose sir cells had been inoculated
with Aerowmonas liguefaciens CF10/1

eir cells uppermost

Days

2P0 I
0 &
1 3
P "
4 -
7 t
10 X
11 -
14 -
18 -

5°6990 6°0000 2°+1461

3

%

23 B:.1130 B:0969 4+3617 8:7488 4- 4857

22 9°0969 9-0607 8°3979 8:6021 9-6425

air cells downward

Egg no:

5 B

2+06021 -
- 3-0B69

0 -
10943

Kumersals, 1°510 viable orgsnisms/1l ml albumen.

7 T 9 10

Numersls (underlined),

& pstch of custard-like msterisl on the surface of the yolk.

+, more than 500 vieble orgenism/l ml of albumen. -, viable orgsnisms

not recovered from 1 wl elbumen,

M, egg contaminsted with a mould.

Age of egg at the time of inoculetion: 1 day.



Table 28.

Incubation Loglo viable

0
?§a§:) organisus/ Rk i
I ) 3 4 B
0 Membrane® - - 44040 4-2218
2 Mewbrane 5+4686 4-3717 6°2084 48373 -
Albumen - 1.9494 2.-8315 2.8621 2-+4216
6 lembyrane 2+ 6576 - - 4+2139 §+9420
Albumen - - - - A
10 Membrane 3.9393 3-0362 B8-6118 c -
Albumen - - 8+ 3010 (¢ -
15 Mewbrane - (9'5000)(9'5000) 8* 5687 6.9301 6-5850
Albumen D*TO76/ 79642 5-1761 - 4+0000
20 liembrane B5°1871 (9'6880)(9-5000)(9-5000) 45144
Albumen - O: 36857992407 9+ 26537 3.3079
24 Membreane ( 9'4487)(9-4&07)(8-00?4)(8-8494)(9-5000)
Albumen 10.1303

9°87861’ ‘93622 *9-0212 "9+ 5119

/continued.



Table 28 (continued).

{] on Y

ingubation Lo viable
o970 €10

f:a.va) ~ organisws/ Egg noi

[ 7 ] 9 10
2 Kembrene 4* 5478 - BeBE68 4+1180 B+8303
Albumen - - 13010 2-5185 2-9688
6 lewbrane 39420 4°3011 4°0555 3-3980 4-2258
Albllﬂe!l - - - - -
10 Mewmbrane 3+4368 44813 - 3-4472 32697
Albumen 1-2788 1-2788 - - -
15 Mewbrane 4- 4881 - 47522 - 29829
20 Vewbrane - 2:0829 5+6021 - -
Albumen - - - - 12424
24 Mewbrane 3*°3400 2.965656 - 30670 -
Albumen - - - 1.4314 1+2085
20 Mewmbrane 4:858% B5°6990C 25065 5-6457 NT
Albumen 3-6188 1°7404 4-6990 3.83729 NT
34 liembrane - 5-2366 2°+'93565 3-2158 Cc
Albuuen 20334 3-1303 1+9445 2-88573 (v

%, logy, viable organisma/ cxat (10 wm dismeter) of inner membrene
of eir cell. " logyoy vieble organism/ 1 wl albuwen.

{(numerals), a pateh of custard-like waterial on the surfece of the
yolk. C, egg contaminated with a mould.

Age of the eges et the time of inccudation: & days



Table 29.

Incubation
at 27°

(days)
0

14
16
23

30

pseudomonad G11/1

incub hei cel e

Logyp viable Lgg no.

organismus/ b 3 5 2 8
Kembrane® - - - - NT
Albumen” - - - - NT
Membrane 38928 3-8B373 3-4686 52431  4-45660
Albumen 2-1139 2-6435 - - -
KHembrane 4+ 3337 4+8416 5°0019 6+ 0000 6+ 0000
Albumen - - - - =
Meuwbrane 6°* 0607 72431 6° 3768 6° 2906 5+ 1250
Albumen - 4-720¢8 - - I
Mewbrane - 42511 B 2672 8-5327 5+ 6990
Albumen - ~- - - -
Membrane (5’8693) (5‘0448) (6'868?) (903400) 72378
Albumen 49031 - &+ 0000 7.6946 -
Mewmbrane 8-2071 8:-9913 5-2883 8+8472 9+ 3880
Albumen  (6-4624) (6-0000) ( - ) (g.7404) (5-4698)
Albumen 8:6180 8+ 5051 g+6812 8+9542 D+ 4594
Albumen g-2041) (7.1761 M g-8761) (7.5441)

Jeontinued



Table 29 (continued).

Incuba#&on Loglo viable Egg no:
at 2 . ——
(days) organisws/ 6 7 8 9 10
1 Mewbrane 4+ 3980 3+ 9262 5:0512 4-4491 5-1761
Albumen - - 3- 3345 - -
e lembrane 5° 7969 4+ 9487 5.1928 3* 1426 3-9787
Albuwmen - - - 1+6232 -
7 Mewbrane - 5+ 2038 2* 6775 50928 2+ 3373
Albumen - - - - -
9 Mewbrane 4+ 8190 4+ 8880 58037 2'3566() 4-IBBBGD
Albuwmen - - - - i
14 lembrane ES K 4'1458@;)6'924569 4.3703@9
Albumen - i - - -
16 Membrene  4:6990® 5.5850%® i 50536 ® 3-6990®
Albumen - 3+ 6990 M 1.-0414 2:6902
23 Membrene  3°2638® 2.7137® 7.1866 " 2:5051®
Albumen 0+ 5451 3+1761 2+ 6812 3*02863 -~
30 Membrane 25289 755628 2+6847 - -

. 19510 viable orgenisms/disk (10 wm diemeter) of inner wmeubrene of

air cell. *y logy, vieble organisws/ 1 wl albuwen. Brecketed
numerals, macroscopic chenges in the contents of an egg.

NT, not tested. M, egg contaminated with & mould. -, vieble organisus
not recovered. ® , 48 hr at 27° required for colony formetion.

ige of egge at the time of inoculation: 1 day.



Table 3&0.
Th ze of erial popul i he inner membren

of the eir cells snd the slbumen of eggs inoculated
with Alceligenes feecalis G21/3

incubation Log,. viable
ot 878 10

( deys) organisms/ 5 1 2 ] 4 5

1l Membrene® 57553 6:0000 6+0706 5-6147 5-8110
Albumen™ - - - “ -

6 Membrane 6:-0000 B.B027 7-25642 5:0193 6-0000

Albumen - 10000 - - B+ 0000

7 Membreane 4°8936 5+5414 2-3373 4-9906 4-8l44
Albumen - — o - -

14 Membrsne 4*8804 355976 33980 ©-1112 8-:9174

Albumen 26990 39031 - 8-1761 2+6990

20 Mewbrane 9+0082 - 72932 86989 4-6989

Albumen 8+ 8129 - 3.0000 9+0831 3+6021

23 lembrane B°B5463 ©O+5686 0O'5686 9+2676 8+9303

Albumen 9+ 0000 B* 4472 4+ 0414 T-9777 @+ 0000

Eggs incubeted with their air cells downward
Egg nos

[ i 4 B <] 10

7 KMembreane 52001 4-9807 5.1434 4°1081 4°7879
Albumen - - - - -

14 Kembrane 36100 4°6990 B°68BOD 4°6B63 3 TTLV
Albuuen e - - - -

20 Mewbreane 3°7824 2+6890 3°8025 5:1932 4+07834
Albumen - - - o »
28 Membrane 2+8696 30969 3*85676 5+0147 N?
Albumen - - - * NT

= logy, vieble orgenisws/disk (10 wm diemeter) of the inner wewbrane
of en air cell. " log,, viable orgenism/ 1 wl albumen.
NT, not tested. -, viable organisme not recovered.

Age of the eggs st the time of inoculation: & days.



Table 31.
he e 0 8 a opulatio n e 1 w0 n
of the ai lls &n bumen o inoculated

Aeromones liquefsciens CF17/1

Incubetion Logyq viable

Q
?3&?3) organisms/
i 2 3 4 B
0 Membrsne®™ 3°9378 38229 3+2218 NT NP
Albumen" - - - NT NT
3 Membrane B'84B1 B°8129 54294 5°9890 59031
Albumen - - - i -
T Kembrane 564356 B.0621 B. 77156 T+0890 59393
Albumen - o - - =
156 Hembrane

'5154)(19'3615) 8+84656 7+ 3980 (9'1700)

9
Albumen $10+0969) “10:0000) 55502 4+9294 (95502

Eggs not seuwpled on the 20th and 30th deys of inmcubetion because all of
them exhibited Bleck rot type 1 (Haines, 1939).

3 Mewbrane 5°6832 6°1973 6°0000 6°2666 6°3129
Albumen o - - - &

T Membrane 5° 2066 390561 B.0489 4+6118 51633
Albumen - - - . s

15 Mewbrane 56264 3°9174 26383 39543 5-8386
Albumen 1-0000 B*0000 3-6284 2.1139 30792

20 Membrane B5* 6831 5+3815 4+B5070 29385 4°+4980

Albumen 2:5798 3°3802 32430 2°7924 3°1303

26 lKembrane - 6+56741 36518 B+4771 4+88B46
Albumen 2:4771 1-0000 3-7482 3-63356 (3-4771

%, logy; vieble organisms/ disk (10 mw diewmeter) inner mewbrsne of air cell
"y logy, Vviable organisms/ 1 wl albumen. -, vieble orgsnisms not
recovered. NT, not tested. DBrecketed nuwmbers, Black rot type 1

(Heines, 1939)

Age of egps et the tiwe of inoculation: 3 deys.



Table 38.

Changes in the H-ion end glugoge congentrstions
in the albumen of eggs inoculsted with

Incu~- Egg Vieble count in

bation no.

at 27° wewmbrane® albumen"
(days)
1 7-4398 5.5119
2 4° 1484 61461
3 S 74393 5-9284
4 7+ 3010 55563
6C - -
) 6C - >
; 1 67788 -
2 5+ 2041 e
10 3 0+« 45624 8+1761
80 - -
60 - —-—
1 N 87782
2 90128 -
3 N? 7+ 0000
16 4 NT 85441
Bc - £
60 - -
*

air cell. ", logyg viable organisme/ 1 ml slbumen.

Cus terd-
like
materisl
on yolk

LI A |

B o f

Aeromones liguefeciens CP10/1

Water- Albumen

retaining

property pH lucose

of mem- fmg/bl)

brane lost
p 03 243
- 93 3. 40
- 9.3 307
= 2+ 36 3°86
- 94 2+08
- 94 311
- 9+ 2 1-91
+ 9.3 1-63
+ 86 0. 31
- 92 2-00
- 92 1-80
+ 81 NT
- 03 1-83
. 87 0«82
+ 8-6 014
- 96 1°98
- 9:6 174

» log,, vieble orgénisms/ disk (10 mm dismeter) of inner wewbrane of

Eggs no. l=4 inoculated with 01 wl of 18 hr nutrient broth culture.

Eggs 5C end 6C inoculated with O'1l wl of sterile nutrient broth.

-, viable orgaenisme not recovered, or water retaining property not lost.

+, custard-like materiel present on the surface of

retaining property of the membrsne lost.

NT, not tested.

yolk, or the water-



Table 83.

Organism Strain Logyo visble orgenisus/ 20 wm (dismeter)
disk of inner membrene of air cells of
eges injected with:

Distilled water® FesS04"
Egg no: EZgg no.
1 2 i ] b ¢ I 3

G81/3 6-8451 58761 641461 7.8761 7+6021 83824
G32/1 - 4°5441 4-9294 8.0g212 8-6b632 8-+3324

pseudomonad G8/1 6-7788  4-1761 - 94771 ©6.84851 ©-3079
' ¢11/1 5.8451 5.6607 B5.2430 6-2088 9.0414 8.3841

E
nggggmgggg CF2l1 - 4.8761 4.8010 B8.43983 8.9204 8.0212
fluoreseeng C10 - 5:9081 37782 5-2041 6+4598 5-0069
£ro Gl4a 5:9542 40069 4-6980 8-0069 7-8451 7-9542
v ¢lé 6:4624 7-0414 B 8+2768 8-3424 8-1761
Cloaca @76/2 B3+*1761  §.8010 - 7.9294 6.6081 7-8120
CF17/1 69884 6+2000 6°9777 8-6021 90414 B

The eggs were incubated for 5 deys at 27° before the eddition of FeSO,
to the albuwen and colony count wes made 2 days after the addition of
the FeSO4q, ¥ 041 ml of distilled woter injected into the albumen.
"y 0°1 wl of e 25/ (w/v) aqueous solution of FeS0, injected into the

albumen. ~, vigble orgenisws not recovered. B, egg broken.



Table 34.

different bscteriel species

Organism No. of Tiwe st
streins which rot
wesg first
detected by
candlin
(days
e,
uefaciens
& 18«24
v
udomo
uo e
proteolytic 3 12-24
non-proteolytic 2 42
pseudomonad E 4 2442
Closgs
proteolytic 6 12-36
non-proteclytic 8 %
Citrobscter 7 ®
A & 4 -
aecali

Type of
rot'

Black rot
type 1 (8)

Black rot
type 2 (a)

Pink rot (&)
Fluorescent

green rot (b)
Green rot (b)

Custard rot
(b)

Colourless
rot

Colourless
rot

Cclourless
rot

Salient features of
rot.

Gelotinous yolk black-
ened throughout. CGrey
albumen. Strong odour
of HpS8.

Derk brown mealy yolk,
Derk brown white.

Mealy yolk, turbid,
orange albumen.

Fluorescent green
elbumen.

Gelatinous amber-like
yolk with olive-green
peripheral stripes.
Strong alwond-like
odour.

Yolk encrusted with
custard-like material.

None

None

None

The egge were inoculeted by the method of Florisn & Trussell (1957).

', The rots were identified with the deseriptions of Haines (1939) -
warked, (a) - or Florisn & Trussell (1957) - marked, (b).

Y " Pseudowo entena L417 (von Volzogen Kﬁhr. 1932) end
Aeromonas included. o



Teble 35.

Presvmptive correlation of the sslient features of rotten eggs
with wetebolic attgibuigg of the_causative orgsnisms

Metabolic sttribute
Proteo- Ho8" Lecithinase Plgwent

produced

lytiec Pro-
duced
Aeromons i i (+)
I§§u§f§§ieng
Foy it -
vulgaris
Fgeudomonsasg + - -
fluorescens
pseudomonad E 4+ + -
Closca (+) (+) +
itrob e - - -

g -

+, ++ , positive reactionm.

-, negative resction.

produced

Salient feature
of rot

Gelatinous yolk black-
ened throughout. Grey
watery albumen.

Dark brown mealy yolk
Dark brown albumen.

Meely yolk, fluores-
cent green albumen.

Fluorescent green
albumen.

Geletinous ember-like
yolk striped with
olive-green pigmwent.

Yolk encrusted with
custard-like materiel.

No chenge in infected
egE.

No chenge in infected
egg.

No change in infected
ege.

(+), although

positive, the property did not appear to be concerned with the rotting

of an egg. ", peptone water (1%, w/v) containing & plece of heat-~

cosgulated albumen was used to test for HgS production.



Table 36.

A _proposed schew [+ he clessification of
infected with bescteria

Type of chenge produced in egg 'Dominant' orgenism

A. ROTS Blsck rot type 1 Aegomonaa liguefaciens
Black rot type 2 Iroteus vulgs
Fluorescent green rot Pseudowon ff
Pink rot Egiﬁdomgnaa qungeagogg

Green rot pseudomonad E

Custerd rot C

Red rot 8 W cen

Colourless rot Alcaligenes faecalis.
non-proteolytic Closecs,
Citrobacter

B. OFF~0DOURS Aschromobaeter perolens '
udomona utida

omonas ove
udonm ghuyllkill-

C. OFF-FLAVOURS sheri co

' eand ", the investigastors who isolated these orgsnisws are listed

in Teble 7.
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SUMEARY

4 collection of bacteria «eg asasembled from eggs which had
rotted on the prewises of the producer and others which bhad been induced
to rot iv the leboretory st 10°, 20° or 30% The wajority of isolates
were Greu-regetive roda. Representotives of the numericslly

L)

predominunt types were exsmined in detail. The following specics

were recognized: Alceligenes feecalis, Asercwones liguefaciens,
Proteus vulgeapris, Closca sp. Citrobscter sp. &nd Pseudomonas fluorescens.

A non-fluorescent pseudomonad (pseudomoned &) could not be identified

at apeoiea level.
Representutives of these oprgenisms wultiplied in whole shell
memorsnessuspended in a sclution of wineral sslts. The orgaenisws

divided into 28 groups: &) Ps. fluorescens, Pr. vulgsris end_ilc. fesecslis

which produced no definite turbidity, end b) iser. liguefeciens,
pseudomonad K, and, occasionally, & proteclytic strsin of Closcs
which produced g definite turblidity. The curgenisws of the latter
group differed frOm‘thoae of the former in showing the ability to form
e protesse during growth in the wembrane suspensions. This synthesis
wes essocisted with the loss of pigwent from the wembrane and the
appesrance in the suspending wedium of products of protein degradation.
Bacteriological £:.3 chamicsl wethods were used to follow the course
“ of.infectiun in eggs, incubsted at 27°, whose eir cells hed besn
inoculated with a weehed becterisl suspension. The pattern of
multipliestion wes esgentlelly siwiler for ell the orgenisws tested.
In the 18 he fellowing inoculation & priwmery phese of wultiplication
occurred in the inner wewbrsne of the sir cell and & swall number of
migrents appeared in the albumen. The extent of this wultiplication

gppesred to be limited by the availsbility of iron in the shell
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mewmbrane. This phase of wultiplicstion wes followed by & period
during which there was & decline in the number of viable organisws

in the wewbrane. The extent of this decline sppeared to be datermined
by inherent properties of the orgenisws snd its duration wes deterwined
by the position of the egi during incubation. In the cese of egg’
whose air cellswere uppermcst, & renewgd multipliceation occurred when
the yolk wmade contact with the inner wembrane of the gir cell. This
phase wes iniated on the 12-20th day following laying. The secondary
rhase of wultiplication was assocliated with changes in pH and glucose
concentration of the albumen and, in the case of pigwent-producing
and/or proteolytic bscteria, with the firat macroscopic effects on

the contents of the egg. In the case of eggs with their air cells
downwerd, the number of viable corgerisms in the inner wewbrene of the
air cell continued to decline for @ longer period. In this case the
albumen remained free frow contaminstion for s beriod that veried with
the organisin. One strain of Aer. liguefsgciens produced heavy
contamination ¢f the slbumen on the 15th day following inoculation
whereas with enother strain of the ssue species the albumen wes not
grossly contsmineted on the 32nd dey following inoculastion., Whet is
responcible for this contemination when the yolk does not weske contact
with the inoculsted wembreane has not been expleined, but two
possibilities auggest themselves: &) the induction of multiplication
by changes in the properties of the albumen, e#nd b) the cspascity of

organisma to travel to the surface of the yolk.
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PEN

utrient broth: (g/l.), peptone (Evans), 10; wesat extract (Lemco),
10; dissolved in tap water and sterilized by holding momentarily
at 221b/in®. pH, 7°0.

Nutrient ager: the above solidified with 1°5% (w/v) ager (Davis,
New Zealend).

Sterile slbumen. The shells of newly laid eggs were scrubbed with a
proprietary egg-cleaning compound ("Ovosan”, British Extrect Co. (Seles)
Ltd., Englend). They were soaked for 3 win in & 057 (w/v) aqueous
solution of "Cetavlion" (I.C.I1., Menchester, HEngland). An egg wes

held in & pair of beaker tongs - Fisher pattern - (Criffin & George
Ltd.. Englend) end then dipped into 957 ethenol. The ethanol on the
shell was ignited. The shell at the equator of the egg wes punctured
with @ sterile scalpel and the opening wes enlarged by applying gentle
pressure with the tongs. The egg wes then pleced (long axis
horizontsl) on the erystallizing dish in the apperstus depicted in
¥Fig. 7. The albumen slowly drained fromtghe shell but the yolk diad
not escape. The slbumen frow severaltgigbremoved to a 200 wl

Erlenmeyer flask containing seversl gless beeds and wixed.
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