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CHAFTER I

INTRODUCTION AND HISTORY

Ecology is defined as the interrslationship emong living
organisms and the interastion between them and their environment,
The concept of ecology is fundamental to an understanding of the
interrelationships among miercorganisms in their nsturel habitats,
It is also fundamental to an understanding of the effect of
envirconmental changes on microbiel activities. An extensive
literaturs which deals with the rtlueianahiyu between microorgan~
isms hes been reviewed by Waksman (1945). Little or no work,
however, has been done on the influence of the environment on
mierobial interrelstionships.

The organisns chosen for this investigation, Shigella
and Aerobscter, exhiblt an antagonistic interrelationship, In
scology, antagonism between species is oalled interspecifie
competition, It refers to sy interaction between two or more
species populationa which adversely affeot their multiplication or
survival, The competitive interaction may involve common space,
nutrisnts, waste materials and many other types of mutual
interactions. Competition can result in squilibrium adjustmenta
between two species or it can result in the replacement of one
species by another. It is often cbserved that olosely related

1
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orgenisms having similar habits of life do not occour in the same
places, If they do ccour in the sams places, they use different
food, are sotive at different times or are otherwise occcupying
different niches., HNo two species can have exaotly the same niche
and still be different but closely related species are often so
similar as to have virtually the same niche requirements,
Compstition between spsoles oacurs whenever their niches overlap
even to a partial extent, It is not known how great the overlap
nust be before the successful species forees the other out, In
any svent, experimental and observationel research has shown that
the rule of one species to a niche ix true in a high proportion of
cases (Odum, 1959).

For a gilven specles palr, the type of interrelationship
between them often changes when the environment is altered, Thus,
two species which axhidbit antagonism under certain conditions
might be completely neutrsl toward one mnother under other
conditions, The escologioal niche of each of the species shanges
jas the envirmmmental sonditions change, If the niches no longer
overiap, competition between them, theoretically, is no longer
expressed.

Since antagonism has been demonstrated betwesn Asrcbactern
jJand Shigells both in vitro and in yive (Hentges, 1958), it ssems
p:wbnbu that these organisms occupy similar ecologlical niches and
therefore sompste under most environmental eonditions, If this is
amental conditions exlst in which the niches are

trae, 4o env




3
sufficliently dirferent 30 that the sompetitive interastion ia
reduced? Under what environmental oonditions do the niches
overlap to an even greater extent so that competition is keener?
It 1 thi purpose of this investigation to anawer these questions,
This is sccomplished by studying the effects of various sltersations
in the snvironment on the competitive interrelationship existing
between Asrobscter and Shigella in mixed oculture. Studlies dealing
with the influence of cmimntul sonditions on baoterial
populations unfortunately have been confined to pure cultures of
bacteria. Hevertheless, these studies have a direct bearing on
this inveatigation and will be roviewed here.

| When bacteria are multiplying exponentially, the
multiplication rate ia dntwﬁimd by certain rate-limiting
processes responsidble for synthesis of new cellular substance,
Thess rate«limiting processes have a property common to all
reaction rates - that of temperature dependsnce, (Mitschell, 1951)

The influsnce of temperaturs on dacterial multiplication

has been widely investigated. The rate of basterial multiplication
increases with temperature up to a certain point after which it
begins to decrease, This effect was demonstrated by Barber (1908)J
In bis classic study, he isolated single oells of Escherichis coll
and placed them in hanging drops at different temperatures, After
incubation, the c¢ells were stained and eounted directly to
determine the rate of multiplication, Barber found that the
maltiplicatica rate of Esgherighis goli gredually inoreased with
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inoreased tesmperature to about 429C, Lane-Claypon (1909)
confirmed this observation. Allen (1953) working with the
thermophilic organisms, Basillus circuluns, demonstrated a naximum
maltiplication rate at spproximately 55°C., In comparison, the
maximum multiplication rate for Aercbaster seropenss occcurred at
30°C according to the data of Oreens and Jaseaki (1954).

Lane~Claypon (1909), Johnson (1946) and Allen (1953)
pointed out that the dependence of the multiplication rate on
tenmpereture can be expressed by the Arrhenius eguation:

%
k=g e Hgn
where k is the growth rate oonstant, s a constant,

Ha the heat of activation, R the gas oconstant
and T absolute temperature '

Over & broad temperature range thers appears to be a straight line
relationship between the logarithm of the multipliscation rate
constants and the reciprocals of the absolute temperature, Above
this temperature range, the rete of multiplloation inoreases less
rapidly than theory demands and the Arrhenius equation no longer
applies, An optimum temperature for mulitiplication rate is
reached and as temperature ls fncreased further, the rate of
multiplication drops adbruptly.

The gradual decline in multiplication rate at
temperatures approsching the optimum was also expresssd
aathomatically, Observations were nmade of the proportionate
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inorense in multiplication rate for a 10 C rise in temperature
over the temperature ranges in whish cell multiplication occurred,
Barber (1908) showed that the temperature coefficient for
Escherichis goli fell from m value of } over the renge of 5°C to
159C to & value of 2 over the 27°9C to a 37°C range. Slater (1916)
and Greene and Jeseskl (195!.) demonstrated similar phenomens with
strains of Lactobacillus end Asprobscter. Jennison (1935) found,
with several genera of bsoteria, an inverse relationship existing
betweesn tomperature end temperature coefficients up to the aptimum
temperature for multiplication. Tump&mtm sosfficlonts were
oconsistently lavger in the lower temperature ranges than in the
ranges spproaching the optimum, Thus, the effect of a twmtm
inoresss om the multiplication rate appeared to da less procounced
near the optimum temperature for multiplication than in the lower
temperature ranges,

Jennison (1935) also studied the effect of tempsrsture
the length of the exponential phase during baoterial multiplicati
His work along with that of Lane«Claypon (1909) indicated that an
inverse relationship exists between temperature and time nesessary
for osompletion of the exponential phase, Jennison demonatrated
that a fairly constant ratio existed (51l) betwsesn the length of
the exponential phase in hours and the generation time in minutes
lat any temperature up to the optimum for multiplicmtion., Despite
variations in the length of the exponential phase with temperaturs

changes, the total number of generations remained the same, It
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would appear from these results that the size of the total cell
crop remeins fixed regandless of incubation temperature,
Zxperiments feil to bear this out, Domrn snd Rehn (1939) pointed
out that maximum total c¢ell populations ars often achieved at
temperatures below ths optimum for multiplization. The yleld of
cells per unit of substrate deoreases near the optimum temperature.
[This oceurs either as a result of an inoreassed rate of side
reactions which remove eassntiasl metabollites or as a result of
Jdostruetion of eellular components which necegsitates reduilding,
Jordon xnd Jacobs (1947) atsributed the decreass in the percentage
of cells whioch are viable near the optimum temperature to an
inerease in the produation of nonevisble sellis, In their studies
an Escherichis goll, they demonstrated that the multiplication
rate sontinued to ineresss to the optimum temperature yet a
[ecreased total viadble eell population at higher temperatures
joscurred, The studies of Creene and Jeseski (1954 ) with Aerobacten
Lubcccntiatcd Jordan and Jacobs! findings, These workers found a
leradunl decrease in the total viable population &s temperature was
incrensed, Thers appesred to be sn inverse velationship between
[temperature and total viadble cell erop,

Data on the effect of temperature on the lag phase of
bacterisl multiplication are few, Barber {1908) reported that a
fdecrease in temperature below the optimum incresssd the duration of
he lag phass of Escherichis soli. Chick (1912) and Penfold (191L)
tanrtrntd this cbservetion, In & study dy Anderson and Meanwell
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(1936) streptocoeci cultured in milk showed a lag of half sn hour
at 42°C, 2 hours at 30°C, snd 3 hours at 20°C. Recently, Braekkan
{1960) demonstrated the occurrence of s lag phase when bac
gggg;gg;gg,unﬁ incubsted at 379C, when the incubation temperature
was lowered to 30°C, the lag phase disappeared, This apparent
gontradiotion was possibly due to differences in optimal
temperatures for multiplication, The optimal temperature for
Lactobasillus erabinosus 1s below 37°C, Thus the duration of the
lag phase inoreassd above the optimum as well as below it,

The pH of the environment also affects bacterial
multiplication. For normal metabolism and reproduction to secur
the bacterisl cell, the pH level muat be suitable for the effestiv

funoctioning of cellular ensyme systems, Not only must the
important senergy producing and synthetic ensyme systems funstion
but various coomdinats aystems must continue so that the chain of
resctions is not broken., PFor a complete understanding of the
effects of pH on bacterial behavior, it is necessary to study the
effects of pH on each ensyme system involved in aynthetiec and
motabolic sotivities (Hewitt, 1957). An unravelling of the
tangled skein of pH effsets has only begun, Attention has
oessarily been confined to the gross effects of pH on bacterial

shavior,
A majority of the early studies was conecermned with the

pffoct of H » Lon concentration in the medium on bacterial
ltiplication, Shohl and Janney (1907) studied the effects of pH
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lon the multipliestion of Escherichis goli. Thetr results showed
that as the pH of the medium deviated from the optimm of about
65,5, marked changes in baoterial multiplication ccourred., The
.:rganiaum were gsensitive to changes of 0,2 on the pH aaklo.

ultiplication was completely inhibited at & pH of L6 to 5,0 and
at & pH of 9.2 to 9.6, Dernby and Avery (1918) showed that the pH
pange for multiplicstion of pneumcoossi was high on the pE seale
land narrow when compared to the range for Escherichis soli. The
[optimum hydrogen fon concentration of the medium was at a pH of
%dbaut 7.8 It appeared to be the ﬁuu; for & number of pneunceososl)
typsss Multiplication did not ocour at &ll in media in which the
pH was lower than 7.0 or greater than 8.3, OCohen and Clark (1919
[observed & broad range of pH for the multiplicatien of Shigells ﬁmJ
srobacter. They emphasised that slight chenges of pH at the
szrnun of this range produced the most pronounced decreases in thel
multiplication rates, Since the sffect was so sharp, the method
was used for the definition of the limiting pH ranges for ssversl
bacterial species,

Sherman and Holm (1922) pointed out, however, that the
somposition of the medium affects the pH »ange for dacterial
ultiplication. The range for Escherichia soll in a peptone medium
Nas narrow. It inerossed when 0.2 molar HaCl was added to the
medium, The effect of HaCl was tested at pH values repressnting
she approximate limit of multiplisation in the acid region, At a
rarely multiplied without NaCl. It

Rgsherichia ¢od!
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maltiplied in the same medium upon the addition of NaCl, The
effect was not general for all becteris studied, dbut it was even
more pronounced with Alkalligenes, Similar results were obtained
using other inorganie slats dut the degree of range-broadening
effect varied with the natuve of the salt, Converssly, an orgenic
salt such as sodium citrate narrowed the limltas,

The compensatory meshanisms exhibited by socem strains of
bacteria complicate determination of the pH limita for basterial
multiplication. As early as 1917, Fred and Loomis, investigating
the effects of soil pH on the multiplication of alfalfa bacteria,
noticed that at extremely high or low pH the organisms move the pH
toward neutrality. While studying ensymatic mechanisms in
Esocherichis coli, Gale and Hpps (1942) showed thet the shift in th
pH of the medium is sccomplished by a dual ensyms mechanism, ‘i‘bn]
is a group of smino acid dedarbexylases with optimum activity at a
pH of about I} and almost no activity adove pH 5.5, In a medium of
low pH, the decarboxylases sause & rise in the pH of the media,
There is also & group of amino asid deaminases which have optimum
sotivity at about pH 8 and oruse a lowering of pH.

Cale and Epps also studied the eoffect of pH on the
formation and activity of a number of other ensymes of Essheriaehie
goll, The enzymes wers found to fall into two distinot groups, In
the first group, ineluding formie dehydrogenase, formie hydrogenas
urease, and catalase, the formation of the enzyme by the multiply

organisms inocreased as the pH of the medium was varied from the
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optimum for snzyme activity., Thus the loss of activity due to
unfavorable pH was ocompensated by an incresass in the maﬁnt of
ensyms prednatd; In the second group, including the amino aeld
decarboxylases and deaminases, ensyme production was most rapid
near the optimum pH for snzyme asetivity, OGale and Hpps concluded
that snsymes of the first group have a protective role in the cell
and funotion over a wide pH range. Enzsymes in the second group
sot as neutralisation mechanisms funotioning only when the pi of
the environment is extrems,

Shohl end Janney (1917) demonstrated an inoreassd lag
phase as the pH of the medium deviated from the optimum for
multiplication, These results were confirmed by Cohen and Clark
(1919)s According to their findings, the lag phase for HZsch
coll was prolonged in alkaline media,

In a basterial culturs, the oxidation~redustion systems

of the sellular ensymes, the carriers md the substrates form a
occmplex network of potentisls whiech are interrelated by rigldly
controlled enzyms pathways., These systems are not in equilibrium
with each other, The potential measured in a culture is that of
nutrients and waste products, not of the colls themselves,
Nevertheless, the activities of bacterial cultures are related to
the oxidationeredustion potentials of the media (Miteheldl, 1951).
Wﬁmﬂ‘ asration of medium effects bacterial behavior,

The studies of Winslow, Walker, and Sutermeister (1932)
and Rashn and Richardaon (1942) demonstrated that seration pmlmgﬂ

l
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the lag phase, These workers attributed this effect to either the
removal of intermediate subatances necessary for ensyme synthesis
or the removal of COp essential for initiation of bacterial
multiplication (Valley and Rettger, 1927).

Different bacteris appear to react differently to
aeration, ¥inalow, Walker and Sutermeister (1932) showed thet the
multiplication rate of Esscherichis coll was increased with aeration.
In peptons broth the multiplication rate ineressed 32%, mnd
inereased by 15% in lsetose broth, As & result, the viable cell
count at sbout seven hours was nine times as great in the aerated
as in the non-aerated peptone medium and three times as great in
standard lactose medium. Barnes and Dewey (1947) demonstrated a
tremendous increase in the multiplication rate of Shigellas m
in & beef~extract medium when a large surface area was axposed Yo
eir. On the other hand, Wilson (1930) working with what he
classified as Bactepium asrtrycke, found that the multiplication
rate was much the same under conditions of asration and
snaeroblosis, The results of Rshn and Rishardson (1942) with
[Bacillus mesenterious support Wilsen's findings.

Other workers demonstrated an inhibitory effect of
oxygen. Winslow, Wslker and Sutermeister (1932) found that the
fmltiplication rete of Hscherichis coll inereased only when asrated]
in a rich medium, When a dilute medium was substituted, the
merated csulturs falled to multiply at all, CohneBrommner (1940)
|attributed this phenomenon to mn inadequate supply of carbon
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compounds, He cultured BEscherichia soli in a synthetic medium
eontaining only mineral salts, & single carbon source (lactie aa.td]
and a single source of nitrogen (NH;Cl). As the quantities of thea

constituents were decreased in sersted ocultures, the line of
bacterisl growth became deeper below the surra#o of the mzm
when the source of carbon was kept constant but the nitrogen
source decreoased, the phenomenon did not oascur, When the carbon
source was dsoreased, and the nitrogen source kept constant, then
the charsateristic layer formstion occcurred in asrated cultures,
Thus, increased sensitivity to mgm ia due to an insuffioclent
supply of earbon compounds, i.,e., a lack of an sesily oxidizable
substance or an sdequate oxygen asceptor, The leas ocarbon in the
medium, the more inhibitory is the sotion of the oxygen or the
action of a substance formed by bucteris in the presence of oxygen.|
In a favorable medium, under favoradle eonditions, &
rbsotor!.nm, as a rule, will quiskly adapt itself to the new
nvironment (Porter, 1947). Henve, the lag phase w11l be hhort,
tbu leg phase may be prolonged for some time in a medium which s
jpot optimal for multiplication. Hsheworth, (1901) reported that
transfer of & culture of Sscherichis 6oli or Salmonella typhose
ﬁto & fresh tube of the same medium in which the organism was
ﬂwl@&plying was accompanied by & shorter lag than trensfer to a
different medium, Winslow, Walker and Sutermeister (1932) noted

.th Essheriochia 09ll a difference of six hours in the lag phase in
eptone broth and in & synthetie medium, the synthetic medium
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showing the longer lag.

Sometimes the length of the lag perliod differs in two
media even though the parent culture is multiplying in each, As an
{llustration, Coplans {1910) and Penfold (191);) transferred =
|[dulcitol-peptone broth eulbure of Escheriohia coll into dulsitole
peptone broth and a plain peptone broth culture inte plain peptone
brothe The dulcitol~peptone broth consistently showed & longer lag
than the peptone broth even though the parent cultures were the
Jaama age.

As a general rule, the mwrﬁrtavarable the concentration
lof nutrtents in the medium, the more rapid is the rate of

multiplication (Porter, 1947)s This is true whether dealing with
the energy source, an essential amino acid or with essential ions.

oxample of the influence of substrate concentration on bacteria
1s the affect of inorganic phosphate concentration on the
multiplication rete of Aerghbacter serogenes (Dagley and
Hinschelweod, 1938), The optimum phosphate concentration for

mm multiplication was extremely small « approximately

3 x 19‘5 moles per liter, At this oconcentration the mean
generation time was ll; minutes, At .025 optimal concentration the
penoration time inoreamsed to 330 minutea, Penfold and ¥orris
(1912) carried out experiments with 3almonella typhosa to determine|
the effest of peptone and glucose concentrations on the
Ltiplication rate, The peptone concentrations were varied
between ,0125% and 1.25%. Tubes containing these various
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consentrations of peptone were inoculated with from 200 to 500
organisms per ml, of medium, The cultures were incubated at 379
end plate counts were made at regular intervels, Results indicated
that thers was a repid decreass in the multiplication rate as the
conscentration of peptone fell below 1%, At .0125%, very little
multiplication oseurred, As the peptons concentration waa
deoreassd, the generation time incressed from s ninimum of LO
[pinutes in 1% peptone to awut 800 minutes in ,0125%, When e emal}
quantity of glucose (0,175%) was sdded to the peptone medium, the
jmultiplication rate incrsased in oultures eontaining low
concentrations of peptoms, In the eese of 1% peptone, the
[multiplication rate was not greatly increased., At lower
concentreationg, the generation time fell from 1ll) minutes in the
labsence of glucose to about 30 minutes when glucose was added,
Other workers also demonstrated the benaficial effect of
glucose, Heap and Csdness (1924) found that the sddition of 2%
glucose to peptons medium inoreased the multiplication rate of
[SBalmonells typhimurium. Monod (1949) studied the rate limiting
#rfwt of glucoss on both Escherichis e¢oli snd Mycobacterium
tuberculosis, The rate of multiplicetion was related te the
jeoncentration eof glucose only at very low lsvels. Escharichia col
responded proportionately when the glucoss concentrations were ;::j

shan 0,001 moles, For Mycobaseteprium tuberculosis the glucose

onsentration could be increased to abcut 0,05 moles,

Monod (1549) found that the carbohydrate concentration
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also affected the size of the stationary cell population. WwWhen
Escheprichis coll was cultured in a synthetic medium with msnnitel
as the sole carbon sourse, the population size was found to de
proportional to the mannitol coneentraticn, 7This relationship held
only with low concentrations of mannitol, Similar results were
preported with other compounds. Van Niel (164)i) demonatrated that
the stationary cel) population of the non-sulfur purple baotaria
was rigorously proportional to the amount of scetate present in thq
synthetioc medium as long as the acid is sdded in smell guantities.
Dagley, Dawes, and Morrison (1951) waﬁking with Aerobacter
gerogenes, found a similar relationship when the nitrogen source
Wwau the limiting fsotor. Balls and Brown (1925) cultivated

nggﬂygggg;ggg gerevisiag in a medium containing amnonium salts and
beet sugar molasses, At intervals during multipilecation, the cell

ropulation and the concentration of suger in the medium werse
E;aaurod' Cessation of multiplication ocourred after approximately
|8 hours incubstion when the suger in the medium was almost
exhausted, The addition of more sugar at this time postponed for
labout 3 hours the onset of the stationary phase, The authors
conscluded from the results that the onset of the stationery phase
jwas due to exhaustion of essentiasl nutrients in the medium.

If nutrient depletion is responsible for the onset of thel
1n#atiengry phase, 1t would seem that the sise of the stationary

?ell population should be proportional to the concentration of
lavatlable foodstuffs. Monod (1949) and Van Neil (194i) pointed out
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that this linearity held only with low ooncentrations of nutrients,
pagley, Dawes and Morrison { 3.951) showed that the linearity broke
down with glusose concentrations above 8,6 x 10™3 molar or nitrogen
( (NH), )280) ) consentrations above 1.3 x 10”3 moler, Where the
glucose concentration was limiting (below 8.6 x 10”3 molar) none
sould be detected in the stationary phase supernatants but in
concentrations above the range of linear increase, excess glusose
was present, Similarly, excess ammonia was demonstrated in
cultures containing ( (Hﬂu)zs%) concentrations above the range of
linear incresse, Thus cell division ceased in the presence of
exceasive substrates,
Other evidence tended to refute the theory that the
stationary phass 1s solely the result of foodstuff exhaustion,
Penfold (1914) centrifuged a 2 hour broth culture of Escherichia
colli. The few bacteria remaining in the supernatant fluid repidly
jmultiplied when reincubated, OCrahsm-3mith (1920) sterilized
loultures of Zscherichis coli snd Staphylocosous sureus whioh had
|attained a maximal stationary population, Reinoculation with the
original species resulted in demonstrable growth, PFrom these
jsxperiments 1t appeared that other factors might play & role in the
initistion of the stationary phase,
The onset of the stationery phsse was attributed to the
[Mepletion of oxygen in the culture medium by some workers, Rahn
tnd Richardson (1942) ocultured Bacillus mesentericus in peptone
roth under continuous serations, Multiplioation sontinued rapidly |
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through the twelth hour resulting in a large stationary cell
population, Wwhen the culture was kept under & layer of oll,
multiplication cemsed after sbout five and one half hours, The
rasultanb stationary population was greatly reduced, This
phenomenon was also demonstrated with Salmonella typhimurium by
wilson (1930). In oultures lncubated anaercbically multiplication
cessed comparatively early and the total atatlionary population was
determined at 5 x 10% celle per mle, In 5% oxygen, multiplisation
gontinued for a longer period and the total population resched
2 x 1&9 ¢ells per mi., In 100% axygau; maltiplication continued
still further and the total stationary population was estimated to
be 8 x 107 cells per ml. Based on these observations, Barnes and
Dewsy (19417) developed s method for obtaining large numbers of
organisms in high concentrations for laboratory use, Shigslla
flexner] organisms were sulturedin vessels whleh permitted aeration
of a large surface area of the medium, By this method, cell
consentrations were obtained 8 to 10 times greater than usual,
Lodge and Hinshelwood (1943) aerated a culture of Asrobacter
aercogeney which had already attained its stationary population sisey
under non-asrated conditiocns. Aeration reinitiated cell
multiplication and the total stationary population reached a sizs
comparable to that of a continuously aereted culture, These
investigeators considered the favorable effeat of asration to be a
result of removal by oxygsn of sn inhibitor formsd during the

exponential phase, The inhibitor was probadbly not volatile becaus
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the maximum stationary population reached was independent of the
rate of aeration but was dependent on the concentration of oxygen
in the gas nixture (Wilson, 1930)., From these oxperiments 1t
appearad that the factor responsible for onset of the statlionary
phase night be oxygen supply, But this hypothesis did not explain
the fact that a ataﬁienary vhase tinaliy cosurred desplite vigorous
aeration of the culture., Nor did it apply to such organisms as
streptoccl or lactobasilli whish were not affacted Ly seration
(Rahn ané Richardaon, 19342).

Some Ainvestigators malntaiu’thaa eespation of cell
maltiplication ie governed by ascumulstion of toxioc products in the
medium, The sise of the total stationary population is inversely
proportional to the tﬁpidity with which inhibiting agents are
produced by ths organisms. For exampls, Chesney (1916)
demcnetrated that filtrates from 2} hour pneumocoscal culliures
inhibited fupther multiplication of pneumosocel, Aliquots of the
sulture were rsmoved at ths mnantnor the ﬁxpanéntail phase and alsq
at the onset of the stetionary phase, The asliquota were
centrifuged so that only e few organisms remmined behind in tha
supernatant fluids, On further incubation, ths supernatent fluid
taken at the cnset of the exponential phese showed multiplisation.
LTha bacterie in the supernatent fluld obtained at the end of the
[exponential phase did not continue to muliiply but decreased in
umber, The fact that a elose parallism exiated between the

ehavior of bacteria in the supernatant rluid snd the behavior of
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vacteria subjected to the action of disinfectants, suggested to
Chesney that the supernatant fluid eontalined injurious substances
capable of destroying large numbers of bacteria,

The exact nature of such injuriocus aubstances was the
subject of a great deal of speculation. According to Meleod and
Gordon (1922) the inhibitory substance whioch developed in
pneumosoccal cultures was hydrogen peroxide, Their conclusion was
based on chemiocal tests for the presencs of peroxides in the
culture medium, The authors extended the studies with pneumoeccei
to include other gram positive @rganiém. They (Gordon and McLeod,|
1926) found that various amino aclds present in the culture medium
inhibited bacterisl multiplication, Tryptophane was most toxie ’

inhibited the greatest variety of bacteria. The authors speculat
that the toxic substance results from the deamination of certain
lemino soids,
Several workers speculated that cessation of
paltiplication is simply the result of acld sccumulation in the
Fnodium« Callen and Chesney (1918) observed that pneumccoccit
1tiplied in beef Infusion broth until the pH of the medium
ropped to approximately 7. At this pH a stationary phase was
nitiated, The same year (1918) Dernby amd Avery showed that
neuncsossi falled to multiply at all in medium of pE 7 or lower,
rom these results the suthors speculsted that bacterial
ltiplication ceases when the pH of the medium reaches a definite

alue which varies with different specles, This contention wes
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supported by Cohien and Clarke (1919) who worked with Egcherichie
coll. In & gluecosew-peptone medium, multiplication continued only

til the pH of the medium approached the veglon found to Inhibvit

gcterial multiplications
Other resulis, however, szhowed that the pH ecamnot be
nsidered the scle factor limiting multiplication. Although the
ot of the statlonary phase often coincided with the
stablishment of an advarse pH in the medium, Cohen and Clark (1919]
howed that this was not elways the case, In a medium lacking
arbohydrate, the pii remained constant’ throughout the exponential
hase for Eacherichla coll snd during the onset of the stationary
hase. Lodge and Hinshelwoed (1939) inoculated Asrobacter
arogenes into medla of various pH values, The pH was msasured
itlelly end at the onaet of the stationary phase, Results showed
khat the pH measurements made at the onset of the stationary phase
paried groatly depending on the inltial pH of the medium, Cultures
jpultiplied in media with an initlal pH considersbly lower then many
vdl ues recorded at the onset of the stationary phase, Furthep
tjay.tannﬁ. in dilute medis, where exhaustion of nutrients might be

limiting factor, the size of the ststionary populstion was

ependent of pi. The establishment of the statlionary populatien
as influenced primarily by nutrient exhaustion rather than pH
ffecta, In more concentrated medium, howevepr, the sccumulation of
tabolic products and drop in pH brought on by the acid forming
actions of the ¢ells played a more important pert, On the basis
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of quentitative observations. Hinshelweod (1946) speculated that
ghat mode of initlation of the stationary phase depends on the
composition of the mediun,

Bail (1929) studied the problem in some detail and
finally decided that there is s maximum viable population for each
bacterial specied which is never surpassed regardleas of
environmental faotors. To this maximum visble stationsry
population he applied the term “Meconcentration®. The "M«
gsoncentration” value varied with differvent species, For exsmple,
the "HMwsconecentration” reached by shxgésl}:g. , apecles was never as
great as that reashed by Aerobacter specles.

Pukude (1929) inveatipgated the concept of
Mimconcentration” and gave soms support to Bail's olaima, He
believed that the concept of "M-oonesntration" is only appliceble
to certain bacterisl species. To prove his contention, he
[demonstrated that 1f broth cultures of Pssudomomas seruginosa,
tﬁ:wilheﬂ by heat, were reinocculated with fresh organisms,

ltiplication ocourred again until the "Heconcentration" was

japttained, With Sglmonells gallinarum, on the other hand, only one
jguarter of the “"Meconsentretion" was peached after heating the
Bm&gm aculture,

The theory proposed by Bail w&s adopted by von Wikullil
(1932) in an sffort to explain antagonism on the basis of
W“w*amammxm“* Wwhen two organisms having extremely different
"lieconoentrations” such s 1.6 x 10° and 3.0 X 10° per ml. wers
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inoculated together, the "M-soncentration” reached l.6 x 109 cells
per mls In this experiment the total viable population was made
up almost entirely of the specles with the larger "M~(moentration”,
Thus the organisms with the larger "M-concentration" value
successfully competed for svailsble biological space, Antagonism
wag attributed solely to a difference in "N~concentration” values,

Other theories, advanced to explain the stationary phase
of the population eyele, were subsequently adopted and revised to
explein antagonistic mechanismas, Several investigators advanced
the theory that sntagonism between two bacterial species simply
represents the outcome of a competition for avallable nutrients or
oxygen (Pasteur, 1878, Freudenreich, 1888, Broom, 1929), One of
the organisms sompetes successfully for essential nutrients,

Other workers attributed antagonism to the establishment of
adverse physicochemica) conditions in the medium, (Tissier and
Martelly, 1902). The outoome of the competition depends to &
great extent on the relative degres of resistance of eash of the
species to the environmental ceconditiona.

Studies were undertaken by Wynne and Norman (1953) to
deternine the mechanism by whieh an Aercbacter strain exerts its
antagonistic effect, A flask of nutrient broth was inoculated
with Aercbaster asropenes., Cellophane dialysis bags containing
sterile nutrient broth were lmmersed In the flask and the entire
epparatus was incubated at 37°C, After 48 hours incubation, the

Sellophane bags were inoculated with various organisms ineluding
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gshigells strains. On furdther incubation no multiplication inaside
the cellophane begs was evident., When the broth contalining test
spacles was removed from the sellophane bags and reincubated,
there was only transient inhibition after wihich teat organisms
multiplied at a rate equal to untreatsd controls, It 41d not
appear that depletion of mtrients scocounted for the antagonism,
wynne and WNorman speculated that antagonism was probably due to
production of an unstable toxio substance to which the test
stralns (lnocluding Shigella) were sensitive.

In summary, a review of the’l&taraturn shows temperature,l
pH, oxygen supply, and nutrient supply &ll have an effect on both
the multiplication rates snd on maximum sizes of micorobial
populations, Several of these conditions of enviromment have been
implicated as factors responsible for dbacterial antagonism,

In mixtures of Asrobacter and Shirells, an antagonistic
affect of Asrobacter on Shipells has been olearly demonstrated
both in vive end in vitro (Hentges, 1958), The mschanism of this
antagonism has not besn explored sxcept for the rather inconcluasive
study by Wynne and Korman (1953) which was just described. ¥o
comprshensive study has been mades of a speeific assoclation of
bacteria in which environmental factors are taken into aesount,
Sueh information might lead to an understanding of the mechanisms
by whioh bacteria exert an antagonlstic effect. A atudy was

therefore planned to examine the effget of controlled alterations

in the environment cm the population equilibrium which exiats
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petween Shigella and Aeorgbactepr. Cultures were studlied under
various conditions of temperature, hydrogen lon conecsntration,
oxycen supply and nutrient coneentrations In conjunetlon with
each experiment, growth curves were plotted for each specles in
gszoclation and also for pure culture sontrolz., Pure cultups
controls wers included s8¢ that a comparison ean Lo made of the
behavior of each of the organisms in nlxed cultures with behavior
in pure cultures. This provided data for determination of the
extant to which the bshavior in the mizture could be prediocted
from the behavior in pure culture, '

Zeologieal problems are usually undertaken firat by
identifying the organisms in the habltat and then by studying the
affocts of such brood characterlstics of environment as tamparahxxy ‘
oxysen supply or food supply on the organisms {Odum, 1959).
Mierobirl ecolopy beging with tha isolation of pure cultures of
organisms sand the identification of the organisms by well lkmown
bacteriologloal methods. In what might be sonsiderad szxperimental
mieroblal ecology, the cultures are mixed in order to atudy their
interrelationships (Waksman, 1945). Investigators have notb
extended these studies to include the effacts of environmantal
factors on the mixtures as the coniventional eocologlst might do.
Consequently, no studles exiast of bacterlal associations under a

variety of environnental conditions,




CHAPTER IIX

PROCEDURES AND RESULTS
2, Mieroorganisms

The orgsnisme used for this study were taken from stoek
cultures meintained at the Stritch School of Medicine, They were
tranafered every 2 months on veal infusion agar slants and were
stored under refrigeration.

The Aerobacter end Shigella'strains were identifled with
the ald of morphologleal, biloschemicel and serologlical tests, The
gram stain and the flagella stain (Leifson, 1951) revealed that
both organisms were gram negative, non~flagellated rods, Results
of biochemical teastsz are presented in Table I. These tests were
performed at the beginning of the investigation and at its
termination. From the results, the orgsnlaems were identified as
Shigella flexneri and as Asrobacter serogenes. Tests done at the
State of Illinois Department of Public Heslth confirmed both of
these identificatlons. The Shigells flexneri strain was
i1dentifled sercvlogically as type II, The serotype of the
Asrobacter straln was not determined,

Be Plating Methods
1. Flood plate method
A plating method was developed for enumeration of
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pure cultures of Shigella and Aerobacter snd for differential
counting of the two species multiplying in mixed culture, (Hentges
and Fulton, 1960) Petrl dishes having metal tops lined with
absorbent disks were used, After the plates were poured and the
agar had hardened, they were placed in & 37°C incubator for 48
hours to dry the surfase of the egar, Vhen the plates had dried,
1 ml of lianid, econsisting of a culture suspension or a saline
#1lution, was pipettsd onto sach plate, The plate was tllted back
and forth until the liquid was distributed over the entire sgar
surface, The eovered plate was then ﬁlaﬁad, top up, on & level
surface untll the liquid was abaarbéd. This ocourred within 20
minutes, |

Plates inoculated by flooding in this manner were
compared with poured plates. Thse total number of colonles counted
proved to be the same in both poured and flooded plates, The
flooded plates were sasler to sount because the surface colonies
grew to & larger size in & shorter inoubation time, It wms
prastionlly impossible to differentiate subsurface colonies of
Shigelle and Aercbactsy when the standard pour plate method wase
used, In contrast, surface ocolonies of Shigells snd Aerobasoter on
the flooded plates were resdily distinguiszhable because of
differences in size and convexity. Colonies were uniformly
distributed over the surface at random, 8% would be expected for a
Poisson distribution. On & plate with a mixture of 300 Aercbacter
{and Shigells colonies, no difficulty wss sxperienced in assigning |




esci colony to 1ts proper catagonry.
2¢ VIV Ager

Preliminary experiments were carried out with mixed
cultures of Shigells and Aercbacter incubated for 2 hours at 379C
in brain heart infusion Lroth., When cultures were streaked on
desoxycholate agar (Difeo), and the agar plates were incuhated,
Aerobacter colonles appeared but no Shigells colonles were
observed. If Shigells orgenisms were present in the nixed culturse,
they could not be detected by thls method.

Thus, & plating method was éoquirad for deteotion of a
small number of Shigells organisms soexisting with a large number
of Asrobacter organisms, The method wos based on an observation
that the Asprobacter strain was more sensitive to Viocin (Viomyein
sulfate, Pfizer) then the Shigella strain. When 0,05 mg/ml Viocin
was incorporated in vesl infusion sgar medium (BEL), Aeprobaster
colonles devsloped poorly on the agar plates but Shigella coloniess
appeared to develop in the usual manner, (Table II«A} For each
plate a rough estimate was made of the extent of colonial
development, If 1% plucose waa added to the agar medium and the
mixture was sutoclaved twice (115 pounds pressure for 15 minutes)
Uelp mg/ml Vioein could be incorporated inm the agar medium without
greatly affecting development of Shigella colonies. Asrobacter
colonies failaed to develcp st all under thase conditions
(Table II«B), Veal infusion agar prepared with the addition of 13

glusose and autoolaved twice befors incorporation of 0.4% Vioein
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was referred to as VIV ager. It was necessary to add glucose to
the agar medium to obtain the desired results, When glucose was
omitted, a statistically significant deorease ocourred in the
number of 3hizells colonies appearing on the plates (Table III),.
This was demonstrated by comparing the mean colony counts on agar
plates containing glucose with counts on platea without glucose.

VIV agar was adopted for detection of Shigells organiams
in pure and mixed culture. Veal infusion ager was used for
detection of Aercbacter organisms, When VIV ager was employed in
conjunction with the flood plate method, it was possible to detect
the presence of e very small number of Shigella organlsme in
mixture with as many as 10° Asrobactar organiams per nml. medium,
There was no statistically signifiesnt difference in the number of
Shigella colonies which developed on VIV agar whether Shigells
was dilluted in saline or in & heavy suspension of Aerghbacter
{Table IV), A comparison of colony sounts showed that the presence
of Asrobacter sells appeared to have no effect on the development
of Shigells colonies. Aergbsster ecolonies rarely appeared on VIV
agar.

A comparison was made of the relative effectivensss of
varlous ager media for the development of Shigella ocolonles. When
both veal infusion agar plates end VIV agar plates were flooded
with a Shigells inoculum derived from veal infusion agar,
significently fewer colonies developed on VIV agar plates than on

veal infusion sgar plates (Teble V-A), When the inoculum was
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derived from VIV agar, there was no statistically signifliocant
dirference in the number of colonies which developed on the two
types of agar (Table V«B), MNor was there & significant difference
petween the number of colcnies of blood agar and VIV sgar
(Table VI)s There was a statistically significant deorease in the
colony count, however, when the inoculum derived from VIV agar was
flooded on desoxyoholate agar (Table VI), Similar results were
obtained with Aerobacter. Cclonies appeared to develop equally
well on either veal infusion agar or blood agar, Colony counts
decreased significantly on éoacxyebel&ta agar (Table VII).
Ce Synthetie Media
12«3 medium supporited multiplication of both the
Shigells and Aerobactep stralne. It was composed of}
L~Gluteamic soid  Oe5%
Glucose  1.0%

12-8 Medium:
ﬂaaﬁPﬂh 0.6%
KHpPO,  0a2%
Mg80,  Os 01%
HaCl 0.1%
N €1 O, 1%

Hiasein 0,001%
The pH of the medium was approximately 7.0 without further
ad justment,
Experimentation revealed that the nutrient regquirements
for the Aerc
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only of 0.1% glutemic or aspartic scid and 0.57 NaCl was capable
of supporting multiplication of the Aerocbacter strain.
Development of turbidity in the medium after 2 hours incubstion

of the culture at 37°C waes taken as evidence of multiplisation,
The amino acld-NaCl medium sustained mnltiplication of Asrobscter
through at least 3 sueccessive seriasl transfers., Amino acids
served as the sole source of carbon and nitrogen. When glucose
and inorgasnie nitrogsn were substituted for the amino scid, the
medium was incapeble of consistently supporting multiplication
(Table VIII). This was demonztrated ﬂy‘inoaulating 10 tubes of
& medium containing glucose and ammonium shloride and 10 tubes of
& nmedium containing glutamic scid with spproximately 102
Aerobacter cells, 4 comperison was made of the number of tubes
showing turbidity after 48 hours incubation,

it i3 of interest to note here that several workers have
demonatrated thet the nutrient requiremcnts for Shigells species
sre quite exscting, Koser et, al. (1938) for example, showed that
niacin was essential for multiplication of Shigella, Although
individuasl strains varied in thelr reguirement for this vitamin
(Weil and Black, 194lL) the majority of Flexnerl strains required
niaein to multiply in synthetic medis (Dorfman et, al, 1939},
Zrlander and Mackey (1958) showed that an organie nitrogen source

was necessary for multiplication of Shigella flsxneri, Ammonium
8alta eould not be subatituted for an amino acid, Aspartic scld
addid
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aspartle acid was necessary for multiplication of the lexneri
strailns., %rlander and lackey (1950) devsloped a slmple symithetle
medium for culilvation of gShigella flexneri strains. The medlum,
conslsting of mineral salts, glucose, sspartic acid, thilamin and
niacin, supported multiplication of all & serovypes of Shigella
flexnari.

The medium of Irlander and Mackey (1%58) was incapable

of asuprorting multipliecation of the 3hizella strain used in thia

investigation, however, The strain speclfically required glutamie
acld as the nitrogen source - no othaé emino acld could be
substituted, Table IX shows resulis of attempts to substitute
other amino eclds for glutamie ucid, 7The Shigella straln
multiplied favorably wlth glutemic secid only. A medium consisting
of glutamie secld, glucocse or gluccessaline, nilscin and a phosphate
buffer sustained multiplicstion through at least 5 successive
serial transfere, The concentration of cartohydrate and amino
goid could be reduced to 0,1% without seriously impairing
maltiplication (Table X}, The total cell populetion sppearsd to by
creater with glueosenine, although either gluoose or glucosamine
ocould serve as the carbohydrate source (Table XI), Tubes
containing various concentrations of sluecose and glutemic aeld
were inoculated with Shigella and inspected after 2l hours
incubation, The degree of turbldity was judged and recorded as
++++ indicating heavy turbidity and + slight turbidity, Only at

0.05% concentration was no turbidity epparent, Incorporation of
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¥aCl into the medium Incressed lts effectivensss for support of
shigella multiplication (Table XII), A large number of tubes with
and without 0.5% HaCl were inoculated with Shipellas and observed
for turbidity. Hultiplication ococurred in 69 of 70 tubes with
NaCl but in only 61 of 82 tubes without Nall, a statistically
significant difference,

These ohservations resulted in the formulation of
Medium=5, It oconsisted of:

SeMedium: LeGlutamic acid 0417
Glucosamine hydrochloride ' C.l1%
HayiiPo), 0.6%
KHpPO),  0.15%
HaCl  0.5%
Niaein  0,001%
¥o special precautions were taken in preparing the medium except
that the glucocsamine wae autoclaved separately. The pH of the
medium was approximately 7.0. S=medium effectively supported
multiplication of bvoth the Shigella end Aercbacter strains through
at least 5 successive serial transfers, Viable cells of both
species could be recovered from the medium after LO days
incubstion at 37°C,

Experinments with Semedium confirmed some sarlier
observations on the nutritional requirements of Shigells species,
iiacin was required by the 3higells strain (Table XIII), Neo
multiplication cccurred when it was deleted from the medlum,
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romonium salts were incapeble of replacing glutamlc acld as the
nitrogen scurce for thipella multiplicaetion (Table XIII).
¢lutamie scid aspparently could not funection both as a nitrogen
snd a carbon source, since the Shirella strain feiled to mwltiply
if a carbohydrate was ommitted from the medium (Table XIIIg,
Ps Inocule

A repld method wes developed for quantlitative sstimetion
of Shipells and Aercbacter organisms for use as inoculs, The
riethod was based on observations that the Shigells strain attained
e viable populstion of &approeximetely i.ﬁ x 107 organigms per ml
when eultured in Semediun 18 hours at 37°C, The Aercbacter strain
ettained & population of approximstely 3.0 x lﬁa organisms per nl
when ocultured under the same conditions,

1. 3higella lnoculum

A VIV agar plate was stresked with a stock culture

of Shipells, The plate was incubated for 20 hours at 37°C,
Approximately 10 lsolated colonies were plcked from the plate and
puspended in 10 ml Semedium, The suspension was incubated for
exactly 18 hours in a 379 water baths After incubation a 10-fold
and then a 100-fold dilution was made of the culture in the
cemediume The resultsnt suspension contalned approximately 1&*
organisms per ml mediun,

2+ Aercbacter Inococulum

A stock culture of Aerobascler was streaked onto a

veal infusion sgar plate. The plate was inoubated for 22 hours at
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37°C. Portions of about 5 isolated cclonies were picked from the
rlete end suspended in 10 ml S-medium, The suspension was
ineubated for 18 hours in & 37°C wster bath. After incubation, a
3-fold éilution, then a 100-fold dilution, then egzain a 100~fold
dilution was made of the culiure in S-medium, The resultant
sugpension contalned approximately 10u organisns per ml medium,
Bs Stendard Conditions for Cultivation

Under stendard conditions the organisms were cultivated
in 3e-medium, Two ml of & dilution of epproximately 10“ Shigelle
organisms was added to 98 ml aterilotﬁwmmdium. Two nl of &

dilution of epproximately 10k viable Asrobacter organisms was

added to 98 ml Semedium, For pure cultures, 5 ml of either the
Semedium inoculated with Shigella or the medium inoculated with
Aerobacter was combined with 5 ml sterile 3-medium in a 15 x 1,75
cm tube, This resulted in a finel concentration of approximately
1.0 x 102 orgenisma per ml medium, The smsll inocculum insured an
exponential phase of adequate duration for easy definition., PFor
mixed cultures, 5 ml of tho S-medium inoculated with Shigella
was combined with 5 ml of the Semedium inoculated with Aercbacter.
‘he resultant mixture contained aprroximately 1.0 x 102 orpganisms
of each speciles per ml of medium. The Se~medium (pH T7.0) culture
tubes were plugged with sotton, coversd with metal c¢aps snd placed
in & 37°C water bath for incubation,

Fy Determination of Population Slze
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wera romoved from tne culture tubes, 10~fold and 1l00-fold
dilutions were made with saline when necessary. One ml of
Shigells eculture or an appropriate saline dilution was flooded on
the surface of a previously dried VIV agar plate., Asrobacter '
cultures were flooded on the surface of v#ul infusion ager plates,
Both VIV and veal infusion agar plates were ﬁsed for mixed
cultures. Inoculated veal infuslion agar plates were incubated for
2y hours in a 37°C air incubator before enumeration of Asrobacter
coloniea, VIV agar plates were allowed to incubate 48 hours to
ensure sufficient development of Shigella colonles., An electronie
colony counter (New Brunswieck Scientific Co., Model C«100) was

used for enumeration of Shigella and Aerobacter cclonies.

Gs Alterations in Environmental Conditions
l, Temperature
&, Departure from atandard conditions
The culture tubes were placed in water baths
ad justed to various temperatures, Water bath temperature remained
relatively stable during the axperiments, The temperature did not
fluctuste more than + 1°C,
bs Temperature ranges
Observation of both Asrobacter and Shigella
sultures at different temperatures permitted a rough estimste of
the tempersture ranges over which the organisms multiply
{Teble XIV), Cultures were insubated a total of I8 hours. At 2
hours and at 48 hours tubes were observed for turbidity, whioch was
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taken as evidence of multiplication, Results showed that the

temperature range for multiplieation of the Aercbacter strain was

much broader than the range for the Shigella strain. There was no
evidence of turbidity in the Shipella cultures at 25°c or at 44°¢C.

Multiplication of Aercbacter occurred at the lower temperatures

but there was no turbidity at 44,°C,
The optimum temperature for the multiplication of the
Shigella strain eppeared to be in the vicinity of 379C. 4an

optimum for the Aerobacter strain was not apparent, Using more

refined methods, Greene and Jazeski leSA) set the optimum
temperature for the multiplication of Aerobacter asropgenes at BG“Gi
ce Crowth curves) pure asnd mixed cultures

The number of viable cells in cultures ware
determined at intervals during incubation at 37°C (Figure l).
Although no determinations were mads before 5 hours incubation, it
appeared that both the Aerobacter and the Shigella strains
exhibited a lag phase. The lag phase for the Shigella strain was
clearly svident; 1t was less evident with the Aercobacter strain,
The Aercbacter strain appeared to multiply faster than the

Shirella strain, Its total viable population was greater than
Shirella after }0 hours incubation,

The multiplication rate for the Asrobacter strain, the
length of its exponential phase and the size of its total viable
population were approximately the same in mixed oculture and in

purs oulture, With Shigella, the multiplication rate was the zame
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in mixed and in pure culture, but in mixed culture, the length of
the exponential phase was greatly shortened, This resulted in a
1000-fold reduction in the size of the viable population after L8
hours incubation. Extrapolation of growth curves (Figures 1 thrm
13, dotted lines) in a manner based on the interpretation of
growth ocurve forms by Bushanan (1918) demonstrated that the
negative accelsration phase for the Aerocbagter strain was initiat
probably after about 12 hours incudbation., In purs cultures of
Shigella, this phase was not initiated until sometime after 27
hours. In mixed cultures, the nugativc acceleration phase
occurred after about ll hours incubation - nearly the same time it
occurred with the Aercbsoter strain.

Comparison of growth ocurves (Filgures L and 5) revealed
that the duration of the lag phase was greater at 30°C than at
37°C, An inereased lag phase at lower temperatures was reported
earlier by Barber (1908), Chiek (1912), Penfold (191}) and
Anderson and Meanwell (1936) who studied the effacts of temperaturel
on baoteris. The multiplication rate for the Shipella strain was
considerably lower at 30°C than at 379C, It sppeared to be about
the seme for the Aergbacter strain both at 30°C and at 37°C,

At 30°C, as at 37°C, the multiplieation rate for the
Aerobacter strain, the length of its exponential phase and the
aize of 1ts total viable population, were about the ssme both in
pure and in mixed culture, The negative acceleration phase

occurred in each case probably after about 1l hours incubation at
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30°C, Thls phass was initiated at ebout the same time for
Shigella in mixed culturs, when the culture appeared to be in the
serly stages of the exponential phsse, The premature initiamtion
of the negative acceleration phase resultsd in & gresatly reduced
viable population. The ratio of viable Aergbscter cells to viable
Shigella cells in mixed culture was at least 10 times greater
after 2l hours incubation at 30%C (5.6 x 10° to 1) than st 379
(2.3 x 104 to 1),

At L49C, 1ittle or no multiplication ococurred with
Shigella. In the course of the experiments, the organisms died
off (Pigure 6), After 48 hours inocubation no viable oslls could
be recovered, At 1i4°C, the Aercbacter strain multiplied at a very
slow rate, Turbidity was not apparent in any of the oculture tubes
after 1.8 hours incubation although & viable population of nearly
107 cells per ml was recorded at this time in some instances,
Thua, in mixed culture, only Aerobacter oells were recoverable
after 118 hours incubation.

2., pH

2s Departure from stendard conditions
Standard sontrol cultures were run in Semedium at
pH 7. pH adjustments were made simply by adding NaOH or HCl to
Semadium until the desired pH was attained, All pH measurements
wore made with a Coleman Metrion p! “eter, The pH of the culture
medium was determined at the beginniug of each experiment, With
growth curve studies, 1t was determined s+t the terminaticn of each
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experiment asz well, permitting s chack of the efficlency of the
phosphate buffer,
| be. pH ranges
Observations of both Aercbascter and Shizella

cultures in mcdia of differsnt pH vslues permitted a rough
estimate of the pH ranges over which the organisms multiplied
(Teble XV). Culture tubes were inocubeted at 37°C for L8 hours,
At 2l hours and at L8 hours tubes were observed for turbidity
which was taken as evidence of multiplication., Resultas showed
thet the pH rangs for multiplication of the Asrobacter strain was
much broader than the range for the Shigella strain, There was no
evidence of Shigells multiplieation at pi 6 or at pH 3,8, The
Asrobacter strain appeared to multiply equally well over the pH
renge whilch waa inveatigated,

It should be noted here that these results are in accond
with the obsarvations of Cohen and Clarke (1919) and Hrlandsen
and Mackey (1958) who deflined the pH limits for the multiplication
of Aerobacter end Shigella respectively, Cchen and Clarke pointed
out that the piH renge for the multiplication of Aorcbacter species
generally extends from sbout 5.0 to 9.5, A strain of Shigella
flexneri studied by Erlandsen and Mackey failed to multlply at
elther of these pH values, Thus the Aerobacter species were able
to tolerate considersble extremes in pH while the Shigells specles
were more sensitive,

Table XV shows that the optimum pH for multiplication of
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the 3hisells strain was probably 4n the neighborhood of 7,0, The
methods employed were not suffisiently sensitive to detect an
opbimun pE for multiplicetion of the Aercobacter strain,
¢y Growth curves; vure end mixsd cultures
Conditions of control ocultures run in S-medium

were sinmilar to the conditions of temparatur: experiments run at
37°C except that the final determinations were made after 27 and
£3 hours incubation, Results from these 2 sets of experimenta
wera nearly i1dentical (Pigures 1 =nd L), Corresponding lag phases
were of about the seme duration, muléiylicatian rates of the same
magnitude, and the visble population sizes wers nearly squal, In
nixed culture, the concurrent initistion of the nogative
acesleration phases for Aerobacter and Shigells ccourred after
about 11 or 12 hours incubation,

A comparison of growth eurves obtalned with the control
nmediun (pH7) and the medium adjusted to pH & (Flgures 1 and 2)
showed that the pH change snd 1ittle effect on the multiplication
of Aerobacter, The rate of multiplication, the lenprth of its
exponential phase and the sizge of its viable porulation remained
about the same in both cases. The multiplication rates for
Shigells was markedly reduced when the organisms were cultured in
medium at pH & (Pigures 1 and 2), The rate appearsd to levsl off
considarably after about 9 hours inecubation, Thiz resulthd in a
10,000~f01d difference between the number of vigble cells
recovered at 53 hours in medium at pH 7 and pH 6,
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At pH 6, growth curves for Aercbacter in pure culture
were nearly ldentical with the curves in mixed culture (Figure 2),
The negative acceleration phase was initiated probably after about
12 hours incubation. In mixed culture, the exponential phase for
Shigells was interrupted in its very early atages, A death phase,
whioh probebly was initiested after sbout 9 hours ifncubation
continued through 53 hours incubation, Thus, after 27 hours, the
ratio of viable Aercbacter to Shirella cells was approximately
leb x 106 to 1 while the ration increasaed to S,k x 106 to 1 after
53 houras inoubation. The total visble Aercbacter count romained
about the same,

A compariaon of Figures 1 and 3 show that corresponding
growth curves were nearly identical, An incresse in the pﬁ'of the
medium from & value of 7,0 to & value of about 8,0 had little
effect on pure culture multiplication or on the relationship
betusen organisms in mixed culture, The ratio of viable
Aercobacter cells to viable Shigells cells in mixed culture
remained the same in media of both pH values,

Table XVI shows that multiplication of Shigella cultures
for 53 hours had little or no effect on the final pH of the medium
regardless of the initial pH of the medium, The multiplication of
Aeyobacter cultures had a more pronounced effect, Changes in
reaction in the medie with mixed cultures wers comparable to the
changes observed with pure cultures, In every case, the buffering

capacities of the media were sufficisnt to prevent shifts of more




than 0.5 of a pH unit during cultivetion,
3. Oxygen Supply
&. Departure from standard conditions
Standard control culture tubes were lncubated
under stationary conditions in en air incubstor set at 37°C, The
temperaturs of the incubator fluctuated between 34°C and 37°C in
the course of the expspriments,

Tubes were vigorously serated by placing them in a
"Midgitator" {Elmoc Rngineering Co,) which rotated the tubes in a
horizontal position at 25 r.p.ms inseribing a cirele with a 33 1ok
diamcter, Mild seration was sccomplished with a tissue culture
roller tube aspperatus which roteted the tubes at 1/5 PeDally and
insoribed 2 circle with a 13 inch diameter., All tubes and
equipment werse incubated in an air incubator at 37%,

For experiments on multiplicetion under conditions of
reduced oxygen supprly, tubes containing 10 ml 3-nedium were placed
in a boiling water bath for 10 minutes to remove dissolved oxyzen,
Control tubes conteining 0.0002% methylene blue becams colorless
after this treatment indicating reduced conditions in the medium,
Tubes were then placed in an fce bath for & minute or so to cool.
They were then inoculated with 0.1 ml of s suspension containing
either 104 Shipnells organisms per ml, 19h Asrobacter organisms per
ml or a mixture of 104 cells of each species per ml, This
resulted in a final concentration of approximately l.0 x 102 cells

of either speclies per ml Semedium. Immedlstely after inosulation,
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& 1 oms layer of melted petrolatum was poured on the surface of
the liquid mediume. Control tubes containing methylene blue which
were colorleas hefore inoculation developed & pale blue color as
& result of the inoculstlion procedure, This indicated that a
slipght reoxygenation of the medlum had occurreds, The color
disappeared, however, after a few hours incubation in the 37°C ain|
inocubator, For each determination of viable cell counta,
samplings were msde {rom different culture tubes,

be Growth ourves; pure and mixed cultures

Control ﬂaﬁarminatisga were mede under stationary

conditions in the alr lneubator. Conditions of theae experiments
were similar to those of controls with the terperature experiments
run &t 37°C and the pH experiments in medium at pH 7 exoept thet
the air incubator was substituted for the 37°C water bath, A
comparison of the Aerobacter growth curves showed that they very
nearly corresponded in all 3 controls {(Figures l,li,7)e
Corresponding lag phases appresred to be of sbout the same
duration, multiplication rates were of aspproximately the same
nagnitude and population sizes were nesrly equal. ¥With the oxygen
experiments, however, the curves for Shigella failed to correspond
with the equivalent curves obtained with the other controls, In
pure culture, the mulitiplication rats was reduced somewhat, In
mixed culture, death occurred probably after about 3 hours
ineubation, It continued through 53 hours incubation, The only

difference between cultural conditions with the oxygen control and
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the other controls was the use of the incubator instead of the
water bath.

A somparison was made of growth curves obtained under
stationary control conditions (Figure 7), with curves obtalned
when the oxygen supply was limited (Migure 8)., Oxygen limitation
reduced to some degree both the rate of multiplication of
Asrobacter and the size of ita total population. 4 similar effect
was apparent with Shigelle end to an even greater degree,

Under conditions of reduced oxygen supply, Aercbacter
growth curves in nmixed culture were gaarly identical with pure
culture curves (Figure 8), The negative accsleration phase in
both cases was initiasted probably after about 16 hours inocubstion,
The exponential phase for Shigella in mixzed culture was interrupted
in ite very early stages, A death phase was initiated after about
7 hours incubation., This continued through 53 hours incubation,
After 27 hours inocubation, the ratio of viable Aerobacter to
viable Shigella cells in mixed oulture was approximately l.6 x 10
to 1. This represents a slight decreass compared to the ratio

6

with stetionery control cultures,

Mild asration (rotation of culture tubes at 1/5 r.pem.)
had soms influence on the growth curves (Figure 9), Comparison of
Figures 7 and 9 shows that mild aepration doubled the total viable
Asrobsoter population, and with Shigella in mixed culture,
postponed the interruption of the exponential phase, Thus, the

la ratio in mixed culture was decreasaed when




L5
raom@avad with steticnary conditions, Multiplication rates for

pure cultures of Shipella and Aerobacter wore about the aame under
both atationary conditions and conditions of nild aeration,
Vigorous aeration {retation of culture tubes &%t 25 r.p.m
Lhad 8 marked influence on the multiplication of Aercbscter and
Shigella (Figure 10). Comparison of Flgure 6 with Figure 10 showed|
that the multiplleation rate for Aercbacter in Loth pure mixed
culture was considerably reduced under conditions of vigorous
geration. Under no other ehwvironmentel conditions was the
multiplication of Aerghbactep so pruunély affected, After 53 hours
incubation, the viable population was smaller than the population
settained in less than 27 hours ineubation under gtationary
conditions., Vigorouas aeration also markedly reduced the rnte of
baultiplication for Shigells. In addition, it diminished the size off
the total vieble population. These results are in accord with the
findings of Winalow, Walker snd Sutermeister (1532), who
demonstrated that meration incressed the multiplicetion rate for
Escherichia coli in concentrated medium only, In & dilute
synthetic medium, the serated culture failed to show turbidity,

In mixed culture, under conditions of vigorous seration,
the Shipells strain appeared to multiply without interference from
the Aerobacter strain. Only under these conditions was Shigella
laultiplication unaffected by the presence of multiplying ggggggggg#
cells. As a result, growth curves for Shigells in mixed culture
jand in pure culture were nearly identical, The ratio of viable
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Asrobacter to Shigella cells was profoundly reduced (50 to 1)
efter 27 hours ineubation when compered with the ratios under othex
environmental conditions.
he Nutrient Concentraetion
&, Deviation from standard conditions

Standard control cultures were designated as 1lx,
fe€s, 1 times normal concentration, For the dilute and
coneentrated media, the organiec constituents of S-medium were
altered., In dilute medium, desirnated as 0,1lx, the concentrations
of zlutamie aeid snd glucosanine hyﬁéochlor&de wers reduced to
0.01% and the concentration of niacin was reduced to 0,0001%, In
concentrated medlium, designatsd as l0x, the concentrations of
glutamte acid and glueosamine hydrochloride were inercased to 1%
and the coneentration of nlscin was increased to 0,01%. In 10x
medium, HaCl was deleted to minimize the inereased molarity over
the stendard control. The different medlie were of the following

compositions:

1x(S~med,, control) o.1x 10x
Clutemic scid 0.1% | 0.01% 1%
Glucosamine EC1 0e1% 0.01% 14
NaHPOy, 0. 6% 0u 6% 0e6%
KH,PO 0,15% 0.15% 0e15%
NaCl 0.5% 0.5% -

Fiacin 0, 001% 0,0001% 0,018
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approximately 7 with NaOH or HC1,
b., Growth curves; pure and mixed oultures
Conditions of the sontrol experiments in S-medlium
(1x) were similar to the temperaturs experiments run st 37°C and
jdentical with the pH control experiments in S-medium, Results
were nearly the sems in all casea, Corresponding lag phases
appearad to be of the same duration, corresponding multiplication
retes were of about the same magnitude and viable population sizes
were nearly equal., In mixed cultures, the concurrent initlation
of the negative acceleration phases for Aerobacter and Shigells
pcourred after about ll or 12 howrs incubation in all cases,

A comparison of growth curves in the control medium with
growth curves in dilute medium (0,1x) showed that the deecresse in
nutrisnt concentration had & more pronounced effest on ths
multiplication of Shigella thaen on the multiplication of
Asrobacter (Figures 11 and 12). The rate of multiplication for
the gggghantgg strain was reduced only sliightly in dilute medium,
but the multiplication rate for 3hirella was markedly redused.

The total viable Aercbacter population appesred to be about the
same in the econtrol medium sand in the dilute medlum, Por
Shigella, in dilute medium, a stationary phase was initlated after
sbout 27 hours incubstion, As a result, the viable cell count was
greatly reduced when compared with sontrol cultures. The duration
of the lag phase was prolonged for both species when ths organisms
wore ocultivated in dilute medium,
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Growth curves for Aercbacter in mixed cultures were

nearly identical with curves in pure culture in dilute medium
(FPigure 12), The negative acceleration phase was initiated
probably after sbout 16 hours incubation. This occurred mbout i
hours earlier in the control scultures, In mixed culture, the
exponentisl phase for Shigellas was interrupted in its very early
stapges, A stationery phase was initiated after about 9 hours
incutetion followed by & death phase, Thuas, safter 27 hours
ineubeation, the retic of vieble Aerobacter to Shigells cells was
approximatsly %.0 x 105 to 1 but after 53 hours in most instances
only Aercobacter cells could be recovered,

, An incressed concentration of organic constituents had a
benefliclal effect on the multiplieatien of both Aercbacter and
Shigelie, A comparison of Figure 13 with Figure 1l Iindicated that
the duration of the leg phases for both specles was decreesed when
the organisms were cultivated in concentrated medium (10x).
Although the inercaszed nutrient concentration appeared to have
little effect on the multiplication rate for Aercbacter, it
greatly ineressed the multipllcaetion rate for Shigellas. The viable
population sises for both were approximately the same in
concentrated medium and in the contrel medium. With Shigells,
therefore, the negative acceleration phase was initiated much
earlier in concentrated medium. This is sugpested by the
difference in the shapes of the growth curves for Shigellas in
concentrated medium and in control medium (Figures 1l and 12),
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The results of these studies with pure cultures in
concentrated and in dilute medila are in accord with the results of
sarlier studies on the effects of nutrient concentration on
bacterial multipliocation., Porter (1947) stated that the lag phase
for bacteria may be prolonged in & medium that is not optimsal for
multiplication. This effect had been demonatrated with
Escherichia coll by Winslow, Walker and Sutermeister (1932). A
comparison of Figures ll, 12 and 13 shows that this effect was
also apperent with Shigells and with Asrobacter to a lesser
extent, Forter (194,7) also stated th;t the mmltiplicetion rate
for basteria increasses as the concentration of nutrients becomes
more favorable. This was demonstrated for Sglmonellas typhosg by
Ponfold and Norris (1912) and Heap mnd Cadness (192l) for
Aerobscter by Dagley and Hinshelwood (1938) and for Escherichis
coli by Monod (1349). The multiplication rate for the Shigells
strain usod in these experiments increased as the ooncentration of
the organic constituents of the medium was increased, Under thease
conditions, there was, however, no apparent increase in the
multiplication rate for Aercbacter,

In concentrated medium, growth curves for Aerobacter in
mixed culture were nearly identical with curves in pure sulture
(Figure 13). The negative acceleration phase waa initiated after
approximately 11 hours inoubation, about the seme time that 4t
ccourred in control cultures, In mixed culture, the negative

acceleration phase for Shigella occurred after about 10 hours
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incubation, Thoe exponential phese was interrupted as 1t was
incontrol cultures, DBecause of an increased multiplication rate,
the Shigella strain attained a greater population size during the
limited period of multiplication in concentrated medium than 1t
did during multiplication in conirol medium. As & result, the
ratio of viable jsrobacter organisms to viable Shigella organisms
decreased at 27 hours from approximately 1.5 x 1oh to 1 in control
nmedium to approxinmately 2.6 x 103 to 1 in concentrated msdium,

This concludes the presentation of experimontal results,
Temperature and oxygen experiments, ﬁuﬁ in duplicate, were
repeated a total of I times, HNutrient and pH experiments, also

run in duplicate were repeated 3 tines.




TABLE I c1

Cultural Reactions of Test Orgenisms (48 hours, 37°C)
Shigells Aerobactep
T=1-58 1-20-6) 7-1-58 1«20-61
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TABLE II
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Viocin Sensitivity on Agar Plates

Viocein Concentration

Veal Infusion Agar
Ouly mg/ml
0.3 mg/ml
0.2 mg/ml
O0el mg/ml
0.05 mg/ml

48 hour results

Shigella

trace growth
trace growth
véry light growth
light growth
growth :

Addition of 1% glucose

Oy mg/ml
0.3 mg/ml
0.2 mg/ml
0el mg/ml
0.05 mg/ml

growth
growth

growth
growth

growth

Aerobacter

no growth
no growth
no growth
no growth
very light growth

no growth

no growth
trase growth
light growth
growth
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Hecesasity of Glusose =« VIV Ager

Gluecose Omitted Gluoose Added
Platcl No. Shigella Golonies? Platel ¥o. Shigella caloniosa
1 59 1 97
2 ho 2 93
3 36 3 100
I 68 L 113
5 0 5 88
6 3 6 128
7 s 7 106
8 0 8 103
9 90 9 90
10 L3 10 119
Loan 37.2 + 30 Mean 103.7 ¢+ 13

t(18) = 6.5, Significant at the 0.1% level .

le ZEash plate flooded with 1 ml Shigella suspension

B Same gource of inoculum




TABLE IV 54
Dilution of Shigella Inosulum in Aerobscter Suspension
In Aercbacter Suspension In Saline
?1&&&1 Ho. Shigella Golanioaz Platei No, Bhigella caloniesa
1 107 i 99
2 124 2 118
3 128 3 112
4 a7 b 106
S 101 s 98
6 96 6 112
7 126 7 107
8 111 8 138
9 111 9 101
10 136 10 96
11 112 11 12l
12 118 12 108
13 113 i3 100
1Y 109 FHY 100
15 306 15 107
16 118 16 138
17 102 17 107
18 112 18 L1
19 8g 19 86
Bean 112,7 & 12 Mean 107.4 3 14
t(36) = 1.23, not significant at the 5% level

L» Eaeb plutu flﬁﬁd.ﬂ witb 1l ml Shigella suapension
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Comparison of Veal Infusion and VIV Agar =-
Gultivation of Shigella

4s Inoculum Dereived from Veal Infusion Agar

1?@&1 Infusion Agar 2 1 VIV agar 2
Plate* HNo. 3higella Colonies Flate™ Ro. Shigells Colonies
1 6 ) § L9
2 8 2 76
g B : :
8 ; 78
6 105 6 20
7 7 7 2
8 79 8 13
Mesn 83 £ 11 Mean 52,5 & 30

tilh) = 2,753 significant at the 5% level

Be Inoculum Derived from VIV Agar

Veal Infusion Agar 3. 1 VIV Agar 3
Platel No. 3higella Colonies Plate™ No. Shigella Colonies

1 179 1 135
2 7 2 15
3 171 3 18
i 158 i 15
5 176 5 16l
L i : 5
8 iga 8 172
E) l%? 9 161
10 1380 10 173
Mean 163.3 + 16 Mean 161.7 + 12

tiyg) ™ 0.255 not significant at the 5% level

l. 3ach plate flooded with 1 ml Shigella suspenaion
2. 30me source of inoculum
3. 3Sams source of inoculum




TABLE VI 56
Comparison of Various Agar Media -

Cultivetion of Shigella

1 Blood Agar 2 1 VIV Agar 2
Plate  Ho. Shigella Colonies Plate™ Ho. 3higella Colonies
1 71 % 130
2
: 108 7
b 95 112
5 95 82
6 87 6 69
7 106 7 93
8 89 8 83
G 90 9 gé
10 89 10 6
Mean 92,2 # 10 Mean B87.2 % 13
1 Desoxyecholate Agar 2 Statistical Analyais
Flate™ HNo. Shigella Colonies
1. Comparison of counts on
1l 13 VIV Agar with counts on
2 gg Blood Agar
& 63 t = ,993 not significant
g éé (18) ~ at the 5% 1evel
7 75 2. Comparison of sounts on VIV
8 75 Agar with counts on
9 57 Desoxycholate Agar
10 o 3 ignificent
t = 3,93 8 icant at
Mean 68,8 ¢+ 8 (18) the 1% level

l, Hach plste flooded with 1 ml Shigella suspension
2. Jame source of inoculum
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TABLE VII

Comparison of Various Agar MNedlm -

Cultivation of Aercbacter

, BElood Agar

Pl&tel No, Aerobacter Colonles
1 ‘ 106
2 10%
: 9
. 52
5 95
Z 100
o 91
9 10

10 99

Mean 97.4 + 6

Desoxycholate Agar

Flatal Ho. Asrobacter Geluaiasz

1 5

2 2

g 19

2

% s&

§ 5

9 66

10 65
flean 7&-;5 + 8

1.

Tach plate flooded with 1 ml Aerobacter suspension

Same source of inooulum

2

Plate
1 80
2 118
: it
5 10
6 9
g i
128
9 122
10 102

Mesn 106,7 + 1

1.

de
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1Vea1 Infusion Agawr
Ko. Aergbacter Smlanioﬁa

Statistical Analysis

Comparison of eouﬁta on
veal infuslon agasy with
counts on blood agar

= 1933 not
significant at the
5% level

(18)

Comparison of eounts on
veal Infusion agar wlth
counts on desoxyeholate
agayr

= 6uli3 significant at

L IS
(18) the 0,1% level




TABLE VIII 58
Clucose « Ammonium Chloride Mediug and S-Maedlun -

¥ultiplication of Aerobaster

Departure from Standard Condltions (Sedtion E)
Origin of Inoculum:

Saline dilution of an 18 hour glutaqu7aaid medium culture
of Aerovscter to give approximately 10'organisms per ml

modium
Media:
Control Medlum Gefs Medium S«Madium
L=Clutemie acid « 0.1% Glucose ~ 0,17 (see Section C)

NaCl - 0,85% NH)CL = Qul¥

Results L8 hours incubation
Control Mediuvm - 10/10%
G~AC Hedium -« S/10
Setiedium - 10/1.0:%
A ahi«aqaara value of 6,66 was obtalned when the
results with G-AC Medium and the Control Hedium were amnalysed
statistically. This value 1s significant at the 1% level,

# Fractions repressent the number of tubes which were turbld over
the total pumber of tubes inoculateds Turbidlty was gpparant when
the enlture attained a population of approximately 10! viasble
cells per one mediunm.




TABLE IX 59
Substitution of Various Amino Acids -
Cultivation of shigells

Departure from Standard Condltions (Seotion E)
Origin of Incculum:

Saline suspension of a 2l hour 12 Semsdium sulture of
Shigella., Organisms were washed twice in saline before
suspension,

S4ze of Inooculum:?

Une drop (approximately 0.05 ml) of a turbid saline
suspension of Shipslla

Media:

12 S-Medium, Control Altered Medium
{(ses Seotion C) Same as control except for
subatitution of various amino
acids for glutamic acid, snch
in s concentration of 0.5%

Hesults 2ii hours incubstion
1, 4l Alanine - =« - o = o - -
2e¢ 1 Arginine wmonohydrochloride
3. d1 Aspartic ascid - - =~ =~

Ho turbidity
i n

L L3

" L]

- -

L A |

LN B I |

13, d1 Serine =~ =
1, d1 Threonine
15, 1 Tyrosine -
16, 4l Valins -

u #
Li "
i n

h_' l cyatj’na - - L L - - - - - M "

5. 1 Glutemic acid (12 S-medium, aantral) ~ =~ = Turbidity

be Glycine - = = = = = =« = « = « = =~ = jjo turbidity
7o 1 ilistidine monohydrochloride =~ - = o = 1 "

Bs 41l Is0loucing = = = = e o« ® = = = - " "

Yo dl Louging « = = =+ =« & . w . « « @ «f "

10, 4l Lysine monohydrochloride « « = = « « o # "

11, dl Methionine « - « « =« « « « =« =« « & "

12, 41 Phenylelanine - e e e e = o= : :

-
-
e
-
i

L 2 T B |
{200 TN I A
E I I O A

[ 2N IS |




TABLE X 60
Concentrations of Carbohydrate and Amino Acid -

Multiprlication of 3higella

Departure from Standard Conditions (3ection E)
Orligin of Inocculums

Saline suspension of a 2l hour 12 Semedium culture of
Shigella., Organisms were washed twige in saline before
suspension, to give approximately l0<organisms per
medliume

Media:

12 3-¥Medium, Control Altered Medlum
{see 3Jection C) Seme as control except for
variation in concentrations
of glucoge and glutamie aocid

Results 2l hours incubation

12 Semedium (control - = <« = = =  $hpe
0.5 % glucose; 0.5 % glutamie acld~ =  ++
0e2 % glucose 0,2 % glutamic scid~ -  ++
Oel # glucose; 0.1 % glutamic acid- «  ++

0.05% glucose; 0,05% glutamic acid-

++44+%  very turbid, sediment
b very turbid

++ turbld

+ allight turbldity

- no turbidity




TABLE XI 61
Substitution of Glucose for Glucosamine =

Multiplication of Shigella

Departure from Standard Conditions (Section E)
Origin of Inoculum:

Saline dilution of an 18 Rour S-medium culture of Shigella
to glve approximately 10 organisms per ml medium,

Medimt
S=medium, Control Glucose Medium
(see Section E) LeGlutamic acid -« 0.1 %
Glucose = 0,1 %
NaoHPO) ~ 0.6 Z
k&,pof - 0.15%
§&0& - Gos %

Niacin - 0,001%

Results U8 hours incubation

S-Medium, (Control) = 20/20#
Glucose Medium - 17/20

Control cultures were clearly more turbld than glucose

|medium ecultures. A chi-square value of 3,16 was obtained when
the results were analysed statistleally. This value is not
significant at the 5% level.

# Fraetions represent the number of tubes which were turbid over
the total number of tubes ilnoculated. Turbldity was appargnt
Phan the culture attained a population of approximately 10° viable
cells per ml medium.




TABLE XII 62
Addition of HaCl te liedlium =
Multiplication of Shigella

peparture from Stendard Conditions (Seetion 1)

Origin of Imoculum:

sive spproximetely 10% orgenisms per aml medlum,

HMedla:
Control Medium =  SeMedium (NaCl addition)
LeGlutanic acid = O0.1% (sse Ssction X)
Glucosamina - Gol%
HagHPo) - 0u6%
KliPO, ~ 0.15%
Hisely - 0,001%

Results I8 hours inecubation

Control Medium - 61/82%
SeMedium (NaCl addition) = $9/70

A ehi~square value of 17.72 was obtained when the

at the 0,1% level.

when the culture attained a population of spproximstely 10
cells per ml medlium,

Shigells eclonies washed from the surface of a VIV ager
plate with saline, Bélatian of the saline suspension, o

results were analysed statistliocally., This value is significant

% Fpactions rapresent ths number of tubes which were turbid over
the total number of tubes inoculated. Turbidity was apparent

viable




TARLE XIIT 63
Alterations in medium=3 =

Multiplication of Shigella

Peparture f1rom Standard Conditions (Section i)
Urlgin of Inoculum!

Saline dilution of an li hour S-medium agiture of Shigella
to give approximately 10 organisms per ml medlium.

Media:
3=Madium, Control Altered Medls
(see Section C) Same ae control except for

glterations listed below

Results L8 hours incubation

f=Madium, Control = =~ = « 10/10%
Nisein deletion = =~ = = 0/10

Substitution of NH,O1

for Le-Glutamic seld « - = 0/10

Glucosamine deletion - - = 0/10

F Fraotions represent the number of tubes which ware turbid over
che total number of tubes inocculated., Turbidity was appareng
thau the organisms attained a populstion of epproximatsly 10°
iatle cells per ml medium,




TARLE  XIV 6l

Effect of Varliation in Incubation Temperature -
Multiplioation of Shigella end Aercbaster
Rasults

2y hours incubation

Incubation ,
teaparature Shigella Aerobacter
25°%¢ - PR
30%¢ - +++4
37% ++ 4t
140%g + : bt

4,°c - -
48 hours incubation
Incubation
temperature shigells Aerobacter
25°¢ -ip e
30% + P
37°% o +Hre
&906 b 2oy
4h®c - -

++4+% very turbld, sediment
+bd very turbid

+4 turbid

+ slight turbidity

- no turbldity




Initial pH
of Medium

6
7
8
8.8

Initial pH
of Medlium

6
7
8
8.8

TABLE XV 65

Effeet of Variation in the pH of the Medium ~
Multiplication of Shigella and Aerocbacter

Results
2l hours incubation

Shigella Asrobacter
- + 44>t
++ 444
** e

- . e

48 hours incubation

3higells Aeyobacter
it 44
el 444
+4 444
- 44t

+++4¢8  Very turbid, sediment

44
b 2
+

-

very turbdid
turbid
slightly turbid
no turbidity




TABLE XVI
pH Readings - Culture Media

A. Beginning of Experiments

86 87 a8
6.05 7+00 7.80
6»05 ?tm giw
6., 00 7.00 +«00
Mean 6003 7000 790

B, Termination of Experinments

Shigells, 5,95 6495 7.85
pure culture 6,10 7.00 . T+95
6,00 7.08 8,08

Meen 6,02 7.00 7.95

Aerobaster 5,60 6.75 750
pure culture 5.60 6.85 755
5.50 6.70 T.65%

Mean 5.57 6.71 757

e 2060 685 7:28

unisure » V) »

555 6.80 7.50

Mean 5.67 6.82 7.52
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FIGURE 8
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FIGURE 9
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FIGURE 12
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FIGURE 13
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CHAPTER 1IIX

DISCUSSION AND CORCLUSION
As Disocussion
1, HMethods
An investigation of bacterlsal population growth from
sn ecological standpoint constitutes a new approach to the study
of population dynamics in mierobiology. When an ares of
investigation is approached from a different point of view, old
[methods for study must de refined and new methods must be
established to cope with new problems. The development of
effective methods for the study of mixed bacterial populations
constitutes an important contribution to the field of microblal
ecology. Several of the methods used in the course of this
investigation are discussed here.

It was not difficult to choose & technique for the
estimation of bacteriasl population sises, Population
l[dsterminations are performed either by direct counts (total counts)
jor by the indirect counting of viable cells. Only the counting of
viabls cells permits differentisl snalysis of wmixed bsoterial
ipopulations, Henoce, & viasble cell counting technlque was edopted
for these studies,

Plate counting is the usual technique employed %o
82
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determine the number of viadble cells, This method 1s based on the
assunmption that every living cell 1s capable of producing a c¢olony
on eger medium (Wilson and Kullmen, 1931), Yet, cultural
conditions on agar medie probably differ considerably from
sconditions prevalling in liguid medis, Viable cells in a liquid
medium may fall in some instances to give rise to colonies on agar
medium, An additional source of error often encountersd with the
plate counting technigue results from the tendenecy of some
organisns to form clumps. When clumping occurs, the discrepancy
between the colony count and the actual viable cell count nay
further inecreasse (Jennison, 1937). An aggregate of several viable
sells gives rise to only one colony, In spite of theae
diffiecultiea, plate counting is the moat sensitive method for
enumeration of bacterial populations (Monod, 194,9)., Furthermore,
with mixed cultures, relative numbers are generally ths
significant feature, Whether or not the counts give an acsurate
estimation of absolute cell numbers 1s less important.

The plate counting method used in this inveatigation, the
floodplate method, (Hentges and Fulton, 1960) proved to be
convenient for the differential ccunting of mixed populations, It
appears that this method can be used for snalysis of any mixture
of bacteria when the agar plates which are employed permit
differentiation of the species present in the mixture,

If the ratlio between the organisms in the mixture excseds
sbout 100 to 1 something must de done to inhibit formation of
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colonies of the predominant species. Otherwise, it is difficult
to deteot the small number of colonies formed by the minority
species, Furthermore the dilution of the mixed culture to obtaln
& ocounteble number of colonles per plate might dilute out the
minority specles., In this lnvestigation, the Aeprcbacter specles
always predominated ~ usually at a prationin excess of 100 to 1,

The device used to inhidbit the coloniel development of
Aercbacter was based on s differential sensitivity of Aercbacter
and Shigella to the effects of Vicoin (Table IIX)s The addition of
Viocin to the agar medium afreotivalytinhibited the formetion of
Aspobaster colonies without greatly interfering with Shigells
colonial development, It is probable that a similar acheme, based
on the differential sensitivity of mieroorganisms to antibiotiecs
may be used for the snalysis of other mixtures when the ratio
betwesn the organisms is great.

Incorporation of glucose in the agar medium containing
Vioelin produced unususl results, The sugar addition modified the
effects of Vioein on both specles as can be seen in Table IX, The
effect was more pronounced with Shigella, Thus, Viocein could be
added to the medium in a econeentration clearly inhibitory to
Asrobacter colonial development without affecting Shigella colony
formation to any great degres, 7The mechaniems of this effeot are
not understood, When glucoss was added to the agar medium, a
darkening occurred on sutoslaving. The sugar appsrently underwent
caramelization, Perhaps this process modified the antiblotie in
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some way or protected the Shigells organisms from its effects. It
would be intereating to find out if this effect is general for
other antiblotlies and for othe» microorganisms a&s well, If so,
the caramelization process might be genersally applied as an
ad junet to the methode described for the analysis of mixed
sultures,

The medium devised for these gtudies, S~medium, is of
simpler composition than the synthetic medle described in the
literature for Shigella multipiicetion, Most media contain a
considerable array of inorganic salts and often thiamin, in
addition to amino socida, a carbohydrate end niacin, The Shigelils
strain used for this investigetion epparently had no thismin
requirement, The trace slements, such as magnesium, were probably
suppilied in sufficlient quantity with other conatituents of the
medium, in the water or on the glassware. The studies were not
designed to ascertain in detail the nutritional requirements of
the orgenisms, It was only desirable to define a medium which
would consistently support multiplication of both specles, Hence,
no special precautions were taken in preparing the medium,

A simple technique was smployed to estimate the sizes of

gells and Aerobacter inocula used for the experiments, It
was based on an observation that both speclies attain e fixed

population size after 18 hours incubation in Semedium, The count
for Shigells was approximately l.0 x 107 viable oells per ml
sulture; for Aerocbscoter it was approximately 3.0 x 108 cells per
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mle These population slges veried little from time to time
although no attempts were made to earefully regulate the number of
orgeanisns added to the medium before incubation. Thus, it wes only|
necessary to suspend several Asrobscter or Shigells colonies in
hsmmndium. incubate the guspension for 18 hours and dilute the
grown cultures to the desired concentration of cells, Apparently
both species attain & maximum population size by this time, The
technique proved sufficlently ascurate for estimation of Aercbacter
end Shigellas inooula, It provides & convenient method for the
rapid estimation of inocula for popula%inn studies,
24 Growth Curves: Pure and Mixed Culbtures

In asssssing the sources of error in & population
study, one must take into account errors mede in the dilution of
cultures snd errors made in plate ocounting. In this study, the
points from which the growth curves were plotted represent average
results derived from experiments run at different times,
Inability to exmctly Jupliocate conditione of exporiments from
tome to time oconstituted an edditional scurce of error, The
variations encountered in these experiments were expressed as
ranges, The ranges for the readings from which esch mean result
wes caleulsted are indicated on the graphs of growth surves,
Experiments run in duplicate wers repeated either 3 or L times,
Fhus, there were, in general, & or U readings from which sach mean
result was calculated, When the number of observations is less
than 10, the range is being used to a great extent as a substitute
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for stendard deviation and variance (Dixon and Hassey, 1957).

The evidence indicatesx that the Aercbacter specles 1s by
nature a hardler organism than the Shirellsa species in several
viaya. Its rate of multiplication appears to be inherently greater
than the rate for Shigells., Inspection of growth curves, Figures 1
through 13, shows that the alopes of the ateepest parts of the
curves are greater for Asrobsctsr than for Shipelia. These slopes
do not accuraetely messure the maximum multiplication rates in the
exponential phasé but they are largely determined by the maximum
multiplication rates, It is probablo)that caloulation of
multiplicstion rate constsnts, Kk, would bear out the contention
that Aerobacter multiplies more rapidly than Shigells under the
various environmental conditions,

4derobacter multiplies favorably at temperatures or pH
valuaes or in media in which 3hipgells multiplies poorly. For
example, Aerobacter multiplies at LL°C whereas Shigella does not
nultiply at all (Vigure 6). Aerobscter sppears to multiply about
es well at pH 6 ms at p¥ 7 (Figures 1 snd 2)., The rate of
Shigells multiplication declines considerably at pil 6 compared to
Pl 7. At 53 hours, the population sige at pH 6 is 0,001 of the
population sisze at pH 7. The total population size for Asrcbacter
remainsg nearly the same deapite nutrient concentration (Flgures 114
12 and 13), The population size for Shigells is greatly decreased

when & comparison is made of the growth curves for the organisms

in dilute medium (Figure 12) with the ourves for the organisms in
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control medium (Figure 1l), Without exception, Aercbacter
multiplies without interference from Shigella in mixed culture,
When competition occurs between Aerobacter and Shigella, the
Aerohacter species is always the successful competitor.

The degree to which Shigells multiplication is inhibited
depends on environmental conditions, Wwhen sonditions are
favoreble for Shigells multiplication, inhibition is less merked
than when conditions are adverse., In terms of ecology, the
ecologioel) nichea of the sples overlap to & greater or leasser
extent as the environment changes, In an adverse environment,
econditions are more competitive and the niches for Aercbacter and
Shigella overlap considerably. The Aercbactsr species adapts
readily to adverse environmental changes and competes with nearly
the sems facllity under adverse conditions as it does under more
favorable conditions, Under adverse.oconditions, the competitive
effectiveness of the Shigella strain is deoreased. Hence, its
inhibition is more pronounced (Figures 2, 5, 8, and 12).
Conversely, inhibition is less pronounced when conditions arve
favorable for Shigella multiplication (Pigures 1, L, 6 and 13).
It i3 cleaxr, therefore, that the ratio between the 2 organisms in
mixed culture variea considerably depending on conditions of
environment,

When mixed cultures are vigorously aerated, the presence
of Aerobacter appears to have litile or no effect on Shigells
maltiplication (Figure 10). Under these conditions enly, the
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ecologlcal niches for the Aerobaoter and Shigella species are
suffielently different so that competition bvetween them does not
exist. Although the multiplication rate for Shigella 1s reduced
somowhat under vigorous aseration, the rate for Aerobsater
multiplication 1s markedly reduced., This affects the population
slge for Aerobacter. The Asrobacter speclies fall to atteln «
maximum population size within the time 1limit of the experiments,
Shigells multiplication is not suppressed in mixed culture, Thus,
1t appears that the exponential phase for Shigella 1s interrupted
in mixed culture only when tha,ﬁeggggstgg atrain multiplies
favorably. A sumvey of the growth curves illustrates this point.

Interruption of exponential zrowth occurs with Shirella
in mixed culture tefore or at the same time the nepative
accelaration phase 1s initlated for Aerobscter. It depends on
environmental conditions, When the initlal pH of the medium is
low or when the supply of oxygen or nutrients is limited, the
exponential phase for Shigella apprarently is intemrupted before
the onset of the negative soceleration phase for Aercbacter
{Plgures 2, 8 and 12), Under other competitive conditions, the
exponential phase for Shigells is interrupted at approximately the
same time the negstive moceleration phase is initinbaa for
Asrovecter (Figures 1, L, 5, 6, 9, 11 and 13). The oxygen control
18 the exception (Figure 7).

It is A1fficult to account for the results obtained with
the oxygen control. The exponential phase for Shigells is
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interrupted in mized culture before initiation of the negative
acceleration phase for Asrobacter, With other controls, it 1s
interrupted at about the same time, When the oxygen control is
compared to other controls, the single known variable in cultural
conditions 1is the mode of incutation, The oxygen control wasa
incubataed in an air incubatori the other controls in a water bath,
The temperature in the alr incubator fluctuated 3°C to L%, The
temperature in the water bath remained quite stable, Levine et,
al, (153 ) pointed out that in an alr ineubator, the temperature
of the culture medium 1s often 2°C lower than the recorded
temperature of the incubator. This was not so with a water bath,
Thus, if the temperature of the air incubator dropred to 33°C, the
tsmperaturs in the culture medium could possibly fall as low as
3190, A low temperature might partially aceount for the
incongrucus results obtained with the oXxygen eontrol culture.

Does all thisz informetion reveal anything ambout the
jnature of the antagonism existing betwesn Shigellas and Aerobacter?
Peprhaps it sugreats that different mechanisms of antegonism are
operative - depending on environmentsl conditions,

Depletion of nutrients may conatitute one such mechanlism,
thon the concentration of orgenic constituents is reduced to 0.l
|lof standard, the medium becomes limiting for Shigells
puultiplication, After 27 hours incubation, the population size
for the control and for Shigells in concentrated test medium 1f

meo than 100 times greater than its populsation size in medium of
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reduced nutrient concentration (Pigures 11, 12 and 13). Growth
ocurves for purs culture Shigelle are approximately equivalsnt in
sontrol and concentrated medis., In medium of reduced nutrient
concentration, the Shigella strain aspparently attains & maximum
population size after about 27 hours incubstion, Under control
conditions or when the medium is concentrated there is no evidence
of a maximum population size even after 53 hours incubation, The
control or concentratesd cultures appear to Initiate a prolonged
negative acceleration phase about 27 hours ineubation., Although
it is impossible to actually compare maximum population aises
under the different conditions of nutrient concentration, control
and concentrated cultures st 27 hours achieved & populstion sige
greater than the maximum population sige for cultures in medium of
reduced nutrisnt concentration., The total population size for
Aerobacter remeins nearly the same despite nutrlient concentration,

Assording to Monod (1949) the total viable population
will be reduced when nutrients are a limiting factor, Based on
this fact, it appears that one or more nutrients are limiting for
8higella in medium of redused nutrient conoentration dut nutrients
are not limiting for Aercbacter under these conditions.

Since the exponential phase for Shigella in mixed culture
is interrupted earlier when nutrients are limiting than when they
are not, it seems plausible that the medium iz exhausted of aome
nutrisnt or nutrients essential for Shigells multipliestiomn but
not essentlal for Aercbacter multiplisation. Thus, Aercbacter
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[multiplication continues until a maximum population size is
attsined while Shigells multiplication 1is interrupted early in the
exponential phase, Experiments showed that the nutrient
requiremsnts for Shigells ars more exacting than ths reguirements
for Asrobacter (Tables VIII and XIII). PFor example, Shigells
requires that niacin be added to the medium. Aergbacter can
apparently aynthesize naicin or the sompounds which contain it,
If niscin is present in the medium, Asrobacter may utilisze it, as
such, until the supply is exhausted, It then synthesises the
compound and continuss to multiply. m, on the other hand,
sannot aynthesize nlacin and its multiplication sesmes when the
niascin supply is exhausted, Hence, under conditions of nutrient
limitation, antagonism might be attributed to exhaustion of a
nutrient or nutrients essential to the multiplication of one of thel
species in the mixed culture,
Antagonism may also be attributed to scoumulation of acid

in the culture medlium, When the pH of the medium is sdjusted to a
value of 6, the Bhigells strain multiplies at an exceedingly slow
rate (Figure 2)., This might suggest that a pH of 6 1is close to
the acid limit for the multiplication of Shigells. The
kmltiplication rate for Aerobsoter at pH 6 is spproximately the
equivalent of 1ts rate at pH 7 or 8 (Plgures 1, 2 and 3), With
Shigella in pure culture, the pH of the medium remains fixed at a
value of 6 during multiplisation while in mixed culture, the pH of

he medium drops to & value averaging 5,66 (Table XVI), Apparently
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this drop in pH is the result of soild accumulation dus to
metebolic wotivities of the Aerobacter strain, It 1s reasonable
to apeculate that in mixed culture the comparatively early
interruption of the axponential phsse for Shigellas is the result
of the acoumnlation of acid, Shigella multiplication continues
only until the pi of the medium approaches the rogion found to de
inhibitory. Aerobacter multiplication is unaffected at this pi,
In this case antagonism might be attributed to scid acoumulation
resulting from the activities of the Agrobacter strain,

When the oxygen supply is liéited, the growth curves
resenble the curves from sxperiments in which the nutrient
concentration is limiting (Pigures 12 end 13). Oxygemn limitation
reduces the multiplication rate for Shigella in pure culture
considerably but reduces the muliiplication rate for Aerobacter
only slightly. The Asrcbacter strain is apparently better able to
sdapt lteelf to conditions of low oxygen tension than the Shirella
strain in the synthetie medium, In mixed oulture, the comparatively
sarly interruption of the exponential phase for Shigells may be
the result of the depletion of dissolved oxygen or exhaustion of
compounde whioh may be used as hydrogen asceptors by the Shigella
species, The repldly multiplying Aercbacter species utiliges the
avallable oxygen and then adspts more efficlently to the
conditions of anserobiasis. When oxygen supply is limiting,
antagonism might thus be attributed to depletion of available
oxygen by the faster multiplying Aerobacter spesies,
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Hence, antagonism might be due to depletion of essentlial
nutrients, exhaustion of oxygen supply or sccumulation of acid
products of metabolism - depending on environmental conditions,
Yet antagonism occurrs under what appears to be sonditions of
nutrient excess (Figure 13) continucus oxygenation (Figure 9) or
favorable pH for Shi. .- multiplication (Figure 3). At pE 8, for
example, thipgella multiplication in purs culture 1s about ldentiocal
with 1ts multiplication in medium ad justed to pH 7, (Figures 4 t:J
6) 1In mixed oculture at pH 8§, aeid accumulates but the final pH of
the medium drops to & velue no lower than about 7e5. Although
Shigells multiplies favorably at 7.5, 1ts exponential phase is
interrupted in mixed culture, This cccurs sbout the same time the
negative acceleration phase is initiated for jerobascter. Irom

thils 1t appears that yet another mechanism is responsible for
entagonism when envircnmental conditions remain favorable for
Shigells multiplication, What then causes the antagonism?
Apparently it 18 not the depletion of oxygen, the exhaustion of
nutrlents or the sccumulation of &cid. Since Shizells
maltiplication ls interrupted at about the time the Agrobscter
specles attains a maximum statlonary population, what appears to be|
antagonism may te in reality the attainment of an Me-concsntration
for the mixzed culture,

Von Wikullil (1932) stated that the sum of the populatiqﬂ
slzes of the species in rdxed cullture never exceads the greatest
population sise attained by either of the species in pure sulture.
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In other words, the sum total of the Meconcentration in mixed
joulture is never greater than the largest M-oonoentration for the
species in pure culture, This theory is difficult to prove or
Ldupma. The techniques employed in thess experiments were not
refined enough to detsot exsct population sizea, It is therefore
imposaible to svaluate the relationships bdetween Aerobaster and
Shigella in terms of Mesoncentration.

Another theory proposed to account for antegonism s the
production of toxic substances in the medium by one of the species,
As Aercbacter spproashes a maximum pop«ilatian sige, its products of
metabolism may accumulate to s degree where multiplication of both
specles is inhibited, Or perhaps, the dead cells whish begin to
scsumilete an the negative asocelerstion phasze is initisted in some
way inhibit multiplication. Bonventre and Kempe (1960) showed with|
Clostridium botulinum that the liberation of toxin into the medium
ocourred extensively only after cessation of the exponential growth
phase, After cessation of the exponential growth, autoysis of
sells occurred, The liberation of toxin was attributed to this
ackivity,

By analogy, & substance whioch inhibits Shigells
mualtiplication may be rsleased on autolysis of Aerchacter cells,
Simple methods for demonatrating the presaence of a toxie substance
were proposed by Halbert (1948) snd Frederieq (1947) In
unpublished experiments, the Asyobactor and Shigells strains were
tested by these methods, No toxise substance could de demonstrated,
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Furtheruore, in the course of thess exporiments, 3higella colonies
were often found growing adjacent to Asyreobacter colonies on agar
plates, Thus, there is no direct evidence to impllicate the
scoumulation of toxic producsts as tho meehanism responsible for
antagonism betwesn Aerobacter and Snigella. Yot the evidence
against the production of a toxic substanos by Aercbaster is not
oconclusive snough to be ruled out as a possible mechanism,

The evidenoe does suguest that the anbagonistioc
mechanismes may vary with envirommental econditions, It is gassibla#
for example, that inhibition of Shigells multiplication is due to
exhsustion of nutrients under comditions of limited nutrient
supply, acld ascumulation when the pH of the medium ie low, and
accumulation of toxic products or some othar mechsnism when
conditions are favorable for multiplication,

Be Congclusion

It was desireable to condense all the obaervations of
bacterial multiplication into s form which may be easily grasped,
Of seoveral possible ways to do this, 1t appeared that the total
pepuia@ian sizes of the organlsms after 27 hours multiplication
served as a key to the effects of the envirocnnent on basterial
multiplication, 27 hour readings frem the various experiments
were therefore collected and are represented in Fligure .

The mean 27 hour populations of the organisms nultiplying
under verious environmental conditions in pure culture are
represented by the bar graphs in the left hand portion of Figure ﬁh
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A comparison of pure culture populstion sises shows that
environmental chenge had little effect on the Aerobacter population
sizes after 27 hours incubation, The viable cell count was in the
neighborhood of 2,0 to 3.0 x 108 cells per ml culture medium under
varied conditions of temperature, pH, oxygen supply or nutwient
econcentration, There were 2 notable exceptions - when Aerobacter
oultures wepe incubated at L4°C and when cultures were vigorously
serated, At 149C, the mean total viable population after 27 hours
incubation was 7.27 x 10° cells per ml culture mediumj under
vigorous seration, the average sount u&a 9«23 x 106 0ells per ml
eulture nmediuwm, An examination of the growth curvas for Aerabagggg
under the above conditions of environment (Figures 6 and 10)
suggests that the multiplication rate for Asrchacter was deorsased
when compared with control cultures (Fipures i end 7)s This may
account for the smaller populations at hLi°C or under sonditions of
vigorous asration after 27 hours inoubation., Fijzure 1 shows that
the populstion sizea for Shigells in pure culture varied sonsider-
ably depending on environmmental oconditions, For example, at LhL°C
the average viable population was recorded as 2 cells per ml
sulture medium, at 3?°G the population was 6,7 x 165 calls per ml
medlum, and at 30°C the average count wes .25 x 10° cells per nl
culture medium, Examination of Piguves L, 5 and 6 shows that
Shigells falled to multiply at 811 at 41%C and that its
maltiplication rate at 30%; sppeared to Ye conslderably less than
1ts rate at 37°C,
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hours multiplication may be attpidbuted to 4iffersnces in
maltiplication rates at the different temperatures.

The population sises of the organisms multiplying in
nixed oculture are repressnted by the bar graph in the right hand
portion of Figure 1., A comparison of Asrobscter populstion sizes
in mixed culture with ocorresponding population sizes in pure
culture shows that total populations were nesrly the same in both
cases, In medium at pH 8, for example, the mean visble populstion
for Aercbacter in pure culture was 2.90 x 108 cells per ml medium
after 27 hours incubation snd was 2;1;2: x 3.08 cells per ml medium
in mixed culture, Thus in mixed culture, the presense of the
Shigella species eppeared to have little or no effect on the
Asyobaster population size, On the other hand, the presence of thH
Asrobactar specles affected the population alse for Shigells in
mixed oulture., This can be seen by comparing the population sises
for Shigelia in mixed sulture with corresponding population sizes
in pure culture. Figure 1l shows that the total Shigells
populations were, in gensral, smaller in mixed oulture, For
example, after 27 hours inoubation in nutrient medium et 10x
concentrated, the average population siss for Shipells in pure
sulture was l.2 x 107 visble cells per ml medium but was only
1.5 x 10° vieble cells per ml medium in mixed culture, When the
nutrient concentration was reduced to 0,1lx standard concentration
the mean viable count was only L.56 x 104 viable cells per ml
medium in pure culture but dropped even lower to 2,19 x 102 viable
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cells per ml medium in mixed culture, Apparently the presences of
Aercbacter in the mixture csused a reduction in the Shigella
population sizes, HExemination of growth curves under the various
environmental conditions (Figures 1,2,84,5,6,7,8,9,11,12 and 13)
econfirms this, In mixed culture, the exponential phase for
Shipells was interrupted before or about the time the negative
acceleration phase was initlated for Asrcbscter., A reduction in
the population sisze for Shigella in mixed culture can be attributed
to this interference with Shigells multiplication.

Pigure 1 shows that when mixed oultures were vigorously
serated or when culturss were incubated at L4®C the population
sizes for Shigells were not reduced when compared with pure eulhﬁ
controls, At L4“C, this epparent discrepency can be socounted tor.]
Shigells falled to multiply either in pure culture or in mixed
culture at L4°C (FMigure 6), Under conditions of vigorous serstion
(Figure 10), multiplication rates for both the Asrcbscter end the
Shigella species appear to have been redused but the effect was
more pronounced with Asrobsster. BDecause of its greatly reduced
miltiplication rate, the Aero bmtgg species failed to attain a
maximum population sise within the tims limit for the experiments,
The presence of Aercbacter in the mixture appeared to have little
or no effect on the multiplication of Shigells. This can be seen
by comparing the growth curves for Shicrells (Figure 10) in mixed
eulture with the curves in pure culture, The curves are simidlar,

From these results it appesrs that in mixed culture
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Shigells multiplication is interrupted when Asrobacter attains a
maximum population sisze, If environmental conditions are such
that this iz attalned then antagonism occursj if Asrobacter fails
to attein s maximum population sigze then antagonlism does not aaearl

This investigation 1llustrates the applicstion of
ecological principles to studies of bacterisl population dyneamics,
In nature bacteria usually exist as mixed populations, A
imowledge of bscterial behavior in pure cultures is a prerequisite
to the understanding of the activities of the specles in
assoclation. Yet the outcome of mixed culture sssociations cannot
always be predicted by observing pure cultures alone, For example,
pure culture observations show that the Aercbacter species
inherently multiplies at & grester rate than the Shigellm specles,
that it adapts itself to adverse conditions of environment with
groater facllity and that it tolerates grester extremes of
tempersture or pH than the Shigells specles, Pure culturs
observations could not predict that Shigells multiplicetion is
interrupted in mixed culture before or st about the same time the
Aepobacgter species initlates a negative acceleration phase,
Fulton (1937) observed the succession of species in mixed culture,

Initially Hscheriohia coll inhibited multiplicetion of Sslmonells
typhosa but as the Escherichla coll population declined, the
Salmonella multiplication rate began to increase until its

population surpassed that of Escherichis coli, Thers is no way
that this could have been predicted by observing the organisms in
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pure sulture., To clearly understand the dynemics of mixed
populations, mixed culture studies sppear to be essential,
Environment affects the relationship between the orgenisms in
mixed culture, Thus bacterial population studies can be
approsached effectively from an ecological viewpoint « an
examination of the relationships amoung microorganisms with an

apprecliation of the effects of environment on these relationships,




CHAPTER IV

SUMMARY

This investigation 1llustrates the application of
secological prinoiples to studies of hacterial population dynamies,
The effects of alterations in the environment on pure culture and
mixed sulture population growth of Shigelis end Asrobmcter were
studled, Viable cell counts were made during growth under
predetermined conditions of temperaturs, pH, oxygen supply amnd
nutrient concentration,

Environmental changes had little effect on the size of
Aerobacter populations after 27 hours incubation, Exceptions
occurred when the Aerobsster cultures were incudbated at 44 °C or
when cultures were vigorously asrated, Under these conditions,
the populations were smaller in sise,

Environmentsl cheanges had marked effeots on the Shigells
population sizes, For example, after 27 hours inocubation in
medium adjusted to pH 6, the population sigze was smaller than when
the medium was sdjusted to pH 7, It was smaller at 30°C than at
37%C., when the supply of oxygen or concentration of nutrients was
reduced, the population sise for Shipella was reduced,

In mixed culture, Asrcbscter interferred with Shigella
nultiplication under most environmental conditions, The

102
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exponential growth phase for gShigella waa interrupted at about the
time Aerobecter atteined a maximum population size, When mixed
cultures were aerated, Aspobacter failed to attain & maximum
population size in the time limit for the experiment. Under thesse
conditions, the presence of Aercbacter In the mixture appeered to
have 1ittle or no effect on the multiplication of Shigzells, The
relative numbers of Shigells in mixed oculture varied with changes
in environment, When conditions were favorable for Shigells
maltiplicetion, the proportion of Shigells in the mixture was, as

& pule, greater than when conditions wére unfavorable,
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Study 1
Inoculas

Asrpbagter

Shigells

Asrobsster

ST

TRMPERATURE

o1l x 10

6.7 x 10' 8.9 x 10'
37°%¢ 30°¢C 44°¢C
3 Hours
1.0 x 102 7.5 x 10’ 7.5 x 10'
Pure 8.0 x 10° 7.3 x 10’ 6.1 x 10'
Fxed ¢.0 x 10! €,86 x 10' 8,6 x 10'
1.1 x 182 6.9 x 10' 8,0 x 10'
.5 x 103 2,21 x 103 1.5 x 10%
Purs 4,7 x 16° 2,19 x 103 2,% x 10°
Hixed 5.9 x 10° 1.97 x 103 2,22 x 10*
4,6 x 10° 2,92 x 1073 2,2 x 102
9 Hours
9.0 x 102 8,0 x 10! 4.0 x 10
Pure 1.0 x 10° 8.1 x 1¢' 4.4 x 10'
¥ixed 4.2 x 10* 9.0 x 19 5,85 x 10
9.0 x 10* 1.1 x 16~ 6.3 x 10'
7.9 x 10° 2.1 x 18°% 6.1 x 10*
Purs 8,4 x 10° 3.5 x 10° 4,6 x 10*
Mixed 1.2% x 10° 4.1 x 10° 3.2 x 10”
1.2 x 10¢ 2,7 x 10° £.2 x 10>
24 Hours
8.0 x 10° 1.2 x 10° 0
Pure 7.0 x 10° 1.1 = 10° 0
Mixed 1.3 x 103 1.84 x 102 0
1.1 x 102 1.12 x 19% 0
3.5 x 107 3.3 x 10° 1.17 x 1ot
Pure 2,7 x 10° 4,1 x 10? 2.7 x 16°
Mixed 2,4 x 107 3.8 x 107 1.49 x 10"
2.7 x 106° 2.9 x 10° 1.21 x 104

Yop. sizes recorded ss mo, of organisme / ml culture,




TREPERATURE {eont'd)
Study 1 3rce 30°C 44°C
48 Hours
4,1 x 107 2,1 x 10° 0
Pure 3.2 x 107 2.4 x 10° 5]
Ehigells
Hixed 8.0 x 10* 2.0 x 10' 0
1.3 x 10° 7.0 x 10 0
2.6 x 10° 2,6 x 10° 6.3 x 10°
Pure 1.93 x 109 5.4 x 10° 5.1 x 10°
Asxsbagier Hixed 2,2 x 10°% 6.3 x 10! 7.4 x 10°
1,81 x 10° 3.9 x 1ot 4,1 x 10°
iﬁstﬁdylk
il T AVRE-3 .
&j x 10’
8.2 x 10’
5 Eeurs
6,61 x 10° 2,04 x 10° 7,7 x 10'
Pure 6,61 x 10* 2,02 x 10* 7.6 x 10’
Higelle ¥ixed 8,44 X 10™ 2,26 x 10° 1,12 x 10°
6,53 x 10* 2,26 x 10* 8.6 x 10
1,04 x 10* 1.9% x 10° 1.24 x 10>
. Pure 1.12 x 104 2.% x 163 1.7 x 10
Asrobsgtey
Yixed 9.4 x 103 2,08 x 10° 1,81 = 10%
1.24 x 10" 2,48 x 10° 1,83 x 102
2 Hours
4,7 x 10” 5,3 x 102 1.4 x 10'
Pure B.6 x 10°? 6.1 X 10° 3.3 x 19
shigells
Hixed 4.6 x 10° 5,6 x 10* 6.l x 10
4,0 x 10° 65,5 x 102 2,3 x 10
1,78 x 10° 1.1 x 10° 2.5 x 10°
Pure 1.44 x 30° 2,5 x 105 3.0 x 10°
Asrobaster
' MWixed 1.26 x 10" 1.62 x 105 2,7 x 10
1.85 x 10" 2,0 x 105 3,2 x 10




TIMPERATUERR (aont'd)
Study 2 37.¢ 30 C 44 0
24 Hours
9.6 x 10°¢ 1,14 x 204 0
i Pure 6.4 x 10¢ 1,01 x 10¢ 0
gells , A
Hixed 2,76 x 104 8,3 x 10* 1.6 x 10’
2,18 x 10¢4 6.1 X 10%~ 1.1 x 10'
2,7 x 1073 4,5 x 10¥ 9.7 x 103
Pure 5.3 x 108 3.3 x 10 9.9 x 193
ASTODRoter . ed 4,1 x 10° 3.1 x 10° 1,07 x 104
2.3 x 107 3.7 x 107 8,1 x 103
48 Hours
5,7 x 107 1.11 x 10° b
Pure 3.4 x 107 1,83 x 106 0
Sulgells Mixed 1.67 x 104 7.0 x 10" 0
4,26 x 104 6,0 2 107% 0
Pud x 103 3,6 x 103 8,0 x 10°
. Pure 1.5 x 10 2.8 x 10 4.1 x 30¢
¥ixed 3.1 x10°% 3,2x10° 4.8 x 10°
2.4 x 109 5,7 x 107 3,9 x 10 ¢
?wﬂyxa @15?;! &?hggt
nooul 8y ] : ar
L x 167' » ﬁ t
1.88 x 102 7,6 X 101
& Hours
6.2 x 10% 2,04 x 10> 1,87 x 102
. Pure 6,1l x 10™ 2,01 x 10* 1.81 x 10
frigelis Mixed 6.8 x 102> 2,05 x 10> 2,24 x 10%
5.4 x 10% 1,82 x 107 2,08 X 10>
7.6 x 1073 1.14 x 103 1.1 ¥ 10™>
Pure 4,5 x 103 1.23 x 103 1.8 x 10>
Aerodbact
% Hixed 6.2 x wg . 1,13 x 1073 1.1 x 10>
8,6 x 10 1.04 x 10° 1,3 x 10>




Study 3

i
E’.
3
ol
rd

Shigells

Azrpdaclior

Ehigell

Pure
Mixed

Pure
Hixed

Pure
Hixed

Hixed

¥ixad

Pure
¥ixed

TEMPRRATURE (eont'd)

e 39 © 4. c
9 Hours
9.6 x 103 3,3 % 107 5,7 x 10
6,5 x 103 2,0 X 107% 8,8 x 10!
7.3 x 103 2,1 x 102 8,8 x 10'
9,0 x 103 2,7 x 107 8.8 x 10!
2,2 x 10° 2.2 x 10°% 2.4 x 10%
8.2x 105 1.55 x 10° 2,3 x 10%
2,68 x 10° 1,92 x 105 2,8 x 10°
2,39 x 10- 1.1 x 105 3.4 x 10>
24 Hours
7.5 x 10t 7.7 X 102 8
7.1 x 10¢ ‘4ol X 102 3
1.9 x10° 3.6 x 10% 0
1.86 x 104 2.9 x 10% 1.6 x 10"
1,7 x 108 2.4 x 107 1.29 x 102
35,1 x 107 3.0 x 107 1.47 x 10>
é.4 x 10° 3.6 x 108 ¥R
3.6 x 10% 2.2 x 101 2,6 x 10>
48 Hours
5,7 % 107 ¥R 0
6.1 x 107 ¥R 0
¥R ER 0
¥R NR 6
2,1 x 107 1,82 x 107 2,0 x 105
1.9 x 107 3.,0x10° 8,0 x 10°5
1,63x10° 29x107  20x10°,
1,7 x 108 1.7 x 108 1.56 x 10




Study 4

Inoculas Shi ,
T.% x 102

1.4 x 192-

TEMPERATUER (eont'a)

8 Hours $.5 x 10'
37°¢ 30°¢

3,80 x 10* 1.81 x 102
Tare 3,9 x 10 1.57 x 102
ixed ».08 x 10> 2,98 x 10%

3.8 x 102 2.9% x 10

8,3 x 10> 2,16 x 103
Yare 8.2 x 103 1,98 x 10
Mixed 4.3 x 103 1.3 x 108

7.9 x 107 1.4} x 103

24 Jours .

1,02 x 107 8,0 x 16>
Ture 1,12 x 107 6,0 x 103
#xed 1.3 x Yo 8,55 x 10>

1.2 x 1ot 1.7 x 107

4,0 x 10° 2,62 x m;
Pare 8.7 x 10%® 5.3 x 10
¥ixed .8 x 1‘5”—.' 3,37 x 10

2,5 x 10 3,01 x 10°

48 Hours

7.1 x 107 8.3 x 10°¢
Pure 7.9 x 107 8.4 x 10°
Vixed 9.4 x 10 ’* 2,42 x 10°

1,18 x 10 8,6 x 102

2,11 x m: 3.8 x 30%
Pare 2.5 x 10 2,99 x 10
Wixed 1,82 x 107 2,04 x 10°%

2,08 x 10° 4,3 x10°




pH (ocont'd)
pH K4

Study 1 _pi 6 pH 8
» 27 Hours 7
1.61 x 10% 2,2 x 10% 3.2x 10°
o t~ Pure 1,56 x 10% 2,3 x w 3.2 x 10%
Aam acLer :
Mixed 1.9 x 108 3.1 x w‘ 2.2x 10’
2.2 x 10V 2,5 x 108 2.4 x10°
| 83 Houre |
4,8 x 107 6.0 x 102 voxm"
- Pure ¥R 3.0 x 102 1.31 x 1@
thigella ‘
Mixed ¥R 0 1.ea x 104
FR 0 9.0 x 10?
1.32 x 108 1.07 x m" 1.9 x m:
R Pure 9.0 x 107 1.9 x 10° 2.9 x 10
gcrogs.e gr ‘
Mixed 1.61 x 10°% 1,42 x 108 1.2¢ x 10°
' 1.64 x 10°% 1.81 x 10° 1.2 x 10?3
Study12 ol gl . '
Ingculas go 1§ éerobac er Initial pH: 6 - 6,05
x 10 ' 7 - 7:0
9.1 x 10' 3.3 x 10 8 - 7.8
Final pH3 6 v 8
, : ghi 8 - 1) 6.95 7. 85
xture - 8.8 6.8 7.5
Aerobaecter 5,6 6,78 7.5
6 Hours _
4.3x 107 2.4 x ml 2.8 x 102
Shigella : ‘
Mixed 2.8 x 10* 3.9 x 19"- 3.5 x 102
4,3 x 107 1,93 x 10% 3.1 x 10
2.9 x 10> 1.9 x 10° 1,01 x 10°
Pure 2.5 x 102 1.7 x 10° 5.6 x 103
Aerobroter
¥ixed 2.9 z 10° 1,43 x 103 2.5 x 10°
1,52 x 10> 1,13 x 1063 1.9 x 103




Study 1 w o
Inocula: ghigella srobaste Initial pHs 6 - 6,05
6.6 x 10" 4,1 x 10 7 - 7.0
5,5 x 10° 5,1 x 10’ 8 - 7.9
Final pH: i 3_51 Vz‘ 8
m:‘xgure 5,65 6.85 7.55
Aerobacter 8.6 6,85 7.55
pH_6 pH 7 pH 8
| 5 Hours |
3,5 x 10™ 1,93 x 1072 2.6 x 102
. Pure 2.3 x 10* l.82 x 10* 3.8 x 10>
Shigella ‘
Yixed 3,4 x 10% 2,19 x 10* 3.9 x10*
2.1 x 10% 2.3% 10> 3.4 x 10*
4,6 x 103 4.2 x 102 3.3 % 10"
. Pure 5.2 x 103 4,5 x 102 5.0 x 102
Aerobagter . ) : o ’
Mixed 4.4 x 107 4,8 x 102 3.4 x 10®
7‘1 X 1@5 4.3 I 103 3.9 x 193
9 Hours &
1.31 x 103 5.5 x 10~ 2.3 x 10°
Ny Pure 1.1 x 103 4,5 x 10™ 2.3 x 10?
Shigells o
¥ixed 1.7 x 10° 5.5 x 10* 3,0 x 103
1.6 x 103 5.2 x 10 2.3x10°
7.3 %X 107 7.8 x 105 3,7 x 10°
Pure 6,9 x 105 8,5 x 10° 4,3 x 105
Aerobagter _ : ' ‘
Mixed 6.4 x 10° 6.7 x 10° 3.7 x 105
5.8 x 105 8.1 x 105 4,2x10°
27 Hours
3.4 x 19“ 1.05 x 162 7.9 x 10 ¢
Pure 3.0 x 109 3.0 x 10 2 8.9 x 10°
Shigells '
Mixed ¥R 2,1 x10* 1.24 x 104
¥R 5.7 x 10" 7.6 x 102 |




pH (eont'd)
Study 2 pH 6 1 7 _pHS
‘9 Heurs
3.4 x 103 5,0 x 10% 1,56 x 103
Pure 2,1 x 102 4,0 x 102 9.0 x 102
Shigella :
¥ixed 2,7 x 0% 3,0 x 10% 1.9 x 103
1,76 x 10° 2.0 x 10% 1.86 x 103
6.0 x 105 2,1 x 1065 2.0 x 105
Pure 8.7 x 10° 4,6 x 10°% 4.0 x 105
Asrobacter t
¥ixed 4,9 x 105 4,0 x 10 5.2 x 105
6.0 x 10° 6.7 x 10°5 1.84 x 107
‘ 27 Hours
1.26 x 107 KR 8.6 x 10°
Pure 5.3 x 10 ¥R 5.7 x 10°
Shigella ' :
Mixed 1.3%8 x 104 1.090 x 10% 1,42 x 104
1,00 x 104 2.0 x 10% ¥R
2,0 x 108 2.8 x 169 2.3 x 10
Pure 7.0:% 107 2,8 x 10°% 3,2x 10%
Aembaatar
¥ixed 2.9 x 103 9.0 x 107 3.0 x 10
1.9 x 10°% 3,9 x 107 2,2 x 10
63 Hours
4,8 x 107 5.0 X 10~ 7.0 x 10°
Pure 4,0 x 107 7.0 x 10> 2,6 x 107
Shigella
¥ixed 7.4 x 10° ¥R 9.1 x 10>
8,3 x 103 x.s x 10° 1,05 x 104
1,08 x 10°% 3,3 x 10°% 1.1 x 10%
Pure 8.0 x 167 2,5 x 10° 1.2 x 108
Lerobactgr ' :
Mixed 1.73x 10° 1,32 x 10% 1.81 x 103
1,81 x 1083 2,2 x 107 1,36 x 103




Study 3
inooul as baoti Initial pils 6 - 6,0
2.8 x gs‘ %.é % 10' -
1.04 x 10> 4.3 x 10 8 - 8,0
Pinal pia [ 7
.@iﬁm 6.0 7.03 a%ﬁ
Hixture 5,35 6,80 7.80
Asrobagter 5,30 6.70 7465
% lours
pH6 37 pil 8
3,9 x 10> 1,53 x 102 3.2 % 102
I Pure 3.3 x 10% 1.28 x 102 3.2 % 10
thigeils ¥ixed 3.4 x 102 1.79 x 102 2,8 x 10%
3,0 x 10 . 1.86 x 107 3.1 x 102
4,8 x 103 4,1 x 103 3,7 x 103
baot Pure 6.2 x 103 4.1 x 103 3.4 x 103
Asrezaaier ¥ixed 7.0 x 10° 5.8 x 103 3,2 x 103
8,5 x 10° 4,6 x 103 3.3 x 103
¢ Hours
2.1 x 103 2.0 x 10* 3.1 x 103
~ pure 1.1 x 103 2.7 x 102 2.2 x 103
Hulgells Mixed 2,0 x 103 4.5 x 10 1.3 x 10°
2.% x 10° 4,6 x 104 2,1 x 103
1,0 x 10° 6,7 x 10° 2,1 x 107
5 Pure 5.4 x 10° 4.2 x 10° 2,0 x 105
ASIORSOLSE Limed 7.0 x 10 3.6 x 10° 2,8 x 105
8,0 x 10° 3.5 x 19° 2.6 x 10
27 Bourse
3,8 x 10¢ 2.0 x 102 3,2 x wj
; Pure 8,7 = 10° 4,0 x 103 6.2 x 10
Bigells |, 1.0 % 10 4.1 x 10' 1,06 x 10"
9.0 x 103 1.81 x 10* 7.7 x 103

pi (conttd)




Study 3

Aerobacter

Shigel

Asrobacter

Pure
Mixed

Pure

Mixed

Pure
Hixed

pH (cont'd)

pL?

pH 8

27 Hours

* -

.« ®

L2

mea Mo MG @m

* &

2.6 x10°

2,9 x 16¢

2.4 x 102
2.3 x 10°%

1.01 x 107
l.24 x 107
4.4 x 103
1.9 x 103

1.34 x 10°
1.9 x 108
1.9 x 108
9.0 x 107




Study 1
Im:g).n:

Aerobacter

QXYGIN

a.v x 10 6.9 x 10'
8 Hours
Stat, Sealed Aerated

3.,2x 10* 2,06 x 10> 1.82 x 107
Purs 2.6 x 102 8,% x10' 2,48 x 102
Uixed 2.0 x 10° 1.76 x :.o‘ 2,64 x 10*

1,9 x 10? ts! x 10’ 2.0 x 102

4.2 x 103 a.m x 103 1.44 x 103
Pure 4,5 x 103 1,18 x 10° 1,18 x 10°
Mixed 3,3 x 103 1,66 x 10> 1,52 x 107

4,8 x 103 1.25 x 10° 1,67 = 103

9 Hours |

1.5 x 103 1,34 x 10> 1,98 x 103
Pure 1,01 x 103 4.8 x 10? 1,58 x 107
Mixed 1.7 x 107 2.3 x 1o’ 2,02 x 10°

1.6 x 103 2.9 x 102 1,67 x 103

8.5 x 10° 2.48 x 10° 1.13 x 10*
Pure 5.9 x 10° 7.5 x 10 7.6 x 103
Mixed 4.3 x 105 8.4 x 10% 1.04 x 10*

6,6 x 10° 4.8 x 104 1.36 x 10%

27 Hours

8,5 x 10° 4,0 x 10* ¥R
Pure 4,2 x 10° 4,7 x 103 ¥R
Uixed 6.0 x 10' 2,9 x 10* ¥R

8,0 x 19 1r.43 x 10* ¥R

1.7 x 10° 1.1 x m“ 4.7 x w‘-
Pure 2.1 x 10° 1.8 x 10° 4.2 x 10°
Mixed 1,.M x 10? 1,62 x 10? 3.0 x 10,

2.4 x l10¢ 1.6 x 109 2.9 x 15




Aerobactey

Study 2
Inceulas

Saigells

Aerohastier

Asrobagter

OXYGRY (eont'd)

peat, Sealed Aorated
B3 Hours
1,5 x 107 2,52 x 10° 4,16 x 10+
Pure 3.1 x10° ¥R 2.20 x 04
Mixed 3.1 x 10’ 9.6 % 10' 2,79 x 104
0 3 1.2 x10°
2,0 x 10° 3,3 x 107 4.0 x 10’
Purs 1.9 x lo°f 3.9 x 107 1,47 x 10 ¢
Mixed 1.54 x 109 3,4 x 107 1.32 x 10%
2,0 x 10° 5,1 x 10" 9.0 x 107
Biiglle e Atppater,
5.3 x 10° 6.9 x 10
$ Hours
2.0 x 107 4.6 x 10' 2.2 x 102
Pure 2.0 x 10°% 6.‘?" x 10! 1.64 x 102
Mixed 1.83 x 10* 5.0 x 10’ 2,0 x 102
1.81 x 10> m.s x 10* 2.3 x10%
5.7 x 10> 1.33 x 103 2,2 x 103
Pure 7.0 x 16> 4.3 x 10° 3.6 x 1073
Mixed 5.8 x 102 5.2 x 10° 2.4 x 193
5.1 !7.1@3 2,6 =% 133 “a x lg
% Hours
1.07 x 10° ¥R 1.31 x 30>
Pure 5.0 X 10™ 4,3 x 10 2.5 x 103
Mixed 8.0 x10° 3,0 x 10~ 1.21 x 103
‘ l1.42x 10° 1,6 x 10* 1.13 % 10°
8,4 x10° 3.8 x 10% 8.6 x 104
Pure 1,33 x310° 3,8 x 104 ?.61 x 10 ¢
Hixed 9.6 %105 6.1 x 104 4.4 x10°
7.9 X 10°  $:) 9.6 x 10




Study ¢

Asrobaoter

Study 3
Inoeul as

Purs
Hixed

Pure

¥ixed

Pure
Hixed

%‘10'

OXYCER (oont'd)
27 Rours

o 8 u B

2.7 x 10
1,45 x 10*
2,09 x 10°

1.32 x 10°
8,0 = 10’

26 = 10}
%1 x10

53 Hours

2,0 x 107
2.9 = 107
0
4
1.82 x 107
1,26 x 107

1.7 x 10°
2.4 x 10°

0
4,1 =10

1.“ x 19’
1,3 x 102

8,0 x 10’
1,11 x 10°

1,63 x 10°
7.4 x 10t

L
0

3.1 =107
4,2 x 10

1.9 x 107
2,0 x 107

6.3 x 10 9.5 x 10°
5 Hours
1.8 x 18*
Pure 2.2 x 102
Kixed 8,0 = 10'
1.4 x 10*
3,0 x 103
Pure 6.8 x 103
¥ixed 5.0 x 193

3.1 x 103

1.54 x 107
1,14 x 207

1.01 x 107
9.4 x 10°

1.8 x 10!
1.01 x 10

1.0} x 10*
4,0 x 10*

2,36 x 103
9.5 x 19’

9.4 x 107
1,78 x 10

2.3 x
4.3 x

x
4,2 x 10°

1,33 x 103
1.64 x 107

1.49 x 10°
1.4% x 103




XYGEN (oont'd)

fn & rot
Study % Stat, Seale Aernted
- 9 Bours
1,1 x 103 | 2.6 x 107
X Pure 1,2 x 10 1.9 = 10°
Sigelle Kixed 8.0 x 10* | 3.6 x 107
1,6 x 10° 3,8 x 10°
7.7 x 107 j 4.4 x 10?
bact Pure 1.15 x 10 5.6 x 10*
Aiy_ agler _
¥ixed 8,3 x 10° (, 4,5 x 10"
7.4 x 10° 6.3 x 10%
27 Hours
6.3 % 10* .4 x 10°
Pure B.1 % 10° \ 3,5 x 10
¥ixed L8 T %3 x 10°
1.4 x 10 2.2 x10°
2.5 x 102 1,06 x 107
Pure 109 x 10 2.2 %X 10
Asrodbagter | V
Mixed 2,7 x 10° , 8,9 x 10°
3.5 x 100 1.17 = 107
8% Hours
3.8 x 107 3,0 x m;
Pure 3.4 x 167 6.5 x 10
Shige
= Hixed 0 3.8 x 10'
0 4
2.3 x 10° 9.6 x 107
Pure 3.3 % 1@’ 1.37 x 10
Aerodactar
Hixed 1.8 x 107 1.68 x w:
2,2 x 107 1.1 x 10

Dwarfed colonies, some with irregular outlines, sppeared
with the normsl ocoloniaes,




;“;tudy 4
Boeulay . i
iimlﬂ... 2 10’
7.3 x 10’
' Pure
Mixed
Pure
' T ¥Wixzed
R Pure
B ¥ixed
ok Pure
| ¥ixed
Pure
Hixed
) Pure
AsTobacter
¥ixed

0X¥oE {eont'd)

ol X
7.2 x 10'
_ftat, Sealed srated
S Rours
2,8 x 1072 6.8 x 10’ 1.4 x 0™
2.0 x 102 2,33 x 10* 1.4 x 10
23 x10° 8.8 = l0' 1.6 x 107
3,5 x 10 9.2 x 19 1.5 x 107
1,52 x 10¢ 2,48 x 10> 7.5 x 10
1.48 = 104 1.44 x 102 8.1 x 103
1.69 x 104 9.3 x 102 9.4 x 102
1,43 x 10¢ '8,68% x 10° 8,7 x 10
? Eours
1.71 x 103 6,1 x 102 8,7 x 10°
'?1 x 1@3 f.4 x 10* 8,2 x 10
1.07 x 103 1,854 x 10% 7.1 x 10%
1.5¢ x 103 1,33 x 107 7.0 % 107
1,42 x 10" 5,87 x 104 9.6 x 103
1.41 x 10 8.02 x 104 8,% % 10
1,88 = 10“ 8,74 x 10¢ 1,01 x 0%
1,12 x 30°¢ 5,11 X 104 6.4 x 10°
27 Kours
1,07 x 107 3.9 =x 102 2,96 x wt
6.6 x 10 2,91 x 10 1,06 x 10
¥R 2,0 x 10’ 2,7 x 107
¥R 2,0 x 10' 7.6 x 10
2.1 x 30Y 1.57 x 107 4,3 x 107
2,2 x 106V 1.21 x 103 2,5 x 10°
2,2 x 10° 1.16 x 107 8.4 x 10f
2.4 = 10% 2,1 x 10 5,5 x 10°f

*1i1d1y aerated- Krpm




Stuly 4

Asvebagter

rure
¥ixed

Pure
Mized

QXT3 (contrd)

83 fenrs N
a7 o= 18t sa?¥
2.8 x 10 5.2 % 107 2.4 x 10
3.7 x 167 B.% x 10 3,08 x 107
¥R 2 3.0 = 310
¥R 4] 2.4 % 39‘
2.4 x 103 3.0 % w; 7.3 x 108
2.9 % 10 2.0 % 10 2,3 x 10
2,1 x 10° 2,0 % 107 4,5 x 168
2.8 % 10 %0 x )07 5.6 x 10

*ui141ly serated - Ysypm




Study 1
Inoculas

Shigella

Aerobacter

Shigelles

Aerobacter

Asrobagter

FUTRIENT COXMINTRATION

%&m '

M? ' b&g tf’ r,

g.,2x 10" €3 x 10"
8 Hours
0.,1% o lex
d,4x 102 1.39 x 10% 1.31 x 10°
Pure 3.6 x 102 1,53 x 107 1.47 x 103
Vixed 4,1 x 10%* 1.29 x 10* 1.35 % 103
3,3 x 102 i.28 % 10 1.26 x 102
7.6 X 103 1,42 x 103 2.8 x 104
Pure 6.2x 103 1.36 x 103 2.4 x 10¢
Mixed 7.1 x 103 1.4 x 102 1.8 x 104
8,1 x 1073 1,51 x 102 2,9 x10%
9 Hours'
3,0 x 10° 5.5 x 10- 1,43 x 103
Pure 2,6 x 10° 2,9 x 10% 1,45 x 102
Mixed 2.5 x 103 2.54 x 102 1.64 x 102
2.3 x 103 2,08 x 10~ 1,73 x 102
1,39 x 10* 6,0 x 10 2,6 X w:
Purs 9.6 x10° 6,0 x 104 2.5 x 10
¥ixed 1.21 x 10° 3,0 x 10 % 2,1 % 10¢
1.88 x 10° 1.31 x 10 2,8 x 10°
27 Hours
1.5 x 107 ¥R ¥R
Pure 9.8 x 10° ¥R 1.13x 10
Hixed 1.16 x 1% 6 5.1 x 101
Q.4 X 10° 0 2.7 x 10
3.1 x 107 2,2 x 107 7.6 x xag
Pure 2,6 x 107 2,2 x 10°% 6,7 x 10
Mixed 2.3 x 10% 2,2 x 10° 7.3 x 10°
3,1 x 10°% 2.6 x 107 7.8 x 10¢

Pop. sizes recorded as no., of organimms / ml culture,




RUTRIENT CONCENTRATION (eent'd)

Study 1 R, 0,1X 20X
53 Hours
4,0 x 107 1.29 x 102 ¥R
| | Pure 5.0 x 107 1.75 x 10* HR
Blgells Uixed 6.1 x 10° s 6.6 X m*
7.9 x 10° 4] 8;6 x 10
1.1 x m; 2.7 x m’ 6.2 x 103
Asrebaster Pure 1.9 x 10 2,6 x 10° 7.0 x 10’
1 r
Mixed 2.2 % .w 3.3 x 10 5.8 x 10
1.7 x 10’ 5.9 x 10° 6,0 x 10°
Study 2
Inecculas tey
%.9 x 10’ 5 g x 10
1.06 x 10> 1.11 x 10%
% Hours
B ' 5;“ x 1@2 3.1& x 102 1.91 x 103
Pure 6.8 x 10> 2,08 x 10° 1.46 x 103
Silgeila Mixed 8.2 x 10> 2.98 x 10 1.92 x 107
8.6 x 107 2.4l x 10° 2,52 x 103
5,6 x 10° 4,0 x mz 1.78 x w"
bact Pure 6.4 x 10° 3.5 x 10% 2,26 x 10%
AQN SSLoYr
Mixed 4,3 x 107 2.4 x 107 1,74 x 10,
34x10 3,0 x 10°% 1,52 x 10
9 Hours
8.4 x 103 9.0 x 162 8.3 x m:;
. Pure 7.3 x 103 8.1 x 10° 6.2 x 10
&2 ge. ;g
Hixed 8.4 x mg 6.5 x 102 5,7 x 1@3
7.6 x 10 8,3 x 10% 3,8 x 10
2,32 x 10° 2.5 x 104 7.6 x m‘
Pure 1.99 x 1ot 1.8 x 10 8.1 x 10*
Aerobacter
Hixed 1.75 x 1@‘ 2.0 x 0% 4,7 x w
1,93 x 10° 1.6 x 10 4.4 x 10°




Study 2

Shigella

Aerobacter

Aerobaster

Study 3
Inoeculss

Migella

Aerobacter

Pure
Mixed

Pure

Mixed

Pure

Mixed

Pure
Mixed

&ig‘ 'l‘xl&m‘

9.7 x 10’ |

Pure
¥Mixed

Pure
Mixed

NUTRIENT CONCENTRATION (cont'd)

X 0,1X 10X

27 Hours ,
1.32 x 107 4,87 x 10% 3.17 x 107
1.55 x 107 8.86 x 10% 2,25 x 107
3.6 x 104 2,1 x 10’ 1.78 x 105
3,91 x 10¢ 1.27 x 10 2,0 x 107
4,8 x 10°% 2,0 x 10? 4.3 x 109
4.5 x 107 2.4 x 103 6.7 x m?
4,3 x 10° 1.51 x 10} 9.0 x 107
3.1 x 109 1,9 x 10} 2.5 x 109

53 Heurn »
06 x 1@7 6.9 x 104X 7.1 x 107
5.0 x 107 ‘4,2 x 10¢ 3.8 x 10
1.96 x 10¢ 0 5.8 x 104
9.3 x 10% 3 1.0x10°
3.6 x 108 3.6 x 19,‘ 2.6 x 10°
1.61 x 103 3.6 x 10 6.7 x 10°%
2.7 x 107 1.9 x 103 2.5 x 10°
2.8 x 107 3.7 x 10 2.5 x 10°

Ae?lmxtcr

5.2 x 10!

B Kmra |
4.2 x 10% 1,45 x 10% 1.86 x 10>
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