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SUBFARY

Sun etrains zay be characderized on ihe

hasis of their lethal capaciiy for mice. The introduce
tion of a few bacteria of wirnlent sirains inte the
peritoneun of mice iz cufficient %o kill & high propoertion
¢f apinals. Avirulent strains require in excess of o
@1illion bacteria %o prcduce the same effect. Eince
virulence is = stable property it may naturally be asiked
ghether the exvression of this property is under genetic
sonsrol. 1f such a control were %0 be ustablished, then
the search Tfor the biochemical differences between wvirulent
and avirulent bacizris would be vlaced on 2 sound basias,

sdvaniage was therefore taken of the existence of
zensiic recombination mechanisms in Salmonella to invegte
igate 4he problen.

Iﬁ S.typhimurium strain €5, the loss of virulence of
& leueinc-requiring mutant was found %o be unassosliated with
its growth rvequirement since the virulence of prototrophic
transduectants of the muitant wos similar te that af the
mutant. Imaunslogic studies of the mutant and ite parental

strain suggented that the differences: in virulence may be

the heat stabile 0" sosatic antigen complex of tha two

astrauins. in addition, %he mutant was found to be unable



to multiply in the mouse peritoneum as rapidly as the
sarental viruleant strain.

Attempts %o davelop 2 suitable recombimation systenm

L&)

betweer viruleni axnd avirulest strains o

waore apsugcessiul. Subsequently an avirulent sirasis of
S.abuay was Tound ¢ acl as a chromoacnal donor $o the
virulest strain 85 of J,iyphimuriun. An gaalysie of the
aybride srisizg from such oromess, showed Lhail the Begroge
ation of %wo genetic loei -~ avii and aviE was responsible
for tue expression of wirulence inte¢rmedisnte balween That
of the donor and the recipient. 14 was further eatablished

4y backeross sxperiments that both avii and avid weore nege

&
5]

essary for the exzprcssion of complete aviruleats, charasi-

R

sristic of Z.abony. G the bzeis of segregailional analysis
of the hybride, avii wae mapped sear the locus for sirep-
tomyein resigiancs/sensitivity wikils aviB was aapped
adjacent to the iocus for inositel utilismation/non-utilice
ation. “he loeci are separated by about 25 ¥ of the
bacterial chronosomd.

Jtudies of ths genetics of partial virulence between

jmurism strains where ihs Conoy w@as partially
wiruient @hile the reoipient was avirulent, were ¢hsoured
hecause of anomaliess ussociasted with the analysis of linkage

iv hybride,

The iwo-gene control of the differences in virulence



strain C% is discussed

betwveen I,snbony and

in relation i¢ previous work along similar lines.
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Strains of 3.typhimurium may be divided into those

thzt are highly virulent for the mouss and those that are
avirulent on the besis of taes number 2f bacteris required
%6 kill ehallenged croups of animals (see the intrcduction
to Chapter 5. The wirulences of a parficular strain is
generally fourd to be a stable characteristic since the
e¢ffeet i3 revroducible.

Previous studies have been concerned with analyses
of %he biochemical differences between virulent and avir-
uilent straine of Sityvhimupium (for exampic, see Yualde,
1448; Jenkin, 1962). However, the recent devciopment of

{ see Chapier 2} afforded

genetic systems in 5,%;
an opportunity to investigats the genstic control of virule
ence im this baeterial strain since this 4is a wseful adjunct

to the biochemical studdies,



hapter 1

NATURE AWD DEPINIZION OF VIRULBHCE
A S ST M AU Tl 0 s

One ¢f tre most striking aspects of the host-
saraaite relationship is the well known observation that
host specles apecificity exists for microblal virulence.
For example, under natural conditions the rat 1is
insusceptible to infection with Sglmonells typhimurium
while the mouse is highly susceptible. Though the host
animal species are closely related, their raaction to a
single parasite is very different. The mouse on the
contrary, is highly resistant to natural infections with
Salmonsllas paratyphi B. Here even though Separstyphi B
is antigenically very similar to S,typhimurium, the mousne
reacts quite differently to these bacteria. There is a
whole specirum of such specificity between animal hoats
on *he one hand and microbial agents on the other.

An experimental finding of similar importance is
that different strains of the same species of bacteria
(S,txghimurium) may produce widely different reactions in
the same aninal species {mouse) or vice versa (Furness and
Rowley, 1956; GCovwen, 1961}, That is, disease is the out-
come of the interactions between variations in the host or
in the variations of the parasite. An additional) variakle

i3 the environment. These complex interactiona have to be



borne in mind in studying the hereditary basis for
parasite or host variability. Pue to the complexity of
the variables involved, it is difficult to simulate under
iaboratory conditions, the natural situation. However,
it is possible to study the hersditary basis for parasite
or host variabiliiy by keeping reasonably constant any

two variables and varying the third. This thesgis will

be concerned with investigetionz on the inheritance of
parasite variability towvards a particular host - the nouse.

"he host and the environment would be kept constant as far

as possible,

Two words that are extensively used in studies of the
hoat-parasite condition are virulence and pathogunielty.
These two words present considerable semantic difficulty
since they often describe the same condition (¥11son and
Miles, 1955; Miles,1955%; Rowley,1960; iaffel,1961).
Obviously, in large messurs, this is due to the problem of
adequately considering the many attributes of disesse. Por
the purpose of this thesis, the word virulence will be usged
and defined as follows. Virulence iz the ability of a
nieroorganism to cause discase in a particular host animal
under apecified conditions. That is, disease is encount-
ered under patural conditiona or when micrsorgsanisms are

introduced artificially into the tissues of animals.



Yiprulence is here studied under the latter condition. If
death of the =nimal iz teken as the end result of diseuse
then a clearcut amsay is availadble to measure virulence.
1t is of eourse to he realized that deatnh itself is the
outcome of compiex interactions beiween the noxt and the
parasite and thus the expression of virulence in terms of

dezth is arn all-or-none phenomenon.



Chapter 2
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Two forma of gepe transfer mechanisms have been
discovered in Salmoneilia. One ia bacteriophage-medinted
transduction or sonversion and the other 1s conjugation
vhere ¢ellular bridging betwveen bacteria ls obligatoery.
although both forms are essentially aliks, for practical
purposes they may da distinguished on the basis of purely
sechanical features of the process. The transfer of
genetie material is unidirectional in that it takea place
fror donor t0 recipient bacteris. The transferred
naterial (exogenote) may vary in zize from very small
fragmenta {(in %transduction or conversion) to nearly the
whole haploid gemome (in conjugation). DNA is implicated
as the carrier of genetic spegificity of the iransferred
material.

Trangduetion
. zinder and Lederberg (1952) discovered that cell-
fres Tiltrates from genetically marked straine of

5 wers able to produce recombinanis in other

complenentarily marked atrains. They ahowved that bset=
sriophage particles wers responsible for the activity of
the cell-free filtrate. The unigue feature of this

process was that though the phage lysate wag capable of

effecting many different changes in recipient bacteria, any



gingle clone of reciplents was only aliered in respect of
z single charscter. The phage bringing about this here-
ditary change is the temperate phage FLT-22,

The process involves Tirstly, the preparation of a
phage lysate which may be obtained by infeciion of phage-
sensitive donor cells with YLT-22. This leads ft¢ lyeis
and liberation of phage particles from all cells except
from cells where lysogeny 48 established. If o comple-
mentarily marked recipient strain is infected with the
vhage lysate, 3then & gproportion of reciplent cells
acquires some donor character. Tha frequency of itrange

4 to 198 phage particles. 1%

duction wvaries ¥from 1 in 10
was initially thought that iysogenizatlion ol tae recipient
by whage was & prerequlsite for the detection sf trans-
duction. But 1t is now known not to be necessary sinee
virulend mutants of PLT-22 phage are gapable of ifrang-
duetion with 2 high cfficiency under suitable conditions
(zinder, 1959). The transdiuncing phages actv as vealcles
for the carriage of fragments of genetlic uaterial from the
donor to recipient bacteriaz. Though it iz kanown ia come
instznces that transsucing phage particles are defective
because of loss of phage functions, +%he crucial question
of whether the same transéucing particle transfers both
baeterial geneg and its vwn intacl chromosome together isa

vet to be answered unequivecally {luria, 1962).



Bagteriophage conversicn

This procesa is atmilar to transduction exsept that
in converaion every phage particls is capable of bringing
about a hereditary change in infected recipient bagteria
{ Stocker, 1658} . The convariing phages are highly
specific since in the best studied cases {for example,
wgsomatic antigen deterainants in salmonella} entigenic
oxpression is @solely controllied by the presence of these
phages {(iseki and sakal, 1953; vetake et al., 1958; LVetake
and Hagiwara, 1960}, However, as in tranaduction, lysog-
enization is not a prerequisite for the expression of anti-
genic spscificity. infected reciplent ceils that are
destined to lysis by the aection of virulent mutants of
converting phages can still express the new antigen within
s few minutes after phage infection iUetake ei al., §958) .
Conjugation in strain K-12 of sseherichia coll

The first known form of genetic recoubination in
bacteria akin to aexual fertilization in higher organisms
sas discovered by lLederberg and Tatum {Lederberg, 1947/.
Mutanta of 5.c0li K=12 were obtained by successive mulag -
sniec treatment shick were unable t0 gynthesige esseniial
growth substances (auxotrophs) whereas the original wild
type atrain could Zrow om s simple chemically defined
nediun {minimal meadiunmj. Hultiple marked mutants whieh

had complementary zgroevwih requirements, wien piated



together on minimal medium, generated nutritionally
independent {prototrophic) recombinants. An snalyais

of the linkage and segregstion of different marker
combinations showed that szexual recombination uvcecurred

in Z.go0li K~12. The necessity for cell contact (zone
jugation) for gene transfer was eatablished by Davis (1950} .

Sinece then s very exhaustive analysis of the process
of sexual recombinstion in Z.coli #-12 has been undertaken
and the details have recently been documsnted {Jacob and
ioliman,1961; Clark and Adelberg, 1962). I% is intended
that the salient features of the process will be discussed
which form the basis of the extension of the phenomenon of
conjugation to other enteric bacteris.

“sc0li K~-12 cells are rhenotypically distinguiched
as either genetic donors (umales) or genetic recipients
{(femalep) with respect tc conjugation. Haleness is
determined by the presence of a sex factor (P) waiech is a
transmissible, genetie particle. Hals bacteria ara hence
designated P+ and femnles Pe, tnly cells possessing F
are capable of chromosome donation whilst F- bacteria are
incapable of doing so. Donor bacteyris are in fact,
separable inte 3 types: F+, Hfr {nigh frequency o»f recom=-
bination) agnd #* (P-prime}. The sex factor in ¥+ bscteria
existas sutonomousiy since such bagcterias ireated with

acridine orange lose P and become P, HRoreover, the sex



factor in ¥+ bacteria is transferrcd tc F- cells at very
high frequency and independently of chromosone transfer.
7?he latter transfer is of very low frequency {1ess than
0.1% for a given markerh T4t is suspected that chromo-
some transfer by F+ cells is partly due to Hfr cells in
the population since Hfr mutants can be isolated from P+
bacteria. The frequency of tranasfer of chromosonal
markers by Hfr clones may be as high as 100 % for a lead
marker znd different Hfr strains trasnsfer their chromosome
in a characteristic linear sequence, Baeh Hfr has a
different transfer orientation. It has a leading point
or origin that is folliowed by a definite seguence of
markers which may be different for different Efrs. The
sransfer of the whole chromosome takes 107 minutes at

370 ¢, but the speed of transfer is constant over the
entire period. This means that distances between markers
may be easily expressed in terms of the time difference
between markers. During transfer spontaneous breaks in
the chromosome occur and this has been shown to have a
certain probability per unit of length. Consequently,
the further awvay s marker is from the origin, the lower is
its probability of being transferred. Zxperimentally
this is attested to by the finding of a gradient of re-
combination frequencies such that proximal markers are

transferred at very wmuch higher frequency than distal
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narkers. F in iHfr cells iz stably attached to the
chromozsone and is the last narker te be translerred.

Its chromomomsl stability ie inferred bhecause of its
resistance to disinfection with aeridine orange though it
cccassionally breake away. Yhen this happens the bacteria
revert to the ¥+ type.

Hfr sirains transfer the chromocsome in & linear
S48UONCE. But different Hfr donors may have different
tranasfer sequences. T“heir relationshipr was understood
when the chromcsome of F+ bacteria {from which ths HIr
mutants arose) was conceived to be cireular. ittachment
of I to the chromosone leads Lc chroemosome rupture and
sttszchment can occur anywhere sleong the chromosome. The
breakX osccurs adjacent to the ¥ attachment site. Suring
tpranafer the chromosome is linear and it proceeds from
the origin (opposita end to the F sttachment site) towards
the sex factor end. Unter these conditions 7 is {traos-
ferred s a chromosomal uarker which is at the and of the
transfer zeguence.

In rare circumstances 7' ceils arise from Hfr
populationz when ¥ breaks away f{row the shromosous
carrying wiith it chromosomal fragmenie and returns Lo its
autonomsus state., In thig condition #' cells are idente
iesl in behaviour to P+ cells except thet the Tormenr

harbour 7 intimately sssociated with chromosomal
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fragmentas {merozenntes) ana ithey trunszit the merogencte
=t very nigh Trequency. *he mercgencte is derived {rom
the ehrcmosomal locatiosn to which ¥ wns attached. -
is vigsualized to have & "memory™ f{or the homologous
charonos~mal region since 1% can asynapse with that region
and generate Hfr cells identical im their gene¢ transfer
behaviour to the original Hfr population from whieh the
#* strain arose. Thus ' bacteria are capable of trans-
ferring the merogenote and the chromosome independently
and at wery high freguency.

vztent of conjugsl recombination in fscherichis colil

gtraing other than strain K-12

Raving established the sexuasl recombination systen
in B,e0l1i K=12 it was natursl to ask whether strain ¥-12
waz unique or whether other strains of Z.eo0ll were also
influenced by a similar breeding system. Using the
streptomycin-regsistant protoiropb (SRE) selection teche
nique, Lederberg tested 2,000 non-~K«12 strains of Syeoli
(Lederberz 1951; Lederberg et zl., 1952). By this
method, prototrophie, streptomyein -~ resistsnt recombin-
apts wers sought for by crossing known E-12 donor or
recipient tester mitocks that vere auxotrophic and strep-
tomycin~resiatent with the unknown which was prototrophle
and streptomyein sensitive. It was found ithat about 4 7

wers fFertile with the testers. However, this low number
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of ecomeatible srecisa was not survdrizing ainge they wers
studied g8t & time when the complexity of the mating type
syatem in Z.c01i ¥~12 was not cleariy undersitood. Hore
regently, mating compatibility has been re-examnined by
grakov and frskov (1961). They zlso ased the SRAP method
but the tester strains were known Hfr, #+ or P= deriv-
ativeg nf sgitraln £€~12 and 2 other strains, The 199
“e.c0ld strains they screcned had characterisable untigenic
type aspecificities. tbout 35 T were Tound to be fertile.
Une reason postulated by the frskove for the increased
number of fertile species was that Lhe esnvelope antigens
in Z.¢o0li night interfere with the initial pairing nec¢-
egaary for econjugation, This weg based on the faet that
moat of the strains used by Lederdberg were [resh isclates
from pathological cases and therefore likely tov have well
developed O gnd ¥ zntigens, whereas the otrains used by
the ﬁrskovs were mostly old laboratory atocks an:id hence
could have had poorly developed surfasce antigens.

“hough thisg postulation is wery attractive, no sgxperinment-
al evidence exists for it (frskov and Prakev, 1461,

The 5RF method has definite limitations. The wsost
geriocus is ir its use %t¢ detect doencr sitrains, In the
survey of #rskov and fraskov (1961, one of the F= tester
atraing waz hisgtidine and isoleucine depencent, In order

for recomdinants tv be formed, the ienor aust transfer
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bot: the respective pretotrophic alleles 1o the sane
recipient cell, 5ince the histidine and ipolesucine loel
are quite far apart on the #.e0ii k=12 chromosome {Tacod
nd vollman, 1961) it is unlikely that detectadle numbers
of reeipient cells would have received both *the alleles,
4 lesz serious disadvantage accrues from the use of i#fr
tester strains whose gene transfer orientation is not
knovn, as for exampls in the study of frakov and drakov
{1961). vo deteet recipient astrains, the streptomycin-
resistant allele must be transferred inte them. If the
Bfr transfers this allele as a distal nmarker then lhe
frequency of zppearancsa of the asllele in recipients will
be drastically reduced. Therefore, it might have been
' preferable te use the iUfr stirains which iransfer the
atreptomycin-resistant agllele us a lesd marker. Though
the main advantage of the URY technique is the rapidity
#ith which large numbers of strains can be exanined for
fertility, the use of many Aifferent confirmstory tests
to detect fertilitv would obviously increase the scope of
gsuch studies, (for exasple, Hikeld et 2l., 19621},

sexual recombin:tion between ~geherichis ang Salmonells

The first successful msting between bacteria of
different geners was achieved by Luria and Burrous (1657).
They showed that many antigenie types of Shigells vwere

capable of acting a= recipients in genetic crozses with
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Ssc0l1i ¥-12 Hfr or P+ donora. The ihigellss bahaved us
#~ equivalents in the fertility systew of [,z0li K-12.
Using sygotic induction of transferred prophege as »
measure of conjugal capacity it was found that Skhigella
strains were egually zs capable of conjugating with
5.c0li K-12 donors as wers homologous K~12 croases. In
contrast, the frequency of recoambination was 100 - 1000

times lower in the sShigella x H.¢oli crosses than in

sec0ll z X.c0li erosses. In addition mome markers {rom
#.00l1 wers never detected in the hybrids, though In some
instances fairly extensive transfer was obaserved. o
what extent this laek of %ranafer was due to the choice of
¥«12 Hfr straing iz not knovwn,. It will be expeected that
the detection of distal markers in hybrids selected for the
reception of early markers by a particular Hfr will be
seriocusly affected by spontanecus breaks in the transg-
ferred chromosmome. BEowaver, [uria and Burraous {1957,
have suggested an inaomplete homology beitween the genomss
of the twoe heterologous bacterla zs & reason for the
disparitye.

Isolationon of P~ Hzlmonella

In 1858, Baron and his collaborstcrs reported re-
combination between species of Salmonellia and Z,coli ¥-12
donors (Baron e% al., 19%8j. Thoug! the frequency of re-

cenbination of the selected marker lac+ {(capacity %o
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utilize lactoae5 was low (10’6 per donor cell) in erosses
with sirain THe9 of J.tiphimurium, a streptomycin-resist-
ant mutant - TE-9S5trer-2 was igzolated which showed a much
higher frequency (Baron et al., 1959a). Strain
PHe9Strer-2 recombined with an H.coli K=-12 Hfr at 107
when lac+ was the initially selected marker. In addition,
the streptomycin-resistant derivative of astrain TH~9 was
able to cross with a P+ E,c0li K-12 strain at 10~% whereas
TH~9 failed to recombine with it. That the ineressed
recipient capacity af PH-33tr-r«2 was only fortuitously
sggociated with the acquisition of streptomycin-resistance
wag sstablished when a large aumber of individuwal str-r
elones of strain TH«9 and other J.typhimurium straina
showed recombination frequencies characteristic of strain
TH-¢ (Baron et al,, 195%a}. Uaing the high frequency
genetic recipient it was then possible to study the extent

of chromosomal transfer from an z.coll K-12 Hfr into

Setyphimurium THe95trer-2, It was found that in addition
to the tramsfer of the lead marker (lac+) other markers
ware capable of being transferred at low frequency.

in a subsequent study Barom et al.,(1959b) noticed
that & very large number of Salmonella species were in-
capable of acting as recipienta of genetic material from
an f.c0li donor. In order to explesin the existence of the

high fregquency recipient Z,tyrhimurium strain TE-%itr-r-2,
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previous to mating experience, Baron postulated that
Galmenclle cells are initially sterile (Fo) with i.coll
GOROYS. iowever rare mutational changes oecur aamongst
these @ells whieh zive rise to P=- bacteria, Sueh
bacheris ar: therefore sssused to be the ones whigh ree
combine with Hfr Z,co0li at lovw frequency. It was oro-
nosed therefore, that an initially abtained recombinant
from an f.,201i x Salmonella cross should recombine at a
very much higher frejuency on subgsequent matins with
fecoli. The hypothesis was tested with a genetically
marked . typhoss 643 Vi-poaitive strain. sin initially
obtained lac+ hybrid was backerossed with the sane
E.ecoli Hfr, selection being made for the arabinose~
utiligation marker (ara+), which is close to lae+.  The
result was that the lae: hybrid recombined at a relatively
nigher frequency than the unmated ,typhosa for the ara+
marker {Baron et al., 1959b). Humerical increases in
frequency were determined when an initial lac~ hybrid

(obtained from a eross: 2.co0li ffr lac— ara+ x S.iyphoss

543 7i-positive lac+ ara-) was backeressed with & lae+
Afr Z,coli. The frequeney for lac+ was about 1 x 10™4

per ionor cell. This was reminiscent of the recombination
frequency characteristic of the S,typhimurium strain

PHelitrer=2 whiechk was isolated prior to mating experience.

Fiyske an: Demerec (1959) working with another
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S.typhimuriue straln, L7, discovered that it recombined
with an E.gcli K-12 donor that wae similar to that used

by Baron et al., (195%a,b). The freguency of recombine
ation was low (10&6 of plated bacteria) and it only
pecurred when the LT«T strain possessed a mutator gene.
7he funetion of the mutator was o non-gpecifically
inerease 10-100 fold the apontaneocus nutability of other
genes., The hybrids were found to have received in add-
jtion to the first marker (lac+) transferred by the i.cold
Efr, other adjacent loci. ¥hen these hybrids were
bzekerosped with the same donmor, an incresase { 10-100
fo1d) in the reconbination frequency was observed over the
jnitial frequemey (Hiyake, 1959). Kiyake (1959) con=-
sidered two possibilities for this increase 3 (1) that
it wans due to the presence of chromosomal or cytoplasmie
matorial in the hybrids derived fron the &§ner paraent;

(2) that mutation of a fertility factor by the mutator
gene in strein LT-T wae responsible. sxperimentally, the
alternatives were testec by the technigue of replica plat-
ing. He was sble to isclate about 1 4 fertile clomes
fron the mutator carrying LT-7 strzin which had no previous
sexual contact with L.coli. This rssult supported his
seecnd proposition. The spontaneously aceurring

fertils clones were not peculiarly receptive to one

donor oanly but displayed a high fregquency recipient
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capacity to a2 number of fyc0li K-12 donors (Miyake,195%).
From these findings it was suggested that the mutator-
bearing LT-7 sirain of ,typhismurium was a sgixturs of
fertile and infertile e¢elis and that oaly ihe Jormer re-
combined with f.g0ii donors. since recombination was
alse observed between an H.c0li P+ donor and the fertile
Salmonella, although ai very iow frequency, Ziyake {1959)
proposed that the fertile recipient wan equivalent 10 Fe
bvut that the infertile type wam i+. “"he putator gene
458 said to incresse the frequency ol mutaiion Irom
e T Tt 45 difficult %o sse now the infertils clones
are¢ equivalent to U+ since if they were Pa dn the sensae
of donor in B.g0li E~1Z then F+ Lalaocnella sihould crocs
with Fe Snlsmonella. In fact Ziyake (1962) ralled to
obtain recombination in tals case. It would be Bhetter to
recognise the infertile clones as Po (Barom et al., 1959b).
The question of the increase in Lhe backeross re=-
combination frequency of hybrids over the Iisitial
frequency has beern examined by Johnson et al., {1963%) with
the emphasias being on thne influencs of the initially
tranaferred L.coli donor zmaterial. It wag found in
studies with 3,typhosa 643 3trer {(non-7i and streptonmyecin-
resistant) as recipient and a number of f,g6ld K~i2
donors that the increased fertility of the hybrids was

due to the presence of genetic material from the proximel
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region of the initial HEir. iaplicae yplsting gxperiments
of the kind performed by Hiyake (1959) were zlso
repeated by Johnson et al., {19563} in their aystem.
Contrary to Hiyake's finding in Setyphimurinm L¥-T7, it

was observed ithat H.typhoss 643 Strepr @wus relatively

oy

homogeneous with respect ¢ initial fertility.

infectious transfer of ¥ intc Se.typhimuriup
The ability of the S.coll E-12 sex factor (?) to
be iransferred into P« bacteris bas been exploitad by
sinder [1960b) ir bhis work with S.typiimurium strain LI-2.
shern oultures of ¥+ k.,goll end L7-2 are ecrogs-sireaked on
208in methylene Dlus medium {without sugar) the resulte
ing growth produces a resi situining reaction at ths
junction of the streaks. fpow these raed aress Tinder
wos able to isolate P+ slones of Satyphimurium -2 waich
were previously infertile. The possession of the sex
fnetor was confirmed by the reverse trasnsfer of I inteo
fegoll & cells, rreliminary experiments showed ithat
the reccmbination and liinkage pattersn of ¥4+ ¥ FP= LI=2
crosses were similar to their counbterparis in p.eoll K12

wxitent of sexual comnatibility sromoted by the B.po0ll ¥

Jas been On H.coli = Salmonells
recombination mediated by the wild iype sex fastor of the

12 Birain. However, the exiatsacs of se001% E~12
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donors whish transfer at very high fraguency the sex
ractor assoeinted with » chromosomal fragment {F'} haa
afforded an analvsis »f the range of sexusl conpetonce

im the Salmonella group. The merogenote associated

with #' ia lag+ in this cuse and eimae most naturally
ccourrin> species of Salmonella are lac-, & readily
available selective device is premeny tc¢ study ine fert-
ility of salmonella. In an initial survay,ﬁ?skav at 8la.,
(1961) reported that ahout 50 ¥ of 85 Salmonella specles
rupresenting all the 0 groups of the Tauffmann= 'hite
achene were Tertile with the F' lac domnor of if,coli ¥~12.
in & mors detailed analysis of nmating compatibility,
Kikels 2t al., (1962) have atudied the fertility patierns
of enteric bacteris using a closely related P° donor o
the one used by Frekov et al., (1961,. By a number of
eriteria the transfer »f F¢ has becn succesaful not only
from #,¢0l1l inte cther grteris bzeteric bhut also in
various coabinations within these hucteria. Large 2iff-
erences were found in the ability of strains to receive
@' bui characteristically homoiogous combinations gave the
highent 2egres of transfer and Tertility. Though
opomiseuity witain the ‘nterobucteriacese ida thus oeslas
blished, the more imporitant snd arduocus task of studving
in detail the genetics of as many single spegies 403 posad-

ible is owalted. ilong these lines Mikell {1¢6%:) has
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isolated szeverzl Hfr mutsnts of S.abony whieh were
initinlly infected with the wild type sex factor of
£.6911 K-12 {Ridkeld et xl., 1952). Others that eould be
profitshly sxplored are J,miegmi, S.muenster and
3.penftenberg which were oeasily infected with F or P
(MékelX et al.,, 1962). Such studies could give valuable
information on whether the j,e0}li ¥-~12 breeding aystem ia
of universal import in enteric bacterlia or wihether other

ags yet undeseribed patterns of gens transfer are operative,

Sa nell

In recombination exrperiments between an B,coli ¥-12
donor and 3.typhosa Vi-positive recipient, it was obser-
ved that the iransfer of large segments of donor chrom-
osonal material led 4o itz non~initegration in recipient
bacteria, (Baron ¢t al.,1960;. They were deteoted be=
cause of the inability of these clones to be purified
either On selective or nonwselective media, They conte=
inually segregated haploid segregantis characteristie of
the S.typhosa parent. A genetic analyais of the markers
carried by these unsisble cleones iled to the conclusion
that they wers partial dipleid heterosygotes (Baron et
ales 1960j. The diploid region extended over adbout ane-
third of the cehromcsome from lac+ whiech is the lead

markey of the Z~12 donor to the marker for xylose
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utilization, By vepeated reisolations on the initial
selective medium it was possible to obtain relatively
atable diploid hybrids. 4 detailed genetic analysis

of the segregants of such hybrids and also diploids
ariging from S.typhimurium TH-9S5{ir-r-2 as recipients,

was verformed by Palkow et al.,(1952) to determine which
alleles of the £.¢0li parent were integrated. It was
found that the relatively stable diploid hybrids were
only diploid for a very small region in the middle of
the tranaferred chromosomal segment. Two wmein types of
haplold segregants were obtained, In one, the entire
coll segment wileh wans about a third of the chromosome
was integrated in the Jalmonella hybrids. In %the other,
recombination ocecurred between the coli material and its
homologue in Jalmonella which led to the integration of
21l the E.c0li alleles except the small middie region
vhich was #%ill Szimonellsn material. It appeared,
therefore, that the transfer of about 12 % of the ecold
chromposome into Salmonella led to integration but material
in excsss of this amount had difficulty in being integ-
rated thoughr it could remain non~integrated in recipient
bacterin {Falkow et al., 1962).

Biza frequency of recombination (Hfr) donora in Salmonsils

The extensive examinstion of the X i K=12 chrom-

osome was only possibie when Hfr donors were avaliable o
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map the many loci new knoun in that strain (Jacob and
4ollman, 1961). Therefore, it was natural %o look for
Hfr Salmonella donors so that similar otudies could be
initiated in the Salmonellae. Zinder {1960b) obtained
the firat reported Hfr in S,¢yphimurius LT-2 after strain
LT«2 was converted to F+. HMiyake (1962) isclated an

fifr in S.typhimurium LT=-7 using the nutator carrying
LT~7 F=- precipient and the B,goli ¥-12 Hfr P4X=b, The
sex factor in the K-12 Hfr is located adjacent to lac+
and lae+ ia the laat marker transferrsd by the E,g0l1d
donor, Hencae Hiyake (1962) mselected for lac+ recomb-
inants in crosses with the E.coli ¥~12 Hfr and the
3a.%yphinurium recipient. He found that lac+ hybrids so
obtained had alsc concurrently become Hfr donors. Une
such S,typhimurius Hfr was tested for its donmor ability
to non-mutator LT«T7 strains. Positive results wera ob~
tained, indicating that even though non-autator strains
were sterile with Z,coli X-12 donors they were conpatible
with a S.typhimurium gfr whose ghromoseonmally attached F
was derived from a E-12 Hfr. Baron et al., {196%) have
slso isolated an Hfr from S.typhimurium strzin TH=JStr—r
-2 by & similar process to that of Hiyake (1962) and
using the same Z.,c0li ¥-12 Hfr. Using the above mentioned
lfr sirains of L.typhimurium, Baron et 21.,(1963) have

rerforned genetic vecombination with either Betyphimurium
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or S.typhoss as recipient, The Salnmonella Hfr strains
reacted genetically as did jG,goldi F-12 Hfr donors and
in particular ¥iyska's and Baron's Hfr strains had gene
transfer orientations identical %o the Z.coli Hfr from
whieh they were derived.

Aikeld (1963a) has isolated 7 lifr derivstives
after ulira-violet lrrsdiation GETF+ culsure of S.abony
which had received F from B.goll ¥-12. The donor
strains showed different gene transfer orientstions.
one of them was Llike a typical H,c0li X«12 Hfr in that
¥ was non-infectious. Phe others resembled Richier's
%,001i K=12 Hfr in which P alternates between the in-
fectious and a specific chromosomal attachment sits
(2ichter,1961). when ¥ waz infectively tranzferred from
the atypical 3.sbony Hfr straine to &~ bagteris the coniw
verted sells became P+, unot Hfr, Upon removal of P {ronm
the Hfr it reacted as Fe which on subsequent reinfectilon
wits P was sconverted %o an Hfr of the original type. iz
other words, %they had s specific sex factor affinity locus
on the chromosons.

salponells

isted conjugal rac moination

Zolieinagenic factors I and =Y have been founa to
promote gemetic rovowbivatlon in Setyphimurium e%rain
17-2 (Czeki andé Howarth, 1981).,  Freshly prepared coli-

civnogenic I donors recombined with non-colieinogenic LT-2
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gtrains =2t the low fre;juensy of %0“3 of plated bacterls.
But the freguency was increased 100 feld when the donor
population consisted of a nixture of factors I and Tt
eells. 4 characteristic of gene transfer in this systenm
wa8 that a1l tested donor slleles were transferred at the
sane frequengy. In addition, it hsy been shown that
this form of recombination is not promoted by the E.goll
sex factor (Uzeki et al.,, 1962j. The general features
of this process have been likened to sexual recombination
in &,¢0li “=12 (Ozeki and Howarth, 1961). For examale,
it wag visualisecé that recombination between c¢colicinogenic
donor and non~colicinogenic recipient bucteris was ejuive
slent to ¥+ X 7= H.c01i ¥=12 crosses. factor k1 was
thought te lead to breakage of the chromosome which vas
equivalent to the formation of Hfr mutants in ¥+ popul-
ationas of H.c0li. This wvas postulated to explain the in-
gresgsed frequency of recombination in ecolicinogeny-
snediated recombination {Gmeiki and Howarth, 1961). A
puzzling observation was that only freshly prepared
factor I vells transPer colicinogeny and chromosomel
genes, it has been hypotheaized that in old stock cul-
tures the I factor is ehromosomally integrated (Zmith and
Stoeker, 1962). If thiz integration is equivalent to
the Hfr state in Z.gold then the lack of transfer by old

colicinogenic cultures is unexplained. It would appeay
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therefore, thoit colicinogeny-mediated recombination may
differ fundamentally from sexusl recombination in :i,coli
¥=-12, HKeynell {1962) has studied s similar situation
in S.enter Though in J.onteritidie factors I
and 51 promote aimilar kinds »f events as in J,typhim-

9

urium .T-2, chromosome transfer is very low (107~ of

recipient bacteria) in crosses between colicinogenic

g donors and S.typhimurium recipients,
foconbination was noi detected uszing elther S,enteritidis
or S,typhimuriun as donors and S,tvphosa as regipient,
L.ack of recombination was shown not %0 be due %o lack of
conjugation since the colicinogenic fastoras themselves
were transferred at very high freguexnoy.
Chromosomal homolo between H.ooli andé Salmonell

Zinder (1960b) firet observed in recombination
experiments using an E.g9li XK-i2 Hir and Sebtyphimurium
LT-7 that the gene order for sbout & ¥ of the Sslmonella
chromosome was identical %o Z.celi K-il2. Using the same
system but by analysing s larger nuaber of loei within
that same region, Miyake (1962) confirmed Zinder's finding.
falkow at al., (1962) havs used interrunted mating exper-
iments to determine not only the gene order but the dist-
ance between locl in time units in genetic erosses using
Setyphimurium pig AN IER 32 )

the same E,¢01i ¥wi?2 HEr hut eith

s

and S.typhoss 643 az regirients. wn sxamination of abount



1/3 of tue hacterial chronopome ghowed not only sn

tdenticsl gone order but alse & similarity in time units

between markers when the £.goli X-12 map {Jaceb and
iollman, 1981) was compared =ith the Zaimonella map.

An uncxplained obhservation in the behaviour of the same
A=12 #fr in crosses with $.,e9011 ¥F- and Salmonella
regipients was the delay in chromosome transfer. The
lsad marker lac+ wap transferred into iZ,gco0li in about

3 minutes {Jacod an# Wollman, 1961) but inte Salmonells

B

in 12 minutez (Falkpw at al., 1962;. Though these

studies voint strongly to the similarity in linkage
structurs betweer E,coli and Salmonella, interrupted
nating experiments uaing zs many different Hfr donors
and recipients as ppssidle, arc neccgsary before =z de-
tailed gomparison could be mude.

in colicinogenv-usediated recombination, Smith and

Stosker (1962) have| found that the gene order throughout

4l

the santire chromosome in J.tyvphimuriwsg L7-2 is similarx

to L.z0li Ket12, Koreover, their linkage data was inter-
preted us indieating of & circular chronesome as in
Z.c0li ¥-12. Beeause of the absence of donors with
srizniated sransfer sequences im this ayatesm il i3 not
soasible to compare directly thse distance betwgen differ-
ant loci beiveen J,typhimurium LT-2 and f,g0ii K12,

Freliminary studies of J.abony using & different Hfr
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donors has alac pointed to a similarity in gene order
between J.pbony end B.co0ll (Makela, 1963a,. The Z.abony
results wers again compatible with & circular chromcsome.
in apite of the sverall homology of shromosonme
structure, therec is evidence of incomrlete homology at
the fine structurs level. sor example, sinder {1950a)
gbserved that the transduction of L,g¢pld genes into
salmonella and wice versa by phage PiT-2Z was seriously
impairod though more extensive ehromosone tranaler via
conjugation occcurred guite readily {Zinder, 1950b}. He
suggested that this was due to the non-identity of alcro=-
strussure aince ohviously ldentity would be necessary
#or synapsis over short distances before recomhinant
formatlon. Sscondly, the frequency of recombination in
erosses beitween .00}l and Salmonella was very auch lowver
than comparable fraguencies with H.goll = segull crospes
(Falkow et al., 1962). In addition, in croases beiween

suriug Hfr as donor and g.typhosa &8 racinient

there was 1ittle linked tranafer though recombinants with
the selected mmrker were obtained easily when selectiion
wag made for widely separated donor alleles (saron at al.,
1663 ). Thirdly, extensive transfer of genelic material
from B,c0li into Saimonells led tn the fgrmation «f seg-
regating partial heterozygotes { Baren et al., 1960;

Falkow et sl.,, 1962), Fourthly, DH: nybridization



sxperiments indicated that although the averall bsase
conposition of 2,g9li and Ualmonella DNA was similar,

ng moieeular hybrids were obtalined #ith their rsspeci-
ive DHEA prenarations. toyuver, partial heterozygotes
vossessing varying amounts of i.goli zaterial did form
DPNA hybrids with 5,c0li ON:i commensuraic with the extent
s¥ integrated cocli material in the gemnetiic hybridse
{¥alko¥ et al., 1952). Tnhomclogy bas therefors, buen
intervrefed za being due to laperfect pairing at the
teyei of OHA molecules which consejuently leade o low
reconbinational events (Falkow et al., 1962). Iresumabdbly
the vairing difficulties are dus to the temss seguence

differentisls in donor and recipient DRL moleculen.



The list of strsins used Lo shown in Table 1. 11
the salmonella strains were asmooth in colonial appearance
whersas the 5,011 strainrs were rough. The pertinent
genetic markers and the derivation of each straln is also
ghown, Gratefu) acknovledzgument is made to the numerous
investigators who gave many of the initizl strains ment-
joned in Table 1. The symbels used to signify genetic
markera are explained in Table 2. It i3 based as far as

pessible osn the symbolism proposed in Fierobial Lenetics

Hulletin (1963).

inen receiv:d the strains were plated out on nut-
rient agar and single colonies were tested for their
markers, They wxere then freeze dried from broth on a
fracge drying apparatus. The aapoules were kept at roon
tcumperature, ihen necessary, &n ampoule was opened and
the resuspended culture from the ampoule was plated out on
nutrient agar. 3ingle colonies from the agar mediunm,
th2t had heen tested for their markers, were planted on

nutrient agar slopes. These formed the working cultures



TABLE 1 LIST OF Bpopsalsl, STRAINS USED
Strain Prom Genetic - Selected
designation strain warkers Berivation references
“e G011
(25868 k=12  9-, solicine indicator - -
GL?S&(T1}b ¥wi2 4, hige,ziv-r, {(C1) Prom X=12 by nixed Ozeki et al.,(1962)
culture with
. Se0013 E-30(01)
#1695 ¥=12 Hfr,met-,lacq - Baron et al.,{(1559a)
F4 =6 Kwi2  lifr,met-,lacs - Hiyake (1962)
S.abeny
541444° 14  ifr,met-,arom-,ara+, Identical to S¥1391 wikeld (1963a)
rha+,xyl+,inl+,mtl+, (see ref.). U~V irrs-
arl+,gal+,lac-,mai+, dietion ana salgction
strer, Hi1-b,H2=0,i,x from S.abony #+°
cetyphi-
murium
cys 3~3a(1)b Te2  cys-, (I} From cys D=36 by mizxed Ogeki et al,,{1962)

cuiture witsn

Hasonnei L9 (1,52)
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Strain From “enetic ;arivatian ~elacted
designation gtrain markers ' refereuen
eys b~36(3}b LT=2 eys-,(B) Prom cys D=36 by mized Ozeki et al.,(1962)
culture with B.eali E77(8)
oy m-zs(a&)b w2 cys-,{E1) Prom cys =38 by amixed Ozeki et sl.,(1962)
sulture with CL136(51)
eys G~7(E)b LfmZ  gyae=,(E),strwr From cys (=7 Strer by Gzeki et al.,(1962)
wixed culture with
Byc0li K49(x)
LT=2 wild LT=2  prototyrovhic, lagw = Purness and
il "
type® towley (1956
5305 (e Hfr,his=-,rha+,nal+, Ue?¥ irradiation and sinder (19601}
Erat,gal=,eyl+,inl+, aeieetign fram
Bhle, 801+, 180=dUl=, LT=2 ¥4
Btr=~z
- *.
5R305 Gal+ Wiw=2 As HR30% except gale from 3R30%5 by selection -
3?& 37 nig=,ara+,gald,rha+, - -

mal+ Zyl4,inle,mtls,

grit,lscm,dulw,s8tr-s
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Strain Yron Genetic n e telected
designation airsin morhers SOV Sl referencesn
37(1) 37 A8 37 except (I} Prox 37 by mixed culture -

®
with cys =36 (I)
37{51) 27 ia 37 except (u1) from 37 by mized culture -
with CL136 {21}
626" 620 as 37 - -
Jﬁ12§2a H iy PrOmy 1 @liw, P,y G&B1~, Uriginally isolated as Paleow et al.,(1962)
itr-r-2 Thaw,male,zyle,inl+, gtr-r autant from TE-9
strexr
15~11a TE-Q Hfr ,pro=,arg=, lau=, Igpolated as Tifr from Baron et nl.,(1963%)
DIrer-l  ra-,rha+,inls,lacs, crosst The9 itrer-2 x
gtrer P4 b
17§(I)i LT-7 Prom,srg=4,ile-, try-, U~¥ irradiaticn and -
thew,sal=, (I} ,8t0er selection from LT-T7
Bpt ¥ Bri ~rototrophie, lae= - Jensen {(1929)



TARLE 14 (cg:;ﬁgit' )

“train Jrom Genetic Derivation selected
deslgnation gtrain nATEers . - referencsa
B206 wild typa“ #2086 vprotosrovhic,inle, From Brt by sultiva~ ‘nroessg and

Tha+,ara+,ralt,nal+, tien ut inersasing iowley (1956)
xyi+,locw gtres growti-~ vempereture

(Jensen, 1929}

K206 Sore ¥206 4is F206 wild type From X206 wild type =
gxgept BEr- by U~V drradiation and

pendieillin aelection%

G e d 3 =
0% wila type ] vrotoiroshic,inle-, - Furnags und
rhaw,aravgalt nale, Rowley (1956)

ryl+v, . atlieprley,lagw,
dui~patr-3,itedi,

Hoat,2
5 lige 5 ag 0% wild type From U5 wile typs uy =
excepti hige U~V irradiation and
v ¥
selection
05 Higeil 45 is 0% is~ except From U5 His- by mized -

(13 culture with eys D=36(1)



TABLE 1 (¢

Strain ;enetic erivation nelected
designation BATEArS reforsnses
Cs Uis-{21 As U5 lHis- except from 0% His- by mized -

(81} avlture with CL136(E81)
08 Hiaw=Arsw- 18 U5 His~ ezcept Prom U5 dla~ by HEE -
E: 3 £ 0 treatzent and peniciilin
"
selection
25 Hig+arowitr~-r 8 0% Hig=ivaw From ¢cross: 391444 x -
exaept hig+,afr-r 08 Hinelira~-
¢s Ile~ 8 % wild type From 05 wild type by nki =
gxcept ile- trestnent
£5 Leuw ag €5 wild type ‘rom C5 wild type by U~V -
sxcept leuw lrradiation snd peniciliin
k3
selection
€5 Vule 5 & 05 wild type sroe OB wild type by LED -
*»
szaept vale ¥rastzent
o5 Mete s -

A5 85 wild tyue
except met -~

Frosx % wild type py U~V

»

irradintion pad penicillin
releotion



vee HMaterials and Hethods ;

el ] " i, & i i > -
Strains designated”a -~ h" werc indly given by 3 Dr.h.s.3arong

P

MLrerl.dl.d5kelns

3 .
LretalteZinders

i A W
Frof.r.inuffoanny

“rhe aex factor (7} was verived from X,coli X~12

lestockers

t,dowley:

ie Pnlkows

h}"(i‘ s Heitkingon.

PadLk 1 (COHT.)
Gtesdn rop Janetic L E e selected
) ] . erivation i

degignation sirzin parkars roferences
0B Vry- o5 s 05 wild type except From U5 wild type by -

T Oy P frradisntion and

peniciliin seleoction
4% Jyse- 5 tg O% wild tyve except From U5 wild type by =
¥

Cya- ZK3 treatment

CH Arge o5 8 7% wild type except From 0% «iid type by -
*

rE— EMS treatment
35 Adee- g '8 U5 wild trne execept From U5 wild type Ly -

Al @ VeV drradiation and

._Q‘;-
penicillin seleetion

ot ol Mem-Lyzbgeoics FREES = and Bidwell (1357)

nropagating strain

¥



ABLE 2 SYMBOLS USRD TC DENOTE GUNWPIC MARKEZS

(a) Growth factor reauirements

3ymbol Hesning Symbol ¥eaning
ade adenine nie nicotinie acid
ATR grginine BY O proline
axrom aromatic aminoe scids aer gerine
{phenylalanine + tyrosine)

cys ‘ ecystine thr threonine
hig histidine try tryptophane
ile isoleueine ura uwracil
leu leucine val valine
aet rethionine

+ = reguirement; ~ = pon-regquiremsnt

(v} Carbohydrate compounds as energy sources

Symbol Yeaning Syadb deaning
ara arabinose mal mwaltone
dul dulcitol mil maanitol
gal galactose rhao rhamnose
inl inositol srl sorbitol
lac lactose zyl xylone

+ = utilized as carbon source or fermented; ~ = not utilized or fermented



TABLE 2 {(CONT.)

(e) Coliginogenic determina
Symbol Beaning
{B) colicinogenic for colicine B
{B1) coliocinogenic for eolicine E1
(g2} colicinogenie for colicine E2
(1) coiicinogenic for colicine I
(x) tolicinogenic for colieine K
(a} Antibacterial chemieal
3 Heaning
sir atreoptonycin
r = resistance; 8 = sensitivity
(e} Flagellsa se %
Symboi Megning
Hi phase one antigen
H2 phase twe antigen
(£)  Fertility oharacteristice
Syabol Heaning
P sex {fertility) factor
Hip high frequency of recombination strain

+ = strain possessing Fj - = @train not posaessing F
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and they were maintained either at 4@ ¢ or at room temp-—
arature, dhen kept at 4C %, they were sub-cultured onto
fresh clopes once every 6% months. Feriodicalily sll

working culiures were tested for their markers.

Setyphisurium etrains were identified by slide agg-
lutination using diluted specific antiserum. 4 small
amount of growth from a single colony was emulsified with
a lospful of serum on & slide. Agglutination wae indic~
ated by rapid elumping of bacteria.

¥untritional requirements were confirmed by the pre-
sence or absence of growth when a washed sulture was apread,
or a small amount of growth from a single colony was streal~
ed out, on LM or minimal agar in the presence or abaence
of growth factors. Alternatively, & lawn plate on L¥ agar
was sometimes used and small filter paper discs dipped in
growth factor solutions were then placed on the lawn,

Double or multiple reguirements were confirmed hy studying
various combinastions of additions to synthetic medium.

Sugar merkevs were tested by spreading washed
cultures on minimal medium supplemented with a particular
carbohydrate as ths carbon source plus the strain‘e growth
requirenentis. Alternatively, they vere checked in
liguid indicator mediunm. %esponse to sireptomycin was

teated on nutrient agar plus streptomyecin. Colicinogeny
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was tegted by the production of colicine againast the
indicator strain ¥2586 {(see below). The fertility type

of sirains was confirmed by sultable crosses.

Temperaute phage PLT-22 used in itransduction exper—
iments was vriginally from J. Lederberg {zinder and
Lederberg, 1952). It was kindly given by ¥r. A.H.iogers.

4 number of temperate and viruleni phages were used
to confiras the derivation of J.typhimurium C% Leu- fronm
€5 wild type (Table 4: Chapter 4).  4ll1 the chages were
kindly domnated by Gr. ¥. Atikinson, The phages B, Jersa%
#B., BA0R, FB.3b, PB.OY1, ¥B.0OR and PE.03, were originally
from Ur. B.5. Anderson, Snteric Laboratory, Central
tubliec Health Laboratory, Celindale, London, England,

The phages TMA3, THA4, snd THAla wers originally from
Brig. J.5.K. Boyd, ¥ellcome Hesearck Institule, London,
sngland. The vhages B43h/49 and D3Sh/41 wars the phages
desoribed by atkinson and Bullas {1957). The phages
TH7/e1, SpT/GY, 5162/2% and E3/01 wers phages described
by Rozers (1960}. 411 phages were propagated onx
Betyphimurium 2t {non-lysogenic sirain) in liguid medium
by tha techmigue described by idams (1959). Chlorolorm
wes added to all ths phage stceks to kill residual orzane
ism8, Dissolved chlorofors was removed before ume by

bubbling sterile air through the ateck golution.
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411 phage stocks wers kept at 40 Ce

Zs fedla

5aline - 0.85% NaCl in distilled water
Yedis for the utine culture of b er

Nutrient Broth No.2 {Oxoid Ltd., London 4.(.4,
tngland Code N¥o. CM67) and Fenassay Sroth {Difeo
Laboratories, Detroit, Michigan, U.S5.i.) were used sp
1iquid medis and in the thesis they will he referred to
as broth. Futrient agar (dehydrated Plood igar Basey
Oxoid Ltd., London %.C.4, Code Xo.0M55) and meat extract
agor (Difco) were used as solid media and they will be
referred to as nutrient agar. These media were made up
as directed,
S3oft agay overliay medium

It conasisted of meat-extract agar (Difeco,; wmade up
with one-half the amount used for making solic nutrient
nedium per litre of water,
Einim pediu

Tyo types of media were used. they differed in
the relative concentretion of the constituent salts
though both types served iths same purposs.
(4} ®irimal medium of Lederbersg (1950}. The salts

gere dissolved in water at 10 times the reguired

concentration and autoclaved. The 10 x concentrated
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galt solution consisted of

3&32534 - 20 "
Sad.ﬁitrate.ﬁﬁzu - 5
N OO SRy - L
inb’ Jc4p ;&12 1

kY 21 ol ”
(}?534;2 .,404 10

dissolved in 1 1iitre of distilled water, The pH
was adjusied to 7.¢. Ffor minimal liquid mediun the
concentrate was diluted 1/10 and a sterile 20
glucose solution was added to give 0.2 % glucose,
For minimal agar medium the exact procedure was
followed except the concentrated salt solution and
glucose were diluted into a 1.5 % solution of Bacto-
agar (Difeo) which had previously been diasolved and
sterilised by autoclaving. This mediun will be
referred to 2& LM medium in the %text and at all
other tines sinimal medium will refer tc the prep-
aration deecrided below,

{ii) The minimal medium was identical to the fornuln
srescribed in “Jelected methods in bacterial genetics™
{1963) except that citrate waz omitted since Salmon-
ellae could utilize it as a carbon source. The 10

times concentrated salt solution was composed oftw-



KQE?G4 - 105.0 gm.
KH, 50, - 45,0
g S 4° 7320 - 0.5 %
(Eﬁ4}2 50, - 10.0 "

dissolved in § 1litre of distilled water and was

autoclave sterilized. Por minimsl agar medium,

50 mi. of the concentrats and 320 mi. of sterile

distilled water were added to a separaiely auto-

glaved Hoble agar base {Difco) made up double

strength (14gm /400 ml. of water). 10 nl. of a

20 % sterile solution of the reguired carbohydrate

wags added, For liguid medium, the agar was omitied.

In ordinary minimal mediun, glucose wss {he carbom

hydrate thougi other carbohydrates serving as

carbon sourcaes were als¢ used.
Growth Ffactor and streptomyoin supplementstion

Amino ae¢ids, pyrimidines, purines and vitaxzins wvere
made up as stock solutioms at 100 times the required con-
centration and autoclaved. dhen used in any sinimsl
redium, &minc ze¢ids, pyrimidimes and purines werec added
to o final concentration of 20 mg/litre. Vitamins wvere
added to a final concentration of 10 mg/litre.  Strep-
tomyein sulphate, when necessary, was added %o minimal or
nutrient agar medium at a final concentration ol

600mz/1itre.
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Dehydrated Bactc SMB Agar Base (Difco)} was used,

1%t contsined =

Bacto - peptone 10 zm/1litre
Dipotassiur phosphate 2 L
Bacto ~ agar 15 "
Bacte - eosin O.4 o
Bacto - methylene hlue 0.065% "

1% was prepared as directed. The desired sugsar was
acded to the medium at a final concentration of C.4 %
Baeterial coloniss which fermented a particular sugar
stained a desep ourple or green while non-Termentiers appear-
ed pink eor white,

Endo agar maedium

Pehydrated Bacto Endo sger (DPifco) was used. It

was the Permuls IT of "Standard Kethods" of the imerican

Public Health Associstion. I¢t gontginedi-

Bacto- peptone 16 gm/1litre
#aecto- lactose 10 -
Dipotassium phosphate 3.5 %
Bacto- agar 15 "
Baoto- basic fuchain 0.5 "
Sodiuve sulphite 2.5 ®

It was prepared ss directed. 14 was supplemented
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with the reguired carbohydrate at a final concentration

of 1 % The base contained lactose but since the medium
was used in studies with lactose non~fermenting Salmonella
strains, ite use for the other sugars wsas not impaired.
Dacterial coloniaes which fermented a particular sugar

gtained biood red while non-fermenters sppeared pink or

14 was compesed of the following, per litrs of
water:-
Gelatin (Baltimore Biol. Lab.inc.(BBL), = 80 gm.
1640 Sersuch ive.,Saltimore 18,

Harylend, U.3.4.)

Gacto peptone (Difco) - 10 "
Beef extract {Difco) - 3 m
Noble agar base (Difco) - 4 "

The gelatin was dissolved in 600 ml, of water hy
heating to 50 - 60° ¢ ror 30 asinutes. Thie waa added to
a 400 mi, solution »f the remaining ingredients. The pH
was sdjusted to 7.2 = 7.4 and the medium sterilized by
autoclaving {151b, steas pressure for 15 ains.j.

Li ndiestor mediunm CF fer gtion
Twe types of media were used. They differed in the

jndizators employed to detect acid productilon.
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{1) cehydrated Bacto rurple Broth Base (Difce). 1%
contained:~

10 gm/litre

L

Froteoass «~ peptone K0, 3

Bacto~ baef extract w1 n
Spdiur chioride - 5 "
Bacto= brom cresol purple - $,018 ®

T4+ waz made up as directed.

(1i} ‘“ehydrsted Fhenmol #ed Broth Base{BBL)}, It contained:-

Trypticase {Cnsein peptone) - 10 gm/1itre
Sedium chloride - 5 -
Phenol reod - 0,018

It was nmade up as directed.
In both liquid medis, the required carbohydrats wvas

added s a sterile solution to a final concentration of 1%.

{a) Serum for immunologiecal experiments

A1l sernm was from pooled blood. The stumpy~tailed
lizard, pig, horse, red kangsaroe and humar {(bleod group B)
sers were kindly gziven by lNr. G.BE.Schwab. In the case
of rat, zuinea piz, rabbit and mouse, blood waz obtained
by cardiae runcture and allowed to elot {30 z2ins. incuba-
tion et 377 ¢ followed by s~Shoursat 4$ Cle 4After the
scrum wap freed Trom cells by centrifugation, it was
aseptically removed and stored in small volume {2~3 mi .)

" g -
at 20 C.
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antigens

Zabbit antiserum produced agalnst the following

saimonells flagella aatigens were used: phase 1 %D

{e,n,x), The

onanse 1 (b}, panse 2 (1,2) and phase 2
anti-gera were generously provided by the Dept. of
Bactericlogy, ¥nlter Reed irmy Institute of Reswarch,
faﬁhingﬁon’B,C.

Eed

3., Routine methods

ot

i : ) ,
Temparature of ircubation 37° ¢ axcent where otherwise

stated.
nstimation of viable bacgteria

The sultures were appropriately diluted in aaline.
5.1 or 0.02 ml, aliquots of suitable dilutions were
spread om duplicats nutrient agar plates. Colonies vers
enumerated after overnight incubation.
hepliecz plating

The procedure described by Lederberg and lLederberg
{1952) using sterile velveteen pads and a metal block,
was smplioyed. I% was used to transfer bacterial growth
rrom o moster nlate to one or more other agar astates of
simnilar or differsnt aomposition.

Petermination of

Pubes containing 1 ml. amounts of liguid indicator

sedium were innoculated with dacteria from a loop which
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ned bees brushed on a single ccolony. Perpenters Or non-
fermenters of a particular sugar vwere distinguished after
overnight incubation. In the purple hroth base cedium,
fermoentation was indicated by a rellow 20lour, othervise
the medium remained purple. In the phenol red medium
fermentation was indicated by a yellovw colour, otherwise

% waa red.

Tetermination of

Bacterial ocultures to be snalysed for their antigens
were initislly made highly motile by two osonsecutive pasa-
ages through semi-solid agar medium (in platess). The
diagnostie »rocedurs was identical io that degseribasd by

fdwards and Swing (1961) sxcept that noneformalised broth

gultures were uaed.

To determine the synthesis of eclicine sither by
single colonies or -~ulture-sirsaks the bacteris were killed
by chiorvoeform vapour and then the slate was overlayed with
about 102 bueterin of the indicator atrain (42586).  The
overlay conelsted of aoft agar seeded with bacteriec. Un
overanight incubstion colicinogenic bacteris were indicated
by the wnresences of a clear zone gsurrounding the colonies,
wheresag non-colicinagenic ones 4id not have this zone.

2acteriophage tvping of S.typhimurius strains

A modifiention of the agur layer method for the assay
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of phage was used {Adoma, 1959). Ths teat bscterial
atrain wes incorporated as a layer (168 bacterisfplate)
on a pnutrient sgar plate and allowed to harden. The
various phapgs suspensions were spotted with a loop (&mna.
diameter) onto the surface of the bacterial lawn. The
plates were incubatsd 5-0 hours before reading the lysis
patterns.
ruritication of cecombinants

?his was sccomplished by ¢we single colony reisol-

ations of the recombinantis on the asume zedinm as was used

irn taeir initial selection.

. recombinants

Purified hybrids were spotied on nutrient zgar
(usvally 25«30 hybrids/plate) and incubated overnight at
room Lemperature. Yhey were than repllca plated onto
differantial media to determine the segregation gf ungele
seted markera. To determine the utilization of s partice
ylar earbonydrate, the reeombinants werc tested on nini=mal
agar medium supplexentsd with the appropriate zcarborn
source together with any nutritional requiremzentas of the
recombinanta. Streptomyein resistance or zganpgltivity vas
assayed on nutrieni agar containing streptomycin. In
most instances, hybrids were further checked for their
gsugar markers in ligquid indicator medium. “his wase

sYlwave done with the hybrids to be tested for their mouse
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virulence,
4, “zperimental & joues
B mutants and or ation of golieinogenic

strains
selection of nutritionallv-exagting mutsnis

Two tachnigues were used, In one the nutagenis
agent wag ultra-violet {7V} irradistion. In the other
it was ethyl methane sulphonate (#%s5). The initial
gtiains of S,typhimurium were wild type, nutritionally

non-exacting bactaria.

{1) -V jrrsdiastion as mutagenic AEeN

e method was similar t¢ that used by Adelberg and
Nyers (1953). An overnight broth culture of ihe wild type
bacteria (0.02 ml.) was inoculated into 10 =l. of L¥

liquid medium and incubated for 2 hours with agitation.
The logarithmie phase culture waz diluted in the zane
medium (wWithout glucose) to an optical density eguivalent
to 10! bacteria/ml. The suspension in = shallow layer,
1-2 mn. deep, was irradiated with U~V light from an
Cliphant 25 watt germiecidal lamp st n diztance of 42 om,
for 1% mins. Unéer these conditions $3.8 % of the bacteria
were killed. Innedintely 1 ml. of the irradiated sus-
pension wee incorporated in 6 ml. of LH agar snd plated.

vpotective layers of 7 ml. and 5 ml. of similar ngay

above z2nd below the suspension, were included., After
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7 hours incubation, penicillin mixed with 6 ml. of LM
agar wags added. The concentration of the antidbiotic was
adjusted to give 200 units/ml. after diffusion into all
ihe layers. The plates were refrigerated overnight
befors incubating them for 24 hours. L¥ medium (5 =ml.)
was added with sufficient penicillinase to give a final
concentration of 500 units/ml. and the plates reincubated
for 48 hourd. All bacterial cclonies appearing at this
stage wore marked and a final 5 ml. of nutrient agar was
superinmposed in a thin layer, Colonies sppearing after
18 hours of incubstion were carefully picked and analysed.
The nutritional deficiency of the mutgnts was det-
ermined by replica plating onto L mediunm supplemented
with various combinations of growth factors, =as in
Kuudewits, Vielmetter and Fredrick-#reska (1958).

(2)

The procedure was similar to that reported by
Loveless and Howarth {(1959). i nutrient agar plate was
streaked to give a confluent sheet of growth upon incuba-
tion. The bacteria were scraped off into 10 ml. of O.1H
rhosphats bpuffer {pH 7.0) and washed twice in the sanme
diluent by centrifugation at 3,000 r.p.u./ 20 sins. The
final pellet was resuspended in 10 ml. of O,4H ZM3 and

iumediately kept &t 3?° * 4n a water bath for 20 mins.
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Under these conditions, 99.7%¢L of the bacteriu were ine
activated. An aliquot was withdrawn and diluted 1/100
into Trash broth. After overnight incubation, approp-
riate dilutions 5f the suspension were spread on nuirient
AZAr plates. Hutritionallye-execting muiants wers det-
ected by replication o winimal medium. Their growth
requirerants werse determined by replica plating on to
pinimal pediue suppiemented with various pools of growth
factors as in "Selected methods in bacterial genetics®

{1963;, The eomposition of the povla were:w

_.{ (X 'L ia ,;:":n _;53_. il i.
Eo.
G adenine guanine cysteins nothionine thismine

T higptidine leucine isoleuncine valing ivsine

yi

8. phenylalanine tyrosine trypitophane threonine proline

o glutanic serins slanins gepartic erginine
oy ezample, if an isolate grew on pools 2 and T,

ther its growthr reguirement was Tor leucine.

Jeleection of araw mutsnits of S.ivphisuriue 25 His-
— e 3

The euliure wvas treated in an identical manner to

that depcribed previously for the selection of nutritione
nlly-sxacting mutents with EUS, However, the mutuagen-
treaziod suspension was menipulated gifferently after over-
night ineubation in Lroth. 10 mi. of this broth was
centrifuged @ad wasbed twice in sallne and bthe final

pellet waa resuspended in % ml. of ninimal medium
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supplemented with histidine and arabinose as the carbon
BOUTCH. The suspenaion was incubated for 5 hours and

0.1 ml. aliquots were added to tubes containing 5 ml. of
the same medium with penicillin {300 uniis /al.j. after
overnigni incubaiion suitable dilutions of the venicillin-
trented celis were then spread on ZMB arabinose medium,.
ira- mutants wers plcked and purified by twe singlie colony
reigsoliations on $he same mediunm, Phe freguency of ara~
by this procedurs was 0.09 5. i aingle mutant was tested

for its orisinal markers to confirm its identity belore

using ir experiments.

40 ml, of overnight broth culture vere centrifuged
at 3000 T.p.m./20 mins. The pellet was resuspended in
0.5 mi. of saline., ©O.1 ml. aliquots were then zpresad on a
series of minimal agar plates containing galactose za the
carbon source, supplesented with histidine. at the end
of %-4 days of iucubation, galactose utilizinz nutants
were vpicked and purified by 3-4 aingle colony relsolations
on the game medium. The frequency of gal+ zutants was
about 2 x 10~'°, 4 single clone was checked for its

orizinal markers %o coanfirm its ddentity bafors use.

Transfer of colicinogenic factors to non-enlicinogenic

bactoris

The J.typhimurius atrains 5 His- and %7 were each
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made colicinogenic for factor I by mixed growih with
Uetyphimurium cys =36 (I The transfer of fasgtor H1
jnto 05 His- and 37 was also attempted by mixed growth

with eys D-3%6 (BE1}. The metnod was sim=

ilar to that used by Oseki a% al., {1962). A loopful
{from covernight broth cultures) of each of the golilcin~
ogeni¢c and nos-colicinogenic bacteria uas inoculated

into % sl. of {resh broth. after overnighi incubation,
the mixed culture was diluted znd plated cn zeleoctiive
sedium ( minimal supplemented witk histidine for U5 Hise;
minimal supplemenied with nicotinic wcid for 371 Folle
owing 4& hoursg of imcubaiion the plates wsre replics
plated onto plates of She sane aedium. The seioalesn
growing op the replicass plates were tegted for colicline-
producers and colonieg corresponding %o colicinogenic ones
ware gicked fromw the maater plate. Phase Wwere purified
by two asingle colony reisolations bafore teoting for zhelr
original markzera to confirm their identity.

2% His=- apd 37 were sach also made solicinogenic for

factor ©1 by mized growth with Z.coli OL 138(st). Hixed
growth wee performed as described above. Ok 156(L1) waas

Liited by the sechnigue deseribed by Heynell (1952,

R

That is, the oulbure was diluted 1/50 in a preparailon of

i

eoiicines B and K and lncubated Tor 2 houra. Gelicinog~

snic recipient closes wers isoiated by plating itne
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colicine-treated culturs in a soft agsr layer {Fredericqg,
1957) and purified by single coleny reisclations on nininmal
mediun supplemsnied with the recipientts growih reguiree
went aaz deseribed for the imolation of Tacter I reciplents.
Pheir identity waa confirmed by testing for their original
markars,

doiicines ¥ and 2 conasisted of an egual mixiure of
the shloroformad broth sultures of eys C-7(K) 2nd eys
n-36(R), srepared as deserited by ‘rederiecy (1957).
Dissolved chloroiform was removed by bubbling sterile air

through the mixturs,

b. Hegombinatiorn Trocedures

fighteen hour cultures of the bacsteria to be nated
were separately wazhed twice in paline and adjusted to
give an sprroximate donor: vrsgivient ratio of 1 t¢ S. The
dnnor consisted of =z hroth eulture while the reciplent was
a confluently streaked nlate culturs. £liquots of the
donor and vecipient were directly plated tozether onio
rlates éf gelective mediunm. As controls, thaey were
singly »late2d onto the sama medium. The plates weve ine-
cubated 485 - 72 hours hefore thes recombinanis were snumer-
ated.
Colieingzany-nedisted recombination

"he method of preparation of the mizture of enlicin-
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gzenic factor I and 21 dcnors was identical %o that des~-
eribed by Czeki and Howarth (1961;). The recombination

procedurs per se was modified glightly depending on ilhe

freguency =i recombination. shen recombination was
detsctable the procedure reporied by UOzeki =and Howarth
{1961 was used, ‘wen it was not debectable, then the

dosor snd recipient mixture was incubated for 30 nins.
Hepe the veciplent caelis in the wixture werse Z=3% timeas
in excess of donor cells instead of the 50 ming. incub-
ation of an egual number of donor and recipient cells as

wos uged by Uzeki anid Howarsh {1961}, hen recombination

was not detectable with the Czeki aud Howarth teennigue

The ovhags was
wiid types in liguid mediua, by the standard techuique

deseribed by sdans (1959). The lysates were clarified

,,. ' : 5 a , L+ by
by centrifugation. Thip was heated at 56 ¢ for 30 oins.

and tested Tor sterility by inpoculating C.1 ul. azliquots
inte broth and chserving for turbidity alier incubeiion,
Tha ohapge waz assayed or donmaor baetsariz by itne agoar layer
meihod {Adams, 1999). The titre waa fouand to be about

G
7T x 107 plague forming anits/ml.

The Lrensduction protecol wes siailar to that desc-

ribed by Farness and Howley ( 1956:. Ta 3 mi. of an



overnight broth euliture of S.typhisurium 5 Leu-, ¢ mi.
of fres: broth was sdded and incubated for ¢ hour. To

i @1, of thisz eulturs an eguanl volume of phage susraasion
waa added. The suitiplicity of infectiorn was sbeut 10.
is @ eonirel, mroth was added instead of phage. The

mirtures ware incubated for 1/2 hour before diluting ten-

Al

fold with hroth and reincubating for s further 3% hours.
Shey were then washed twice in LM medium (vwithout gZlucose)
and made up to 1720 of the original volums. 0.02 ml.
aiiquots were spreaid In Aupiicate, on LW agar medium for
the nelaction of zrotobropis. The plastes wera ingubated
for 42 hours before ths recoabinanis ware countad.,

s, Yirujence titration of buebogia

Tegt znimals

In 4ha study of the genetic bamia of virulence, nale

mice of the Bagg strain were used. Phe anizals uged in
the experimenis weighed betwsen 16 - 22 gm.

in the atudy of the genetic and immunelogical comp-
syison, beitweer J.iyphimurium o5 wild tyve and C% Lzuwe, a
ghrain of Swiss vhite nice was uset. The aunisnals used in
sxpsrimenis weighed betwesn 18 - 22 gne Mele gand Yeamale
pice wers used st randor but emeh shallsage group canglisted
af eithsr males or femalesn.

Tirulencs testa

h

“poups of 10 mice were chellengex intraperitoneally
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with edither 9.2 or 0.5 mi. znounts of differeni dose
levels of bumcterla in saline. Tanediately before
iniection viable zounts werc performed from suitable di-
iutions of the inoeunium. The inzculum was prepared {rom
18 tour broth cullures. Cumulative deaths were recorded
daily for 28 daye and the %0 % lethal dose {1D50) was cal=
culated by the method of Heed and Muench {1938).
Jirulence $sresn test

ir order to aconomize on the use of mice, a ncreen~
ing procedure for detecting the loss of virulence waz nsed.

3 waecteria per

only a single dose level of about 5 x 10
mouse was a2mployed as the challenge in groups af 10 mice.
Otherwise, the method was similar %o the virulence tests.
4., JImsmunological sn owth determining procedurss,

Clearanes of P’ - labelled bacteris by the reticulo-

Tne technique was essentially that deacribed hy
Bioszgi, Benacerraf and Halpera (1953},  The bacteriu were
labelled as described by Jenkin (1962).  fice wvere injec-
ted intravenously with 2 x 10” 1abelled bacteriz/mouse.
The rate o7 clearance was sxpresgsed ag the phagocytie

index XK.

A

Lage, = LOog%
,.,095 i io.‘fg g

t, = &y

where O, and €, are the conceantration of tne haocteria at
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times ti and t2 in ming. respectively.

Determinstion of the bneterieidal power of Ifrech normnl

serg of different enimgls

Overnight cultures of bacteris grown in broil cont-

aining 25 7 horse aserusn {inactivated nt §6° o for 30 nmins.}
were diluted 1/5 intc fresh medium of $he same composition.
They were incubated for 3 hours oa a shakaer. This was

4

diluted to give about % x 10" bacteria/ml. and O.1 ul. was
gdded %o 1 1. of diluted gerusr Trox the warious animalis.

411 dilutions wars made in 1/100 L¥ sediun {without giueose).
The bacterium-serum nixture was mainiained at 370 2 4dn a
vater-bath, st O, 26, 40, 60 and 90 nins, aliguotz vere
withdrawn and 0.02 ml., pipetted onte a auadrsat of » nui-
rient agar »late using & atandard droppling cipatte, The
plate was gently svirled and allowed to dry. The plates
were incubated at 360 ¢ for 18 hours before enumerating

vacterial colonies.

dacpolytic conplement sssay

Somplement was assayed according teo the methad of
Eabst and Maver (196%1).
intraperitones] survival of bacteria

Iin all exreriments 1,000-4,000 organisns weres inject~
ed intraperitoneally into s series of mice. At time in-

tervaly aice wasre sacrificed and the peritoneum washed out
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with fluid medium as described by Whitby and Rowley (1959).

ihe viable count of the washings wae iken deternined.

in overnight broth culture of the ovganisms ¥as
e , g . -y
diluted 1/10 iz saline to give about 107 bactaris/ml.
Ge% mle of this suspeasion was treated with an aqual vole-

ume of diiuted serum for 20 mins. at 27 O

In scwe experimenis sera used Tor epsonization had
previousaly been absorbed with wacteris. “op thie purpose,
6.9 ml. of 3 z 10° bacteria/al. of heat killed [iwc hours

%

in 2 steam-bath) or viable bacteris werz treated with an
, -

equal volume of undiluted serum for 30 aine. at 4° Ca

The serum was freed of bacteris by centrifuging at 5,000

P.Befie fOr 20 wming.

Growth =

in overnight broth ecuifursg of the bagteris was
diluted §/50 into fresk brolxn gontaining 10 » pousse gerun
{unheated) im srleaneyer Ilssie and genily agitated in &

e D : "
waber bath at 37 C. 4% %time intervals alicuots ware

withdrawn and their viabie count determined,



GREWPIE ALD INMURCLOSTID COUPARISON OF S,TYFHY

STRALNG 6 +ILD TYPE AND C5 LEU-

4s a preliminary to the study nf the genetic basis
of mouse virulence of 3.typhimuriuam strains, the {5 wild
type strain was treated with ultra-viclet irradiation to
obtain nutritionally~requiring mutanta. Twanty auch
mutants were isclated and they were checked for their
virulence. The mutants had different nutritional re-
guirenents and all of them, sxcept one, had the same order
of virulence as the wild type. Phis one mutant, U5 Leuw,
was found to be between 6,000-10,000 tinres less wvirulenk
than the parental strain (Table 3). The Table also
shows that the mean %ime to death of mice 48 much longer
in the case of the mutant than in that of the wild type.
3ince the {5 Leu~ strain was presumably obtained from the
0% wild type by mutation, 3t was thought of interest to
determine in detail the resmons for the difference in
mouse virulence between these two stralna. However, it
was firat necessary to gstsblish that the former was in
fact derived from the latter. if it was otherwisme, then

a neaningful interpretation cannoct be made for the diff-

erence in virulencs between thene tvo siralns.



Zzcterial atrain Lus0 Hear time to de&thg
Getyphimuriuvm 05 wild type B il bacteria 8 daysa
" 58 Louw 6 % 104 o $t7 *®
Yrototrophic transiuctants From 1-5% x 104 H# {6

the 05 Leu~ sirain (25 isolatez tasted)

Bpefers to mean time to death of mice at a2pproximataly the LDSO level,
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In vitre charseteristies and derivation of 5 hipurium
¢o Leu=

| On solid medium, the mutant was colonially indist-

inguishadble from the 0% wild type. FThey both appear

snooth by direct or itransmitted light. inen the resige

tanee or sensitivity pattern of these tvwo strains %o a

nupber of wvirulent and temperate bacteriophages of

um was exanmined (TPable 4), it proved toc Ye

jidentical. I+ was distinguishable from the pattern

exhidited on 3, s strains 3R305 or K206 wild type.

#ven fhough a muamber of phages produced lysis on all the
S.typhimurium strains, the lytic character on the &5 Leu~
and the C5 wild type strains was identical and these were
quite distinct from those produced on the H206 wild type
and SRE30% strains. In addition, C% Leu- had an idenw
tical pattern of sugar fermentation %o the G5 wild type

{ Table 5). They were distinguished from a number of
other Salmonella strains. 31lighsly different results in
the fermentation reactions of C5 lLeu~ and C5 wild type
were reported in a publication {Rrishnapillai et al.,
1963), 1In it fermentation ability was determined by
growth on EMB sedis containing various carbohydrates. The
two sugars - arabinocse and xylose wsre not fermented on

%¥B media by both % lLeu~ ani 0% wild ¢ype, whereas in



TABLE 4

BaCRORICFHAGHE TYSTE PATTHAN OF S .ZYPHIMURIUM

JERAINS

Bacterial 8430 THY FB. R B, 8162 239h HZI TE TH 8. 7B,

strain 49 "1 01 Jersey 4% Baul i 41 1 A4 Atla 3D b2 03

C5 wild type - & - + - - - + - + + +

W206 wild type = - - + & + + - 4 + +

SR305 - - - * “* + + + 4 + e
4+ = lysis produced: ne lysieg produced
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Zsabony 041444 + + + + + % + + * n.d.

+ = fermented; = = not fermented; n.d, = not done
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liquid medin (Table 5) they were fermented. why the C5
atrains fail %o give sn indication of fermentation of the
two sugars in EEB medium is not clear, That they de
utilize zrabinose and xylosze as carbon sources in minimal
medium was confirmed by their ready growth in such medium.
At any rate, either on 3MB media or in ligquid madia, the
Satyphinurium strainas C5 Leu- and C% wild %type have an
idontical resction sattern, From these results it was
concluded that the C5 Leu~ sirsin was derived by mutation
from tho 05 wild type.
frangduction of prototrophy to S.typhimurd C5 lLeus

Phe next aueation of interest was whether the rale
ative avirulence of the (5 lLeu- atrain was due to its in~
ability t¢ gynthesise leucine. Bagon st al.,($951) had
eariier shown in their work with J.typhoss that purine,
p-aminobenzoic aeis and aspartic aeid requiring strains,
whieh were avirulent for the mouse, could be restored to
full virulence by reversion to prototrophy or by incor-
porating the specifiec growih factor with the organisas
during nouse challenge. Another mathod of restoring vir-
ulence to avirulent, nutritionally dependent basteria was
to transduce them to prototrophy with pacteriophage, 186
ghown by Purness and Rowley (1956) with S,typhimurium

adenine-devendent, avirulent strains. Hence the (5 Leu-
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atrain vas transduced to nutritional independence with
phage FLT-22, The itransduction frequeney for leut+ was
found to be about 16™% of treated recipient bacteria.

25 purified prototrophic tranaductant clones were then
tested for their mouse virulence. Table % shows that the
transduction of prototrophy to C% Leu~ fails to restore
the full virulence of the 0% wild type. In addition,

the mean time to death of mice c¢hallenged with the pro-
totrophs is similar to the C§ Leu- atrain. Thease resulis
established that the leucine regquirement of the mutant was
unrelated to its avirulence. This means then that the
relative avirulence of the C5 Leu~ may be due to an inde-
pendent mutation which cccurred in the parental ¢5 wild
type strain swhile selecting for the nutritionally requir-
ing mutant. Therefore, the two strains were further

atudted to determine the existence of any growth-rate or

antigonic differences,

Before an animal dies of 3J.1yp

415 known that the organisz must havs attained an snormous
bacterial population. ivirulence could thorefore be due
to & slower growth rate of the mutant, 28 was ln fact found

by Hobseon {1957 with str-r autants of 3.typhimurium which
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were relatively avirulent. fe found that the mean gonar—
ation time was svproximately 3-7 mina. longer for the str-r
sutants than for the parentsl, virulent organiesams=, Howw
ever, Fig. 1 showse that C5 wild type and U5 Leu- have very

gimilar growvih rates when grown in the presence of 10 7

BouUsSe Serullt.

The rest of the-experimental work was designed to
exélorﬁ the possibility of any antigenic differences zxigt=-
ing beiween the wild type and the mutant. It hzas bheen
sstablished that opsonic Tactors leading to the uptake of
these bacteria uy the reticulo~endothelial system are one
af the smajor determinants of virulence and host suscept~
ibility (Jenkin and Rowley, 1959). One would expect
important antigeniec differences of the parasite %o bg in-
2icated by altered rates of phagocytosis. Pherefore, the
rate of clearance of S.tvphimurium C5 wild type and C5
Leu~ waB measured in mice, The results are shown in
#ig. 2, indicating that no significant differences were
apparent. This implies ihen that the =mntigenic compos-

ition of the two ztraine is very similer.

Bactaricidal powey of fresh normal sera of wvsriousg

Fpesh normal serum has ths potentilal capacity o



FIGURE 1  GROYTY GUAVES OF 5,TYPHIMURION C5 wILD TYFH AND €5 18U

3
R ——

The slopes of the regression lines between 1«5 hours werse
caleulated before estimating the wmean generation time (m.z.t.).
S ¢5 wild type, m.g.t. = 23.49 nmins,

0 (& 35 Leue, Heate = 235,41 nins.
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FIGURE 2 IRZRAVEHCUS CLXARANCE OF P32 v LABELLAD BACTLRTA

The rate of phagooytosis ia exprossed as the vhagoeytic indsx X,

G G 0% wild type. K = 0,020
X i 05 Leuw, S = 0.025
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¥ill miecro-organiame and the components partaiing in thisg
jnsectiviation are antibody and complement (Kabat and Hayer,
1961). The recent work of Michael, whitby and Landy
{1962) has confirmed the belief that in the presence of
excoss complement the efficiency of this systes is grop-
srtional toc the content of antibedy directed againgt the
n0" gomatie antigen of the susceptible gram-negative bact=
aria, Hence the C5 wild type and 05 Leu- wers tested
against a varisty of aninal sera to determine whether a
differantial killing activity was exhibited by these sera.
The data in Table & shows that no differences were obaerved

even though complement was present in adequate amounis.

and C5% leu= ovel

50 far, no sajor difference bhetween the 5 wild type
and 05 Leu- had been established which may explain the
jowered virulence of the C5 Leu- strain. 3ince the dist-
inction in virulesnce beiween these strains war firat a2st-
ablished while titrating their wmouse virulence, 4%t was
jecided to follow the survival of the two strains after
intrazeritoneal injection into mice. Two greups of 120
mice each ware injscted intraperitoneally with about 5,000
baeteria per zouse of the wild type oxr of the nmutant
organism. At wvarying times, two mice were withdrawn Trom

the pecl, killed and peritoneal washouts dones with 1.5 nl.



Serunm Counlerent aativitya dacterticidal tig;eh
G% wild type 45 Leuw

Human (Blood group B) 120 units / ml. ™ 4
Stumpy-tuiled ligard 50 . ¥ 5
(Trachysaurus rugosus)
Rat 220 » - -
Guinea pig 690 - - o
Rabbit 70 " = =
rig 60 " - -
Red kangaroo 40 " ! =

(Macropus rufus)

C blal 3
Expresmed sg 507 lsemolyitic units,

b = o P % » o *
Sxpressed as the dilution of serum produeing 507 killing of the inoceculum in %0 ains.

(=) Demotea no killing even at a ¥+ dilution of serns.
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of Hanks' balanced salt solution containing 5 units/ml. of
neparin (Weller st al., 1952). The total number of bact-
eris recoversed was epumerated by viable count. The rege
ults of the two mics were averaged. #1lg. 3% shows that

the in vivo growih ratem of the two strains are not dist-
inguishable up %2 about 10 =12 nours after challengs.
Between 12 and 24 hours the numbers of the avirulent strain
deerensed below the level of the chsllenge dose, bdut foll-
owing this decrease remain at a fairly coastant level for
21 days., In the next 7 days there is a gradual decrease.
¥utant bacteria were still recoverable in very small num-
bers on the 28ﬂ%ay of infection. The numbers of mutant
bacteria in the spleen and liver on the 14th day of in-
fection was of the same order as found in ike geritoneun

at this tinme, On the ﬁther hand, the C5 wild iype cont-
inued o incrssse rapidly for about 24 hours after challenge,
at which time the difference in bacterial numbers between
the two etrains was about 100 fold. Though tha wild

type increcsed mors slowly after the #irat day, it iz to
be noted that the actusl number of viable bacteris only
represents the survivors of the infeatlion, asince from

about the third day mice began to die in increasing numbers
and theae have not been taken into account. The figures
for percentage desth refer to other exveriments with the

same challenge dose of the 05 wild type and are inserted



TETRLPRRITONESL SURVIVAL OF O, TYCHINURIUK €5 4ILD TYis ARD
¢S LiU= OVER 4 28 DAY PERIOD

The arrowa on the %time acale indicate the times at which sers
were collected {rom mice, initially challenged with the mutant.

$ $ {5 wild type.

samaRa

E kA 0% Leue,



% RECOVERY (LOG SCALE)

PERCENTAGE DEATH
i | 1
2 30 & if Ti Tl
10° - l l l -
[ ]
104
[ ]
10°- o
..:.
[ ]
A X X
° X X
j« X X X
of X
102‘I>f X
; " X X
X X X
10
X
B ) . T I ; - — / 2
0 B : i 3 . 7 é T L —
9714 21 28

TIME IN DAYS



60

to indicate the probable percaentage deaths of mice which
would have occurred in the present experiment if none had
been withdrawn for washout.

Iintra itone surviy af s.tynhimuriuvm €S L1d ¢

From mice

In this series of experiments a differentiai rate of
¥i1ling of the two strains vae sought for under ¢onditions
when they were pro-opsonigzed with gpecific antibody.
Ungbsorbed {-.4~ and 14-day nogee serun

4iy mice were withdrawn from the total pool of the

experiment {shown in Pig. %) 1, 4 and 14 days after the
conmengenent of the experiment. The mice were bled and
the gera from each group of six were pooled. Bagteria
were opsonigzed with various dilutions of these gera and
their survival in the peritoneusm of normel mice over a
pefia& of two hours was studied. The serum taken {from
mice 1 dey after infeotion with C5 Leu- behaved like
normal mouse NHerum. That is, bacteria treated with such
sera were not apprecisbly killed. This is similar to
the survival of unopsoniged bacteria. Howeaver, the 4~
day serum greatly inereased intraperitoneal killing %o a
degree similar to that obtained with t4~day aerun, Figs.
4 and 5 indicate that no major difference in the intrae

peritoneal survival of the two straine exista when they



IETRAPERITONEAL SURVIVAL OF S.IYFCIMURTUN €5 415D TYVE

FIcURZE 4

¥ 0 Unopsonized.

A A Upsoniged with normal mouse serum (final serum dilution of
1/10),

Ai__X Upsonized with 14~day serum (finsl serus dilution of 1/10).
Half~life = 28 uina.

¢__ & Opsonized with t4-day serum {final serum dilution of 1/100),
Falf=life = 34 nins.
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JIGURE & INTRAFSRITONEAL SUAVIVAL OF S5, TYPRIMURIUM C5 LEU-

B

X X Unoapsoniged.

A A Gpsonized with normal mouse serum (final serum dilution of

1/10).

(] ©psonized with 14-day gerum (final serum dilution of 1/10}.
Half=life = 34 nins,

¢ (psenized with 1i~day serum (final serum dilution of 1,/100).

Half-life = 52 minz,



100,

(37v3S 901

AY3A023Y

%

120

100

80
IN MINUTES

40

20

TIME



61

were pre-opsonigzed with unabsorbed serus, In Plgs. 4,
5,6 and 7, the half-life refers to the time for 50 o
reduction in bacterial recovery, starting from sero time,
Therefore, the effect of pre-opsonization with absorbdbed
gers wes next studied.
14~ BT f absorption with C5 wild type bacteris
The pooled 14-day serum was absorbed with 0,% wl.
of 3 = 109 bacteria/ml. of viable tiid type baecteris and
this sbasorbed serum was used to preopsonize grganisnsg
vefore intraperitoneal injectlien into mice. It vas found
that 2 good deal of its activity against both strains had
been removed (Pig.6 }e dhen, however, the same suspsnsion
of the 0% wild tyre was killed by heating a% 100° ¢ ror
two hours and a serum absorption then cearried osut undew
the mams gquantitntive conditione as with the living bact-
eria, the results shown in Fig. 7 were obtained, That is,
the half~life of the 25 wild type was 94 =ins, whereas
that of 0% Leu- wgas 24 mins. I% was of interest that the
14-day serum had negligible amounts (1eas than 1/8) of
agglutinating antibody aganinat both living strains.

Digeugsion and Conclusion

the relative avirulence of

Lod

syphimurium €5 lLeu~
was found to be unassoclated with its growth-requirenent
for leuoine. Tnis was shown hy the resulte of the irans-

duction to prototrophy of €5 L, 14 waps noet possible



. g . SURVIVAL OF O, TYPHIMURIUM Ay 08 1Bl
APTSR OPSONIZATION WITH 14-DAY SHARUM PREABSORBHD WITH YT14ABLH 4I3D

TYPE BACTHERIA

G 0 08 wild type. Pinal seruws dilution of 1/20.
Half-1ife = B8 mins.

b X 25 Leu-, #ipal serum dilution of 1/20.
Halfelife = 94 mins.
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SL.UYPHIMURIUM €5 WILD TYFZ AND €5 LiUe

SBTER OFSONIZATION HITH 14-03AY OSHRUN PRELBIORBED WITH Hual-KILLED
HILD PYFE BACTERIL

X__ X ¢5 wild type. Final serum dilution of 1/20.
Half=life = G4 ains.

Ae—fp C5 Leu~. Final serum dilution of 1/20.
Half-life = 24 =nins.
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tc detect readily any sniigenic differences hetwaen the
mutant and 4ts virulent parent strain by studying the
intravenous clearance of radiosctive bacterin (Pig. 2}
and baetericidal tests (Table 6 }. This contrasts with
the findines of Jentin {1962, whe showed that the hlghly
avirulent S.typhimurium strain M206 wild type was intra~
venously cleared ten times as rapidly as S.typhimurium 05
wild type. Phe failure to deteet differences by the
hactericidal tests may be explained if thers were no
natursl antibodies to the antigen or antigens ghich difl-
ered in the ¢% wild type and ¢5 Leu- strains in the wvariety
nf sera tested, The lack of detection in clearance
rotes may indicate a different reason Ior avirulenge of
the C5 Leu=- mtrain in comparison to J.typhimupium ¥206.
Gwen though tho in vitro growih rates of the tvwo
strains were found to be simiiar, their survival charact-
sristios (¥ig. 3) im the peritoneum indicated that ths
0% wild type wae able to incoresse in nunbers raplidly,
while the muiant remained =t a fairly constant level.
By about 24 hours, post-challenge ., the nuabers of wild
type buaeteria were 10C fold in excess of those of ithne
zutant, I+ appears therefore, ihat the relative avir-
ulence of the {5 Leu~- strain =zay be due to its 1nab1}1ty
to incresse rapidiy in the mouse peritcneur which would

be necessary for the eventual killing of the hoast.
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Further differences between the two siraine were
found uveing imnune sera. 3erunm from mice 4 days and
14 days after challenge with (5 Leu~ was found to posssas
opsonic factorz or antibodies as demonstrated by a grestly
inereased rate of phagocytosis and killing of bacteria
pre~treated with dilutions of this serum. This activity
wxs apparent against both the strains used but when the
antibodies against the common beai-ztable components of
the "0" gomatic antigens of these strains vere removed by
absorption with suspensions of heat-killed hacteria. the
absorbed serunm still oossessed nost of its opsonic activity
tovards the % Leu- asiraln. This suggests that there is
& 4ifference in some antigenie eomponent cithur than the
hest=stable "0" somztic antizen complex of the two strains.

Phe assumption was nmade that there was only = single
shange in the genetic structure in zddition to the loss of
the ability for leucine synihesia. if ao, this change
is reaponsible for the antigenic difference which consegu~
ently deternines ihe difference in viruleace batween these

twvo strains,



Ohaptar 5

ISCLATION OF CHRUMOSOMAL DONORR oF

VIRULBEHT 5TRAING OF 3, TYPHIHURIUN

When one studies the capacity of different airains
of Sulmonells to produce diszase and kill aice, these
haeterisl strains could be conveniently subdivided into
groups nn the basis of their lethality for the noat uni-
mals. Table 7 ahows = representative number of strains
and their lethal capacity for mice as msasured by their
1050 values {the number of baeteriz necessary t0 causs
s 50 ¥ iilling in groups of challenged animals }. The
atriking feature apparent from the Table is the gmall
aumber of bazoterin {less than 20 baoteria) sof the
Setypinimurium straina G5 wild type, Bri, 37 and 826G
whieh cap cause disense and kill mice. Iin sontrast, io
produce the same effect, 250,000 « 20,000,000 times more
bacterias of the S.typhimurium strains H206 wild type,
3%1292 and the J.abeny strain JW1444 are required. The
former zroup of strains is therefors, referred to as belng
hizhiy virulent fox the mouas, The latter are referred
to as being avirulent, The S.tyohimurius strains SR305
and (5 iLeu~ are partially virulenl or avirulent zince

they pecupy an intermediste position in the scale of Y
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4BLE 7 HUUSs VIRULENCL OF

Gneterial sirain

050 (bacteria)

Setyrhimuriun 0% wilé type 5 -« 10
= Bri <10
“ 37 (20
i G245 {10
A
3.typhimurium 52305 5 x 107
A
B Gf Lete 6 x 10
Sebyphbimurium 1200 wild $vpe S 4 1&6
i j 282 i = 3{)?
S.abony 1444 1 x 107




values shown in Table 7.
Freliminsry studies

Phe meouse viruience of S typhinmuriug strains nay he
studied by sn examination of the genetics of wirulence in
ecrosses beitween virulent donors and aviruleni recipienta,.
it would invoive an amnalysis of the recoablpants arising
from genetiec crosses using zenetically mavked yirulent
donor and avirulent recipient combinations. Therefore,
what was peesded were chromosomal donors af wirulien?
strains of S,typhimurium. 4 number of virulent sitrains
were aveilable for study {Table 7). since a tollection
af different, singly-auxctrophlce mutanis of the 2% wild
type sbtrain were initially ebtained {ses Table 1), this

atrain was studled more closeliy.

Is preliminary mating sxperimenta it was found ithat

srotoirophic recoxbinants were not obtained {lezs than

e}
o

1% ° gf recipient pasteria) zhen zomplementarily-marked,

single auxoirophs of 15 wild type were crussed with cach
were

pther. ﬁeithegﬂprutatrephic recoublnants obiained in

erosses beiwearn muiants of U5 wild type and compleuwent-

arily~marked auxotruphs of the mouss aviruient siraln,

£20& wild type iTable T/. This irdicated that sirsin G5

did not posses: a sexual compatibility frang-work of
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recombination similar to strain E~12 of 3.goli. {Jacod
and ¥Yollman, 1961;. Hence it was presumed that strain

€5 was not P+ or Hfr in the sense of donor in H.g0li ¥-12.

ate Hir donor derivatives of S,.typhimurium

iz diseussed in the literature survey in Chapter 2
uiyake {1962} was able to isolate an Hfr donor from an ¥~
derivative of strain LT=-7 (possecssing the mutator zene)
of S.typhimuzrium, by ercgsing it with the Z.co0li ¥-i2 0fr
Pavi=6. Sinilarly, an Hfr donor was isolated from strain

TH-33tr-r=2 of S.bypuimuriunm (Baron et al., 196%)., Frior

to obiaining the donors, it was shown by thepe workers
that the Z,typhimurius recipients were highly fertile with
h.coli K~12 donours. ?herefore, the (5 strain of S.typhim-
arium, either the wild type or its mutant derivatives, wan
exsnined to ses whether it szected as & reciplent (f=) for
genetic mabterial frosm EZ,g0li K-12 donors. The rationale
for tais approach was the hope thail svenitually donor
derivatives of mtrain C5 may be isclated, vomsessing the
Hfr characteristic of Esegll K-12. such donor sirains
of 05 could then be used in the gonetic atudy of wirulence.
Therefore, the fi,golik~-12 Hir #1895 (met-, lac}
waz mated with the S.typhimurium €5 wild type {(prototro-
sate, lac-), seiection being made for lac+ recombinunte

oz minimal medium contalining lactose as the carbon gsource.
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Though lae+ is transferred at very high froguency by this

%.coli donor into Z.c0li %~12 ¥~ strains {Baron et al.,

1959s) no such recombinants were obtaineé¢ (less than 10”10

4

of recipient bacteriu). This indicated that U5 wild iype

o

m

Aié not readiiy recombine with the £.,g01d donor. sven
thougr 1% failed to cross with F1895%, 2 histidine requir-
ing mutant of U5 w#ild type, C5 His~ {hig=, Lac-) #us

mated with the 4,c0ld F=12 Hfr P4X-C {met-, iag+) for lac+
recombinanis. The gelective medium was sinimal, supp-
lemanted with histidine »lus lactossz asw e carbon gourcse.
Strain F3X-6 wasz the same donor that was used by Hiyake
{(1362) and Baron at al., (1963, in their isolation of Afy
donors in 3.iypaimurium. They found that selection for
1nc+ resulted im the cotrensfer of the Hfr eharacterisiic
into the 3almonells since the sex factor {$} was loeabed
close 1o las+t and these narkers were ths last to be Lranee
ferred by this Hfr, sgain a negative result was abhtained

in the cross hetween F4X~5 and 05 Kige.

“nis result was not surprising asince sven the transier of
the lead marker {lae+) From ¥1895 into strain U7 wild Sype
was not cwserved. 4imilar results wers obitained using a
sumber of other L,oeli K12 Hfr astrains anﬁ sither other
mutante of straiam 05 wild type ox strains Br1, 37 and 526
as recipienis. Thig indicated that these virulent strains

of S.kyphimnrium 4i4 not behave in the manner thag vas
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dispiayed hy the L¥=T7 P~ mutator possessing or
Prwd3trer-2 straing of S.typhimurius.

P~ infectibility of S.typhimurium strain U5

The next approach was to attempt te infeet

Seiyphimurium C5 wild type with the F.coli ¥-12 zex factor

{F}, =8 was accomplished by Zinder (13%60b) with 3.typhin-
urive LT-2, e transferred the s,coli ¥-12 zex factor

by sulturing contiguously an Z,g91i1 M+ strain with sirein
LTw=% on ERB ngar nedium devoid of sugar. Red staining
areas were shserved at iLhe junctions of growilh of the
#.001i and Salmonella. frow theste areas, ke wap able to
isoiate P+ dacteris of strain LT-2. PFrom an initially Fe
infected LT-2 atrain, 4inder zubsegquently isolaled Hfr
donors from this S,typhimurium. “hen this was aitempted
between S.ivrhimurjum C5, either wild Lyps or its nutant
Jerivatives, with different E.coli P+ oxr Hfr donors, the
red ztaining reaction was not cbaerved. ¥either was 1t
sean wher LT-2 wild type was tested with Z,eoli donors.
Zhy the ataining was not observed here is not Enown eap-
ecially ss Zinder noted its existence uot cnly with sirain
17=2 but slso with 5 wild type strains of Z.typhinmuriunm.
Since the basiz of isolation of ¥+ derivatives of Sainmon~-
ellz was dependent on the observation of the stalining re-

action, it wasz not possidble to isolate ¥+ derivatives in

gtrain <% of L.typhipurium.
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Recipient capacity of S.typhimurium C5 strains with

Salmonella Hfr donors

The experiments between S.typhimurium C5 and E,coli
K-12 donors showed that this S,tyohimurium strain vas
either unadble to recombine with H,coli or that the methods
that have been successfully used by othersin different
strains of S.typhimurium were inadequate in attempts to
obtzin chromosomal donors in C5. Kot being able to
obtain Hfr donors of virulent strains, it was wondered
whether the genetics of virulence might be studied by an
exanination of hybrids arising from crosses between avir-
ulent deonors and virulent recipients.

Therefore, the strain C5 was examined to determine
its mating potential with Salmonella donors. Two
S.typhimurium HWfr donors were used, One was SR30%5 which
was the Hfr isolated by Zinder from an P+ derivative of
gtrain IT-2, The proximal markers injected by this Ufr
were ile+ and leu+ (Zinder, 1951). The other was 15-11
which was isolated by Baron. The lead markexr for this
Hfr was pro+ (Baron et al., 1963). 4 number of single

nutritional mutants of S.typhimurium C5 were crossed with

these two Hfr straing. With the crosses involving SR305
a slightly modified mating procedure to that described in
Materials and Methods was used., Overnight broth cultures

of the donor and recipient were diluted 1/10 into fresh
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broth and incubated for 2 hours. The rest of the mating
procedure is as deseribed in Baterials and Hethods, in
eroagses between SH305 and (6 recipients, the donor to
recipient ratio was 13, #ith the other Hfr, the mating
procedure described in Haterials and Hethods was used,
mabie 8 shows that the O5 recipients were compatible
witt the donor strains tested. These experiments indlc-
sted that the mouse virulent S.typhimurium C5 strain was
capable of acting as recipient for ehronosomal material
from 3,typhimuriun Hfr donors. The question was to use
donor strains that were avirulent for the mouse. The
1LD50 wvalue for the SR305 was 5 x 104 bacterin. This was
not markodly less virulent than C5 recivients. (Tables 14,
1% and 16: Chapter 7). The Hfr 15«11 had an LB%0 z¢>106
bacteria. This appeared as a suitable avirulent donor
that could be used in crosses with 3.typhimurium C5 rec-
ipients. “pior to such studies, recombinants from the
eross i~ Hfr 15-11 x C5 Het- were examined for the poss-~
ession of unselected markers frem the donor since extensive
transfer of chromosonral material Wwould bhe necessary in
studies on the genetic basis of virulence, Therefore,
100 purified recombinants that had initially obtained the
selected marker met+ wers exanined for the donor markersa
rha+ and inl+ . tiot one had received rha+ or inls. YHowe

ever, when & larger number 2f nen-purified reconmbinantis



T-BLo 8 SCOABIEXATION BeTUSER S TYPUIMURTUE 0 RECTIFINT, AHD S.OYCRIMURTUR HFR 2OLORS

Regipient sirain fo. of vrototrophic recombinants obiuined with each lIfr donor
31305 15=11

C5 ile~ 5,000 2,000

085 lLeuw 1,500 | Nneds

C5 Try=- 200 nede

€% Adow 3] ne.d,

05 HKetw n.d, 5 4000

CH His- n.d, 1¢0

The contraselecting marker against Hfr SR305 wasg hise-, The contraselecting markers
against Hfr 15=11 were pro-, arge; ura-.and leu~-. The nuamber of racombinants obtainad was
approximate and the number of donor bacteris plated was between 5-10 x 10 . In ¢rosses
with 3R305 the recombinants were selected on unsupplemented LM medium. In crosses with
15=11 the recombinants were selected on unsupplemsnted minimal mediun with glucose as the
¢carbon aource.

ne.d. = not done
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were studied, a few had received either rha+ or inl+.

The low linked transfer was surprising especially for the
markers mets and rha+ since these are very cloee to each

other (Palkow, 1963). This system for the study of the

of the genetic fsctors controlling virulence was, therefore,

abandoned.

S.typhimurinm
strains

T"his form of recornbination has been performed by
Dzeki and dowarth {1981) in sirain LT<2 of S.iyphimruiun,
In their systsm, the colicinogenic faetcrs I and B were
used as the promoterz of chromosome iranafer, An advante
age of the aystens is that recombination for donor parkers
snywhere along the chromosome occurs with equal frequency.
1f eolicincgenic donors of wirulent atrains of Setychimuring
were obtained then ths genetics of virulence may be studied
by colicinogeny-mediated recombination with non-colicino-
genic, avirulent J.typhimurium strains. Therefore, the
S.typhipurium strains €5 dAis- (D50 = 2 x 107 bacteria;
Table 14) and 37 {(LDS0 = <20 baeteria; Table 7) were each

made colicinogenie for factors I and 1,

a5 HYige and

The trsnafer of colicinogenic factors I amd £1 into

these virulent strains of S.typhimurium is deseribed in



¥aterizls and ‘ethods. 2otk the virulent stralns were
fivst deterrmined to be non-colicinogenic zs tested ngainst
the ccliciﬂe tndicater sirain W2586. T"able 9 shows that
the results of the transfer of the 1 and B1 colicinogenie
faetors inte strains ©5 fia- and 37. It indicates that
the 1 and £t factors can be successfully tranaferred into
these atrainz. The transfer of £1 4into ¢5 Hise~ from the
5,typhimurjum eys D36 (£1) donor was not done since the
frequency of transfer of El by this donor inte strain 37
was not datectable { <0.05 ¥}, The tranafer of factor I
into S,typhimurium 37 was very high and correspoends to
that found by vzeki ot al., (1962} in the transfer of
factor I either from 3.senped ¥9 (I, £2) or S.typhimur

eys H=36 (I) intc S.typhimurius cys 0-36 Str-r by select-

ing the recipient in streptomyecin medium, The transfer

of feesor I into jJ.typhisurium C5 His- scourred at a fre-

quency of only 25 % which was about half the frequency of
trancfer inte strain 37, This is equivalent to the freg-
weney found by Meynell {1962} when the recipient wasa
S.enteritidis aand the donor was 3.typhimurium ath-5 (1)
which was another colicinegenic dexrivative of strain LT-2,.
Phe transfer of factor 51 froa 3.typhimurium cys
p36 (i1) into strain 37 was not detected although the
B,c0li K«12 eolicinogenic donor 0L136 (21) transferred

21 tnto strain 37 at a frequency of 2 ». The gresnter



TABLE § PTRANSFAT Gf QoLICIRoGERY PROM COLICTNOGHNIC BOHEQR STRAINS M0 HOB-DOLICINOQRUAIC
L . A M — e e o o e P
Do TYPEYWURIUM RACIPINNTS BY MIXELR CULTURS

Donor of e¢olicinogeny Recipient of colicinogeny
colicine percentage
strain predused strain selected by eo1ininosenhn’
Setyphimuriup cys D-36(1) 1 37 nutritional 52
markerh
" eys D=~36(%1) ER | 37 " £ 0.05
- eys T=36(1) I 5 Hige " 25
" eys u=36(31) ok | 0% Higw " nnt done
Fecoli L1136 (51) B4 37 colicines B 2
snd ¥
. ¢L136 (31) it 5 Hipe " 0.2

for transfer of colicinogeny ( sce Haterisla and ¥ethods).

23
Refers to percentage of rgeipient c¢olonies whieh wers made colicinogenic,

bRefers to selection of recgipieant in minimal medium supplemented with its growth

requirement { see Materials and Hethods),
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capacity of the ji,coli donor to transfsr o1 is analogous
to that reported by Czeki et al., (1962) where the same
doner was 100 times meore efficient in tranaferring the 51

factor into S,typhimurium than was transfer of By from

colicinogenic to non~colicinogenic derivatives of the sane
S.typhimurium LT-2 strain., Yerhaps as suggested by
czeki et al., (1962) the presence of tha sex Tactor {P) in
the §=aggg donor strain may assist in the greater transfer
ef the 21 eolieinogenic factor,

It is also apparent from Table 9 that J.typhimurium
05 Hig~ is & poorer recipient than S.typhimurium 37 in
termas of its ability to receive sither factor I or #t. 1t
is not known way daifferent strains of bacteria behave diff-
erently in their capascity to aet as recipients for golig-
inogeny. It may be due te poor conjugatlon or inptability
of wolisinogenie factors in certain reciplent hacteria once
they have been transferred.
Genatie recombinatiogn mediated by ¢oldcinogenic factors I
and 41

At any rate, ihe possession of wirulent, colicinogenic
donors in H.typhimurium nropmpted an attempt at chromogomal
recombination as has been done by Uzeki and Howarth (1961},
The eross that was of particular interest in virulence
studies was between 5.btyphimurium 37 as donor and 3,typhim-

prium 3¥1292 as reoipient. they differed in any geunetic
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markers (Table 1} which will obviously be useful in ihs
study of tne segragation of markers in any recombinanta
that may be selected. ¥ore importsntly, strain SW1292
was avirulent (LD50 = 1 x 10? bacteria; Table 7) and hence
well distinguishable frowm the virulence =f straim 37

(LD50 = <20 bacteria, Table T). Further crossee of
interest were between S.tvphimerius ©5 His- as colicinog-
enic doner and S.tychimurjun straiza 175 (I) and H206 Ser-
as recipients. The recivients in this case were avirulent
(1950 = 10° = 10° baeteria) although their precize LDSO
levels were not initisnlly determined. The 285 Hias« strain

was virulent (LD50 = 2 x 133

bacteriss Table 14), Tae

5 Tieu- reciplent strain waa only of intermedizte wirulence
(L850 = 6 =x 1Q4 bacterias Table 7), and thersfore not of
great nse in viralence studies using the 0% His- as the
virulent donor sirce the distinction in virulence deitween
these two strazins was not very marked,

Prior to recombination experiments, the colicinogeunic
strains werz checked for the stability of their collicinog-
enic characters by testing on the indicator strain {w2586)
for colicine production. The method of vreparation of the
mixture of colicinogenic faotor I and £1 donors wan ident-
jeal %o that desceribed by fzekil and Howarth {1961} . The

technique of recombination is deseribed in ¥aterials and

Hethods. The results of reconmbination experiments are set
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out in Tanle 10. It shows that genetic racombiaation
was only detected hetween Z.typhimurius 05 Hig— goliscino-
genic donors and S,typhimurium 85 Leu- as recipient. In
every other combination, recombination for a number of
different marksrs wsas not detectable. The frequency of
recombination in the intrastrain C5 combination was comp=
arable with the frecuency cobtailned by Uzeki and Yowarth
{1961) ir inirasirain recombinstien in Z.typhimprium LT-2.
The freguency #as also similar to that found by feynell
{1762) in intrastrain cclicirogeny-mediated recombination
in Seenteritidis. the lackz of intersirain recombination
reported hers is similar to thati obperved in inter-
gerotypic crosses invelving c.enteritidis az donor and
5.4yphoss as recipient, although very low frequency (10’9/
pecipient cell) recombination was obtained when the recip-
jent was G.typhimurium LT-2 (Xeynell, 1962). A probable

ressen for the Tailure 175 (1) to act as

recipient may have been the Tact that it wae itsell colic~-
isoganie for facier 1. "he other recipient strains were

£11 non-c¢elicinogenic, Therefore, atitempts were nade to

isolate a non-colicinogenic derivative from strain 175 (1),
in overnight broth culture was diluted in pornal saline %o
give about 104 bacseria/ml. The suspension was irradiated
with uitra~violet light. tinder these eonditions there was

about 1¢ » baeteria gurvival. 1% wag then diluted into



TABLE 10 COLICINOCENY e HoDIATHD GHNETIC RACOMBINATION IN U EYFEINGZIUE STRAING

oo o Sl T

C5 His=(I} and 25 His-(u1) 25 Leu~ leut minimal 3 x 107
" " M206 sere ser+ " <z x 10”1¢

o ® 175(1) AT+ miuimal+supplemantab <2 x 10”10
37(1) and 37(E1) 541292 ara+ winima1+au§p1ementsc {2 x 10“10
- L " rha+ " . 2 > 10”10

" " B @als " " ¢2 x 10”10

" " y Xyl+ . " <2 x 10~1°

" " i gal+ " " <2 ¥ 1019

" n " pro+leu+ minimal <2z 10-1°

The €5 His-(I) and C5 Hie-(&1) donor wzs contraselected by the hige or hise =ni gtr-s markers.
The 37(I) end 37(31) donor was contraselectel by the nic- =2rd str-s markers.

a, . .
ixpressed in terms of recipient bacterias,

b?he medium wasz supvlemented with 4soleucine, proline, iryptophane, threomine an+
gitreptomycin with glucose as the carbon source.

®rhe mediux was supplemented with proline, leucine and streptomyein with the selected
carbohyvdrate ans itne ¢arbon source,
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fresh broth and incubated for 2 hours. Suitable aliquots
were spresd on nutrient agar plates to obtain 50 single
colonies / plate on incubation. The ensuing clones ware
examined for non-colicinogenic bacteria by the test for
production of colicine. iith this method no non-colicince
genic derivatives (less than 0.1 ¥} of strain 175 (1) were
obtained, It is, thersfore, not known what sffect factor
1 has on penetic recorbination when the recipient ia colic-
inogenic for thig factoer.
Digeussion and conclusion

Tn this Caspter, asome nmouse virulent strains of

typhimurinam were studied with the view t¢ obtaining

5]
3.}

chromosomal donors which could be used in the genetic d g
termination of wirulence. vttempts to produce Hir donors
were unsuccesafil since the experiments with the i,goli ¥-12
Ufr donors indicated that these straine were unable to re-
corbine with strain E-12,.

1t was found that the virulent strainm C% acted as
recipient (F-) to genetic material from S,typhimurium Bfr
donors. Tovever, this asystem was not pursued furthsr
sinne one of the ¥fr donors wzs not sarkedly leas virulent
than the 05 recipient strsins, while the other Bfir donor
rarely tranasferred mor: than the aelected =marker whleh seant
thet exteneive regions of the bacterial shromosonme could

net be eazily 2xamined for assveiated ghanges in viralence.
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Solicinogenic fasetors I and ¥1 were eachb success-~
fully iransferred into virulent 3,typhimurium strains
5 lig~ and 37. enor preparatiors of 0% fis- were cap-
able of chromosoumal recombination in intrastrain combinstion.
That is, #1th 2% Leu- sy recipisnt. fgwaver, 311 inter-
gtrain vcombinations teated faniled to produce recombination.
"he reacoens FTor this inability were not determined. 1%
would appaar from the work of fizeki and Howarth (1961) in
5.typhimurius LT-2 and that of Meymell (1962) in S.enterit-
idis thet intrastrain recombination mediated by colicinog~
enic factors zan occur fairly readily, whereas intersirain
or interserotypic recombinstion 1s either very low or
absent (Meynell,1962). The reasons for the very low or
sboence of recombination ir combinaticne other than intra-
strain cairs iz not knowe. 4t least the progcess of con-
jugsiion itself dces not seex ¢ be impaired gince in exper-
iments between wolicinogenic S,enteritidis as denors and
S.typhosa nz recipient, Neynell {1962; roported that there
w2s very high frscuency iransfer of the colicincgenic I ang
%1 factors in the ahsence of detectadls recombination. The
most likely explanation ia that processes following conjug-
ation aras inmpaired.

in any case, the lack of colicinogeny=-nediated

reconbination betwesn virulent and avirulent atrains of
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S.byphimuriun sxamined here, meant that this form of re-

combination could not be used for the ganetic study of

virulenos,



Chapter 6

GANETIC ARCORBIRATION BRTAEEN S ABOHY &R

PR dsrann

344444 alp 3, TYPHINURIUM G5 STRAIKES

S

Ir the last Chapter it was seen that it was not
possible to study the genetics of mouse virulence because
a suiiable recombination system beiveen virulent and avir-
alent strains of S.typhimurium was not svailable. Table 7
{see last Chapter) shows that the LDSO of S.abony S+¥1444
is 1 x 108 bacteria and that of the J.typhimuriun straine
05 wild type, 37 and 62¢ iz iesz than 20 bhacteria. 1%
wac therefore, decided to deteraine whether those virulent
straina would met =s recipients for senatic zaterial from
the Z.abony AfF donor 3¥1444. If they d4id, then 1t was
hoped that the genetics of virulence might be studied using
the avirulent donor and ons of the virulent rscipients.
Hfr 4W1444 is identieal to JS.gbony Hfr 3WiI3N (Haxeln,
19638). Strain 391391 was one of 7 Hfr domor derivatives
of S.abony whiech “ikelsd (19632) isolated aftor S.abony
strain 74 was made P+ by contaci with an 7+ donor of
Hsc0ll R-12, she found that 561391 was very stable and
shat it behaved like a typical 2,011 E-12 Hfr whersas the
other Hfr donors wuere unstable. sut to ites atability, and

the fzet that it was the best in respect to the numbers of

recosbinanta produced with S,sbony recipients, SWit444 was



a technically favouradble Hfr atrain To exanine, for iis

donor ability to viruvlent rvecipients of S,typhimurium,

virulent straine of o

In preliminary mating erperinents it was found that
3W1444 recombined with the 3 .typhimurium straing 37 and
620 to forw nic+ recombinante at a frequency of aboud 107>
per donor c¢ell. The rocombinanis were sclected on aminimal,
unsupplesented medium. the unselected marker inl of these
reccmbinants was anzlysed »y replica plating recombinants
direetly from the selective aedilum onto minimal medium with
inositol as the carbom source. About 1 % of the recombine

%y

ants were found to be inlv. when U5 His~ (a derivaiive of
S.typhimurium ¢S wild type) wasm mated with SW1444,; hise
recombinants were osbtained at a frejueuncy of about 10_% per
donor cell. The selective medium was unsupplemented, min~
imal mediunm, 7he unselectes warkers inl and rha of the
prototrophle aybrins were anelysed by replica plating rec-
ombinants directly fros the sclectlive medium with inositol
or rhanncse as the carbon source. about 1 ¥ of the hybrids
were inl+d and about 5C 7 of the hybrids were rha+.
Encoursged by these praliminary results, which indic-
sted that the S.abany Efx 541444 was capable of asexually

regonbining with the virulent strains of 3

the o5 strain wes chesen %o study in greater detail its



jum €5 strains with

S.abony Hfr 341444

& number of mutants of strain C5 (Table 1) vere

erossed with Hfr 3Wi1444., The results are presented in
Table 11, it shows that all the erosses were productive
sxcept when the rocipients were 08 Cya=~ or 0H 4arg=—. The
order of gene transfer by Hfr 541444, aa evidenced by the
gradient of transmiasilon, is compatible with that founa by
wire1s (1963%a) with the same 3.abony domor into H.zbony

reclpients.

rggﬁwianﬁs

i recombination experiments with JS.abony, Hikela

(196%a) reported that the frequemcy «f transmission of lead
markers by different Z,abony Efr donors into S.abony rec-
jpienta varied between 0,02 - 2 Fe It was of intersss
therefore, to determine precisely what the freguency of
transmission was of the lead warker arat from J,abony

Afr 591444 inte 3.typhimurium C5. This was of interest
since the freauency of iptrastrain recombin stion is gener-
ally reported to be considerably higher than the frequency
found in non-intrasirvain recombination (Falkow st al.,1962;
Brron et al., 1963). Therefore, the H,abony Hfy was mated

with the S.typhimurium recipients C5 His~ Ara- and the




GHADTEAT R T2ABIVTIAT0ON OF RAf¥ -5 Fa0W U, ABCNY RER

S5¥1444 TG

S.TYFHIHUAIUY €5 SECIPISNTS

Recipient Supplementa sdded to Selected Frequency per
strain minimpal select mediun marker donor cell®
C5 Fis~ Are- arabinose® and histidine ara+ 1 x 10™2
05 Leuw glucosab leu+ 1 x 1072
05 Hig- glucose’ his+ 2 x 10”8
¢S5 llew= glueoseb ile+ 4 x ?O"v
05 Vale gluco&ab val+ 2 x 10°7
C5 Mimm rhamnose® and histidine rha+ 2 x 1078
o5 Hiew inositol” and histidine inl+ 2 x 1077
C5 Cyaw glucoseb eys+ L2 x 10"9
C% Arge glucoseb arg+ {2 x 10“9
Crosses were performed by the mating procedure described in Materials and Methods. The

Hfr contraselecting markers were arom~ and net~,

The frequencies refer to thes

approximate number of reconmbinants obtained by the standard mating srocedurse.

a?requeney of recombination

bﬁarban

adurce
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hytrid 5 His+Ara-str-r. The hybrid was ohtained from
the crosa: J,abony Hfr x 3,typhimurium % His- Are-,
initial selection bheingz made for the his+ donur marker.
The hybrid received the str-r marker us the unsgelected
asrker. The mating procedure was mpodified from that dea-
eribed in material and Hethods sc that mating took place
in broth as was used by ¥akela (1963a;. The results
obtained would then be comparable with hers. The vroced—
ure was ss follows: 10 ml. of overnight broth culture of
the donor and recipient were centrifuged and the pellet
resuspended in fresh broth., The dJonor wap adjusted %o

g%acteriaf

2 x 10& bacteria/ml. and the recipient to & x 10
nl. Equal velumes of the donor and the regipient vere
incubated together for 2 hours with agitation. Suitabie
aliquots directly from the mating mixture were then spread
on selective media and recombinants were enumerated after
48 hours incubrilon. The frequencies of recombination
ware computed from the viable count of the donor and the
pecinient whiech was performed ismediately prior to mating.
The resulte are shown in Table i2. It is seen that the

transmission of the lead marker ara+ ooours with = Jrequency

of between 0,02 - 0.03 5% into .both She 5,%

recipienta. In comparison, Hakela (19632} founé thei the
same j.abony Hfr itransferred the marker leut {whieh is

elesely linked o ara+) with s fregueney of 2 7 into S.abony



DABLE 12 PRECUSECY CF TRANSMISSION OF PH. LEAD BARKER ARAs+ BY S.4BONY HFPR S41444

INTY S TYPHIRURIUK CF ABCIPIERTS

Recipient Suppleoments added to Selected Freguency per
atrain winimal seloctive medium marker donor ce1l?
€5 His= srvra= arabinoaeb and hizgtidine ara+ 1.8 x 1Q'4
¢S His+ Ara- Srers aruhinoseb ara+ T.0 = 10*4
The mating orocedure is described in the text, “he donor to recivient retio was 1:20,

The #ifr contraselecting markers were arom- and mei-,
&® .. a .

“requency of recombination.
b,

Carbon gource.

<]
Hybrid obtained from racombination of J,abony ffr S41444 with Z,typhimurium
£H Hig~ Ara-~. I+ initially received the donor markers his+ and atrer.
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reciplents, Though this freguency is about 100 times
higher than in the eross involving j.abony andé S.3yphimur-
ium ¢5, the freguency obtained with the H.zbony =
S.typhimurium U5 crosses is still within the range of re-~
combination freauencics observed in F.zbony,

Linked treusfor of markers

Setyrhimurivm CF recipients

The next ouestion was whether ithe hybrids, obtained

from crosses between S,abony Hfr SWi444 aad S.tvphisurium
recipients, had only received the selected zarker or
ahether more exiensive tranafer had occurred. Recombinants
eriging from the three JS.typhimurium regipiente.~ C% Hige,
05 His~-Ara~- and 5 Ile~ were examined for the presence of
unsejicoted markers., Table 13 shows the segregation of un-
selected markers in the hybrids. It indicates that
markers Tairly widely separated may still be transferrsd
intoc the C5 recipients, though the frequency of transier
of more than a single marker was low. The close linkage
of the locus for rha+ to the higs was unexpected buil this
mey be a refleeciion of the uneven pairing compatibility
alonz the chromosomes of the ZS.sbony donors and Deltwpnimurium
0% recipients.

The Salmonella chromosome map is shown in PFig. &,
which indiestes the relative position of the yazrionsn

markers ussd in the croamses: .abony Bfr z SZ.typhimurivm



LINKAGSE OFf UNSELECTHD BAfXua3 1N CROvS=S USING J.ABORY HPR SWid44 aND

R e A L e S

S, PYPRIMURIGY G5 RACIPIENTS

Reciplent selected Percentage frevuency of unselected narkers from donor
strain marker‘ arst str-r | rha+ | inl+ Hi=b HZme ni, %

¢5 lis=- his+ fied. 4 40 5 4 g

05 lis= irae hia+ 4 2 24 O Tetde Naeida

45 Ile- ila+ n.d. 7 36 2 n.d. n.d.

(ne hundred reconbinants of the indicated selected marker were scored for the unselected
Barkers shown, “he flagella 5 antigen determinations were performed on 50 recombinants,
obtained from the orogs with the J.trphimurium €5 His~ as recipient.

n.d, = not done
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It shows the location of the genetic markers used in recombination
experiments between J.abony Hfr strain 5¥1444 as donor and
Setyphimurium strains C5 Eia=, (5 His-ira-, and 05 Ile- as
reciplents. The loeil in parentheses indliecate that the loeation
¢f the marker in relation to the neighbouring markers has not been
determined precisely. The inner line refers to the ordsr of
transfer ¢f nmarkera by the S.,abony lifr,
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his
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recipients (C5 Hisw-, 5 His-ara- and U5 Tle-). Only the
markers of relevence in ths genetic study of virulence
(see next Chapter) are shown. It has been constructed
from the nmapping done nmore sxtensively in Salmonells by
swith and Stocker (1962), #ameld (1963a), Falkow 2% al.,
(1962), and ¥aikow {1963}. The relative positions of the
various loei are based on the $,g0li ¥-12 map (Jacob and
Wollman, 1961). The relative positions of the markers
are aaaunad for the purpcse of identifying the regions of

the chromosome whlch are asgociated with virulence in the

strain (5 of S.typhimurium { see next Chapter).

The previous seciion showed that markers other than the

seleoted marker may be detected 1n the hybrids. It was

of obvious importance to determine whether the hybridsg were
stable and not segregatiag, partial heterosygotes. Phis
phenomenon is common in interspecies hybrids studied in
octher snterie crosses (Baron et 2l.,1960 ; Palkow et al.,
1962}, 1t was particularly necessary tc agscertain the
gtability of the hybrids since if they were segrogating
heterozygotes then the results of any hybrid's mouse wirul-
ence may be diffieult to interpret. This is uspecially

so since virulence titration gxperiments continue for 28

ARYE» The mouse would obviously provide a seilective



environment for the expression of the virulencs gene somp=
lex of 3.typhimurium C5,

Therefore, S.typhimurium &5 hybrids which showed &
jeerease in viruience {(see next ¢hapter) were examined ror
tne genetic atability of thelr other narkers. Initially
durines the purification of the hybrids 1t was observad that
thay were colonially stable and did not appear %o show any
heterogeneity. fior 414 they segregate eslonial variants
on non-salective mediunm {nutrient agar) as was the case with
segregating neierozygotes (Baron et 2l., 1960; Falkeow st
al., 1962},

agfore the etablility of various donor markers in the
nybrids were further teated, the hybrids were first grovn
iz broithx so that growth in suck non-sclectlve angdiue would
encourage the segregation of donor and/or regipient alleles
i¥ the hybrids were unstazble. seeombinants were elther
streaxzed or sprsad to obtain s large number of =zingle col-
onies. teplica vlating was used o transfer clones Trom
nutrient agar onto differential media. The 1ie+ and Bia-
markers vere studied by replicsa plating cliones from nut-
rient sgar onto minimal unsuspienented medium. The BiED~T
marker was examined by replica platiag fron autrient agsr
onto nutrient agar supplemented wit: gstreptomycin,. Lith

these markers the segregation of recipient alleles wouid be
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indicnted by lack of growthk of certain clones on replicate
plates wher these plates ars compared with the zaster
rlates. The rhe+, inls or ara+ mariers were exanined by
replics plating colonies from nuirient agar onito¢ Zndo rhae
mncse, Endo inositol or EMB arebincse wediun, reapectively.
7heae carbohydrate markers wers also tested by streaxing
hybrid cultures on the sass indicator media. irus o the
differential ataining of colonies orn such medin it would
be possibie to detect any segregation. I% wes found that
no marked instability wae observed vhen 206 = 500 singilie
colonies of each hybrid were axamined{leass than O. 5% seg~
regantal.,

Tn sddition, in the came of the hybrida that were
titrated for their mouse virulence, samples ol the chall-
enge inoculas were also tested. again there was ne evid-
ence of instubility of the other marikers.

pypther confirmation that the recombinants wvere
haploid was obtained from the following finding. “This
concerns the hybrids poaseaaipg the Hi=h marker fror lthe
donor (Tables 14 and 17; Chapier 7).  The hybrids before
beinz tested for their flagella asntigens wure yrown in
brots and slso ecultured twice in appi-~gsolid sger wedium to
enhance their motility. These medis being non-seleciive
would snccurage thg expression of scgregant clones. Tuat

im, if the HWi-d hybrids wers heterozygous for the H1 locus
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then they should segregate Hi1~-b (from the donor) and Hi-i
{frowm the recipient) bvacieria. Therefore, if such hybrids
wers tested in anti-b and anti~1 sera 3hen they should be
agglutinated in both seral But the 3 Hi-b» hybride only
agzlutinated in anti-b sers and not in anti-i sera. B Oww
ever, becauzs »f the small mumber of hybrids receiving the
Hiwb and none recaeiving the H2-e,n,x markter froz the donor,
a larzer number »f hybrids ware not available to atudy

extensively the ztabiitity at the 1 and B2 loei.

In this Chapter, it was noted that the nouse svirulent
Seabony Ufr zirain 391444 vaz capable af sexual recombination
with the virulent 3.byuhimurium strains €5, 37 and 626G,
Hutant derivatives of the 35 strain wers 2tudied in greater
detail in recombination experiments with “Wi444. 4 number
of the 05 derivatives were {ound o be erossable with the
vepbony donor. lecombination took place even for the
dlatal marker {inl+) of the iransfer sequence of the #fr,
although ai very low {requency. In sddition, marikers fTalr-
iy widely separated on the chromosome were 5till <ranslerr-
able gonjoinily inte strain CS5. That 5 derivatives werse
in fact recipients to chromosomal meterial frow the J.,abony
donor was puggested by the fact that the majority of hybrids
34111 retsinsd ths marker charactericstics of strain 05. 3y

analogy with the S.poli X-12 fertiiity system, sirain ©5 is



therafore P= or female in comparison %o 5W1444. nalvais

af the atabiiity of donor alleles in S.kyphimuriun €%

reciplents indieated that the hybrida were stable an avidm
anced by the laek of segregation af alleles. Therefore,
they ars true haploid racombinants, Hovevar, the rase?-
yatior has to bs made that the recombinanis way be highly
stable, persistent partiasl heterozygoties which were not
detectnble under the sonditiens of teatins that were

gmployad.,



Jnapter 7

o YIRLULENSS OF HYBRIOG FRON GROSISJ BuT [ Z&N
A AP e A O o

AR

3. ABOHY HPR SWi444 D B,TYFHIVURILE GO RECIEYSHTE

In the laet Chspter it wss established that the
3.abony Hfr atrain 541444 reconbined with J.typhimuriuem C5
recipiente. The faet that regsmbinants vere obtained
which had received extensive pleces of the donor chromosome
meant that the opportunity now existed to study the geneties
of mouse virulence of 3.typhimuriuz U5. The LDS0 of the
Senbony was 1 = 1@8 brooteria (Table 14}, whereas the LBSG
of the S.typhimurium 45 reoipients was 2 X 1G3 or less than
50 bacteria (Tables 14, 15 and 16)., Therefore, the avir-
ulence of the n,abony donor was distinguished from the vire
vlence of the S.typhipurium CO recipients by a faector of bu=
tweer 50,000-2,000,000 in teras of their LD50 values. The
doror and the recivient were sufficiently z2like antigenie-
ally to make meaningful comparisons of the virulence of the
hybrids with the parental strains. Thet is, S.abony has the
Kauffmann-ihite antigevnic formula 4,5,12: b-e,n,x and
Se.typhimurium has 1,4,5,12: 1=1,2. Therefore, the diff-
erent classes of genetic hybrids shown in Table 13 were
systemmatically exonined for their mouse virulence. The
viruience character was studied as an unselected marker in

the hybrids.
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OF NYBRIDS FROB TEE CROSS: . .iBCKY HYR S¥1444 x o TYPRIMURIUY g8 150

-

Bacterial iybrid classea Ko. LOR0 Relative
strain donor narkersa recipient markers tested (bact) LESQ%
541444 (donor) = - - 1x10° 50,000
€5 Hig-{recipient) - - - 2x10° 1
hybrids ﬁisb str rha inl H1 HZ 6 <5x105 1
bisb 1 str rha inli H2 2 452103 1
: : 5
b { 2x10; 100
hia® str rhs inl HY1 H2 2 ( 21195 100
hia® rha atr inl B1 H2 3 <5%10° 1
b
b (1 <5x%107 1
inl his str rha ( ( Exﬂos 100
4
(2 ( 2z10” 100

The H1 and HZ markers of the 4inl+ hybrids were not teated.

aﬁxpresaed as the ratic of the LD50 of the strairz under ceonsideration to that of tbe
LD 5C¢ of strain €5 Hige.

h
¥urker selectsd {row donor.
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CLAJCHY HFR 341444 X &

TABLE 18 VIRULSECE OF DYRITNE FROYT Y
Baetaerial Hybrid c¢lasszes Ho, LREC Helative
strain donor markers reciplent markers tested {bact; LPBOa
5i1444 (donor) - - - 3::108 2,000,000
05 Hig-ira=- - - - <5x10! 1
(rescipient)
hybrids nig® ara str rha inl 3 < 5x10° 1
o
his® str ars rha inl 1 1x10” 2,000

aﬂxprea&ed sz the ratio of the LDPS50 of the atrain under consideretion to that of the LRS5O

of strain 0% Hisge Avge,

b
Karker selected from donor.



VIRYLUNGE OF SYBRIDS FROE TH

x 5. PYVHIMURIUM €5 ILE-

Bacterial Hybrid classes | Wo. P50 Relative
strain donor markers recipient markers tested {bact; Lpso”
3% 1444 {donor) - - - tx1oa 2,000,000
05 1le-{recipient) - - - <‘}x101 1
B , 3
hybrids ite str rha inl { 19 <5x105 %
( 1 1210 2,000
11e® rha str inl 16 {52107 1
( 2 <5x10° 1
B g ( 2:%02 406,000
ile atr rha inl { 4 ( txi0. 20,000
( ( 3x1og 6,000
( ( 710 14,000
b 5 ,
ile str rha inl 1 6x10 12,000
ileb ini gty rha 1 <5x103 i
ile® rha inl str } 1x10° 2,000

S

anpressed as the rakic of the LD 50 of the strailn under consideration to ithat of the LLSO
of atrain C% Ile=,

bﬂarker selected from donor.
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Obgervations on the deterzination of wirulence

The donor strain of S.abony ia completealy avirulent
for the mouse (Table 14), being unable to multiply or prod~
uce infections in this experimental aninmal. 1% is lethal
for mice only when & sufficiently high dose {about 10°
haeteria) is injected to produce Soxielty. thus, when such
a high ¢ose level is used, & large sroportion of mice succ-
umd to the endotoxin effects within 2-3 days {(sndotoxic
denth), no further deaths ocecurring afiex this vceried. A4S
1ittle as a five~fold ~aduction in the dose, hovever, nrod-
ueces very Tew if any, deaths in the mice. The 05 strainsz

g, on the other hand, are highly virulent as

is shown in Tables 14,15 and 16, ©he sortality in groups
of mice injeoted with even small doses of bacteria of the

25 astrains 1= progressive with time, commencing A=5 days
after challenge and continuing thereon until the termination
period of the experiment, usually 28 days. & sharacterisg-
tie difficulty in LD50 determinations with the ¢5 strains ie
that of obtaining satisfactory 50 % end-pointa. In the case
of 3. tyvhimurium 26 Hig—Ara-, for exgaple, a challenge dose
of 60 organisms produced 7/10 deaths, 60C organisma resulted
in 6/10 deaths and 6,000 organisms also yielded 6/10 Zeaths.
ihile these results can be taken to indicate that the LDSO
of the 05 strains is less than 50 organisas, ocecaslonally a

dose-response nortality curve is obtained from which the
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1050 can be calculated as in the case of the ¢5 Hisw atrain
1isted in Table 14. A11 the hybrids of pariial avirulence
ghick were studied, however, display a nortality curve that
ig dose derendent.
Virulence goreening

Instead of determining the LD50 of =2ach of the many
hybrids betwesn S.,abo Py 591444 snd S.typhimurium €5
recinients, a screening srocedure for the initial daetection
of loss of virulence was used (see Materials and Eethods).
Uaing this nmethod, all hybrids still retaining wirulence
behaved in a similar wmanner to the originas)l recipient straln
of Z.kyphimurium. That 1is, #it:k a challenge dose of app-
roximately 5 = 10§ bacteria, 50 = 100 % mortality occurred
in these mice; hence theuse hybrida were considered to be
virulent. Tn Tables 14, 15 and 16, the LDSQ of guch hy=-
brids is entersd as being L% x 103 bacteria., Un the other
prand, the S.abony donor or any partially avirulent hybrid
produced 0=10 % mortality with the same doac level of
challenge organisms. oply those hybrids exhibiting a
partial avirulence Dby the scroening procedure were tested
to determine their precise LD50 values {Tables 14,15,16 and
17). The last column in these Tebles axpresses as & ratio
the LD50 of the various hybride to that of the LDSO of the
virulent recipient strain of 3.typhluuriu=. This iz used

es the measure of the desronse in virulence of hybrids.
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For simplicity, the relative LD50 of the hybrids found to

be wirulent by the virulence goreening procedurs, is indice
sted 28 equal to 1 in the last column of Tables 14,15 and 16,
the 1LD50 value of the S.abony Hfr strain is included in esch
fable for eomparative purposes.

The virulence of hybrids

(s) ony 5i1444 x S.typhimurium
Pre first set of hybrids that were teated for their
virulence were the ones from the S.typhimuriup C5 His-

resipient (Table 14). The Table sets ouil the number asf each
xind of hybrid that was tested. It z21lsoc shows the donor
markers that were detected in the hybrids. The results of
the virulence tests show that hybrids receiving only the hisd,
his+Hi-b, or his+rha+ markers from S.abony are s¥ill virule
ent. But both the hybrids receiving the his+str~r rha+
region from the donor are pertially avirulent. The transfer
of the inl+ marker aloms produced two hybrids that were
partially avirulent. However, one hybrid receiving the ini+
marker was s%ill virulent. 411 the partially avirulent
hybrids have a LD50 = 2 x 19§ bacteria which in comparison
with the parental Z.typhimurium recipient is 100 tines less

virulent.



(b) Hybrids from the cross:i~ 3,880

Table 15 shows the analysis of the virulence of hy=

brids from the recipient 3 uriupe 05 Hig~Ara-. The

tranafer of tho donor segment his+ arat inte hybrids can be
seen t¢ have no effect on their virulence. The one hybrid
shich received the his+ sir-r segnent is partlslly avir-
ulent {LDSC = 1 ¥ 10° bacteria}. Tte LDSO is about 2,000
times lesa than that of the parental (5 His-ira=- strain.

The results shown in Tables 14 and 15 suggest that
the region involved in the deternination of the difference
in virulence between the fsabony donor snd the C5 reciplents
lies within the chromeosomal seguent higemestre-—-inl {=oe
Fig. 8;Chapter 6).
(o)

G.typhimuring 0D Tlew-

since the donnr geneiic material, whose transfer into
the Je.tyshimurium 5 recipsients reduces its virulence, lien
in the chromoscual sSegment Nigewmgtre—=inl, it was decided
that this segment should be looked into more closely.
Therefore, the 0% Ile- astrain was used as reciplent in nat-
inzs with the D.zbony donor. The various clssses of hy-
brids isolated from this orcess {which are shown in Table
13) were then tested for thelr mouse virulence. The

results are shown in Tadble 16, OF the 20 hybrids that had
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received only the selected marker (ile+), 19 were still
giruient. gne of these hybrids was, however, partially

5 pacterial. All sixteen hybrids

avirulent (1D50 = 1 x 10
posseasing the cliosely linked donor markers ile+ rha+ were
alse 2till wvirulent. ?he one hybrid possessing the donor
markers ile+ inl+ was still virulent. Hence the trensier
of ile+ alone or ile+rha+ o¥ ile+inl+ by the S.sbony donor
fails to produce any change in virulence, thereby elimin-
ating these individual segments from heing associated with
the observed virulence alteration. however, 4 of the &
hybrids inheriting the donor narkers ile+sir-r are partially
avirulent. fheir LDSO values range from 3 X ¥G§ -2 % 107
bacteria. The remaining 2 hybrids of this genetic class
are virulent. The hybrid roceiving the donor segment
j]l@wmmgtrpre--rha d4isplays partial avirulence (1LB50 = 5210°
bacteria). 3imilarly, the hybrid inheriting the donor
markers ile+ rha+ inl+is partially avirulent (LDS0 = 1x105
bacteria). These results Sogether with those shown in
Tables 14 and 15, indicate an associntion of the loei fTov

sty and inl with alterations in virulence. It 12 to be

noted thst str and inl are unlinked (rig. 8; Chapber 6).

avir-

ulenece in the hybridsg
Although the acquisition of partial avirulence by the

hybrids is always associated with either the stir or the inl



marker, it is elear that the reverse circumstance does not
hold true, Zvidently, & segregation of the partial avir-
ulenae characteristic cccura among hybrids possesaing the
gtr oy inl marker, 1t hecomes necessary, therefore, to look
at the process of selection of recombinants in order to ex-
plain this segregation. ¥ar convenisnce, the crosst
Seabony Hfr 5W1444 x S,typhimurium G5 Ile- is 1lliuvstrated

in ®ig. 9. It will be seen later that the aituation ig
aprlicable to the segregation nf sartial avirnlence anongsé
the hybrids arising from the nther two [.tvphirurium %
recivients s well, Rig. § diagrsmmatically illusrates

the pairing of the chromosomes of the J.abony donor and the
S.kyphimuriueg C5 Tle- recipient prior to recombination.

Thae donor is arou~ met- while the recipient is lle-, requir~
ing that & crossover take plaes between arom ani s5t? as well
as beiweer rha and met for ithe produstion of prototrophie
hybrids. In addition, 8 orossuver must ooccur beiween matl
and inl for the forzation of inl+ recombinanta. TNow, if it
iz assumed that 2n avirulence {aviiA; locus is losated on the
ehromosnme as sShown, then some among thoge hybrids containe
ing the donor chromosemal region 1le+ utr-r would be avire
ulent while others would be virulent (Table 16} depending

on whether the éraasover toox place to the right or left of
this locus. Similarly, scme hybride inheriting the dosnor

marker inl+ would be avirulent while others would be



¢ o7 oHn CHROMGSOMES OF 5.ABONY HFR S¥1444 AND S,TYPRIMURIUM 05 JlLE=

avia aviB
S.abony Hfr AT ONw strwr ilo+ rha+ me inl+
ehromosone | 1 :
i i 1
; 3 t i
H i 1 i
i i i 1
i { i i
i i i
i i i i
i i i
i b i
Setyphimurium i i | ; ; i
& . . —_— ) T 9. Y
¢5 Ile- chrowosonme arom+ gtre—8 ila- rho- mat+ inl-

The grossovers reyuired at the indicated locations, for the formation of pretotrophic
or inl+ recombinants by genetic recoumbination, whieh could lead to the segregestion of
the avirulence loci.
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virulent {Table 16) depending on the opocurrence of a croas-
over to the right or left of the position of aviB as shown
in Fiz.%. The ercsgover between rha snd met Iis not azssoCw-
1ated with virulence aince all the hybrids inheriting the
donor markers ile+ rha+ are still virulent. It can now be
seen, ag showe in F1g.10, that the depietion of two loed
controlliing avirulence in the J.abony strain which are
tranaferradle to_S.iyvhinurius, is compatible with the
experimental findings. In the light of this poatulation,
i4 is concluded that the hybrids receiving the donor markera
)3

his+ strer rha+ arising from the eross uging 3

rshimuring
¢5 Hig- aa regipient {Table 14), are partially avirulent
because thoy had inherited the J,abony allele at the avii
locus. Similarly, the 2 hybrids receiving the donor marier
inl+ are partislly avirulent because they had inherited the
Ge.abony allele al the aviB locus. The hybrid recelving the
donor markers his+ str-r from the cross using S,tyshimurium
05 His- Ara- a8 recipient (table 15) is partially avirulent
gince it inherited the donor allels at the avii locus.

?he loeation of avii and aviB on the Salsonella chromozone
that was constructed in the previous Chapter, is shown in
g1t

Laskeroagin artiall virulent hybrid with the gcaume

Wm
S.abony dcnox

1¢ is obvious from an examination of Tables 14,15 and



RIGURE 40 REPIESSHTARION OF THE CHROMOGOME OF 5. ABOHNY HPR 041444 AMD TRA SORPOSITE
DHROEGSCES OF <, PYPRIHMURIUN €6 #E2IFPIENTS

gvis »v¥iB
S.abony Hfr Lra+ Hi=b nis+ A870R- agltpmyr ile+ Tha+ mete ‘ inl+
o o 4

chromoaome 1 ! : !

$ 1 ! i

L] ! 1 i

§ A 1 t

i i i !

§ i i i

1 4 1 t

i $ ! H

i 1 I 1

t i § i

{ i i i

H 4 { i
B : vy .
5% chromosone -0 Hlwi hig= AT OB+ atr-s ilew rhge mett inlde

nYat

bifferent crossovers between the chromosomes will select for different recombinant types,
which could lead %o the azecregation of the avirulsence loci. The relative warker poaitione
are not shown but al) the genetic markers used in erosses betweon the J,abony Hfr and the
S.typhimurium 0% recipienis are indicated. For simplicity, only the erossovers recuired
for the formationpartisl, avirulent hybrids are depicted. The 5 chromosome is ahown
with ara= or are+ aince the ¢5 His- recipient was ara+ while the U5 Hls- ire- reclplent

WS ara-.

———— = CPOBBOVErs: ovi = avirulence leeil; o__.. = dlrection of gene tranafer »y the donor
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PYor marker locations see text.
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16 that the hydbrids which arae nartially avirulent, do not
sossess the completely avirulent character of the S.abony
ifr. 2herefors, additional crosses Wers performed to det-
erzine if an imitisal, pardially avirulent hybrid would be-
come completely uvirulent were it to further receive the
other region involved in the transition of virulence to
partisl avirulence. for theae siudiea, the initial hybrid
¢5 His+ Ara~ Strer (Table 15) possessing the LD50 = 1 ¥ 305
bacteris , was backorossed with the J.sbony donor, #ith
gelection being wade for the rhas sarker of the donor. Table
17 illustrates the thres genetic classes of backeross hybrids
ang the LDBD valuss ohtained with these hybrids. “he de-
erense in virulence expressed in this Table is in terms of
the orizinal unmated 55 Hise rs- strain of S,typhimuriuzn and
not by comparison to the initial partially avirulent hybrid.
his was done 8¢ that decreases may be sompared direectly
+ith those shown previously (Tables 14, 15 and 16}, 1t is
apparent that only the backeross hybrid which receilved the
inl+ region, in addition to the initially transferred sir
region, is conmpletely avirulant. Tn other words, the com-
plete avirulence of this backerocss hybrid is interpreted 2s
being due to the fack that it received the respective J.abony
slleles at both the avii and aviB loei. The other two
backeross hybrids are atill partially gvirulent since they

failed to inhsrit the S,abony allele at the aviB locus. That



TABLE 17 JIRULOUC: oF HYBRIDS #2308 THS B/ UYOROGS: 6. ABONMY HYR
g5 H1S+ ARA= 3TR~R (IRITILL BYBRTL)

5. TYPHIMURIUK

facterial Hybrid cinases L35G ielative

strain donor markers reeirient markers (bact} Lssca
S¥1444 {donor) - - 1x10° 2,000,000
&
05 fistiramstrer “ - 1x30° 2,060

(initial hybrid
as recipient)

b | 3

baekeross hybrids rhs his ara inl HY H2 3x10 60,000
#ha' inl il nig ars N2 tx10” 2,000,000
rhab era kis inl HY H2 8x105 16,000

aExpresBed as the ratio of the LDS0C of the strain under consideration to that of the L850
of straln C% HigeAraw,

bﬁarker selected frow donor.



s ]

w0

ths completely avirulent backeross hybrié of S,typhimurium
0S5 was not a chancs isoclatlon of a donor clone waz indicot-

b 2,

) % p 4%
@d by ths fasi

v that it stil)l retained the sra-, hised and
the H2=~1{,2 markers of the S.%yphimurium initial hybrid
recipnlent.

From these results it may be concluded that sach avi-
rulence locus by itself only specifies ihe phenotypie 2z~
pression of partial avirulence in the hybrids. Zud hoth

avii and avik are prcesumably necessary for the expreasion

of complete avirulence.

68 hybrids, representing d4ifferent genotypes arisging
from vecombinstion between an avirulent J,abopy donor and

viruient jum C5 recipients were examined for their

mouse virulencsa. 1t was found that 15 {or 22 %} of these
hybrides exhibited virulence vhich was intermediate hetween
those of the S.abony and that of Setwphimurium. Two avi-
rulence genetia ioci {(avii and aviB) were postulated To be
on the S.,abony chromosoma. The msegregation af one or other
of these ioci during genetic reconbination led %% &the pheno-
typic expression of jintermedisse wirulence in the hybrids.
4hen the 3.,abony alleles at boith the loci ware inherited by
the hybrids, compleie avirulence was gxpressed which was

shenotypically indistingzuishable from the avirulence af

S,abony.



I¥ the hybrids were gegregating, partial hetsrozy-
gotes with a frequeuncy of zegregation of recipient alleles
below the detectable level [ <0.5 #; aee last Chapter) then
on challenge inte mice the segregation of ths 3.typhimuriup
2% aileles at the avii and aviB loeld should lewer the LDSO
values of ths hybrids. For example, if the completely
avirulent backeress hyurid {rable i7§ nosasssing the obser-
ved LDSO value of 1 ¥ ?0& vacteria was & heterozygete, then
even if segregation oceurred a%t = fraguency of 1()"3fi bacteria
or iless, tha proportion of 5 organisms will rapidly conme
to predominate in the mouse. This would obviously lead to
$he death of the aninmal, Resonatruction experiments per-
forued by Furness snd wowley (1956 showsd that nmice challe

snged intraperitoneally aith 10 cells sf wvirulent J.typhis-

uriup 05 and 107 cells of avirulent S,typhimuriy

B
of 1 t 10 ) were found to increase the ratio %o 1 9 by

e

the %th day post-challenge. In fact, the backeross hybrid
was a8 avirulent as the S,abony donor. Thzrefore, allelic
substitution at the avii and aviB leed eould be assumed o
have occurred. It means ithen that the differences in mouse
virulence between J.typhimurium siraln 35 and D.abony is
controlled by two genetic loei.
The zvii locus was found o map olese o the atr locus

and the awil loous close to the inl locus. The avizrulence

1oci are tnerefore separated by about 25 % of %the bacterisl
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chromosore, Hybrids inberiting the J.abony allele at
the avii locus ahow a seatter of LD50 values betwesn

{1 = 155 - & X 1&7 bacteriaz @ith sn average LD50 = 3 x ?06
bacteris. The hybrids inheriting the S.abony sllele at
the =viB iocus do not show this spread (LDSO = 1=2 = 10°
bacteria) although only & small number of sueh hybrids were
studied . the significance of the spread in the partial
avirulence pattern of the hybrids inheriting the donor
allele at the aviA loous isa not entirsly clear in genetlc
terms. It may be that sites within this locus specify

the quantitiative aaspects of avirulence as measured in

terms of the LD50.



Chapter 8 \Z, ey

CHNETICS OF PARTIAL VIRULEBNCE IN CROSSH

5.2

YPHIBURIUN HER

SR305 QR HFR 31305 &AL 45 DUNCE

ANT 3, PYPRIKURION S+41292 AS RUCIPTERT

The difference in mouse virulence beliveen S.tyshime~
urium strain C5 end S.abony was found to be controlled by
two genes (Chapter 7). This waa establiahed indirectly
by analysing the genetics of avirulence in rescombination
zxperiments beiween the avirulent 3.abony Hfr SWi444 end

virulent 2 gm 5 recipients. & direct study of

viralenca was not possible using fully viralent-donor and
avirulent-rvecipient combinatione gince 3 suitadle recon-
nination systew wss not available (Chapter 5). ilter-
natively, the genetics of partial virulence was studied
since it was found that S,%vphisurius Hfr 38305 recombined
with S.typhimurius SW1292. The LI5S values of 5R305 and
591292 are § x 1@4 vacteria and | x 30? vagteris, respect-
ively (Table T; Chapter 5). The difference in LD50 levels
botween thes:c two strains is 200 fold. 3R%05 is referred
to as being partially virulent since its LD50 value ls
jntermediate bBetween that of the LD50 lavels of fully

virulest and completely avirulent atraina (Table 7;Chapter

\
5!-

econbination pattern between Hfr 3R305 Cals and S

+ gal+ mutant ¢f SR305 was isolated {sec Haterials
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and Methods) since gal was an extra marker that could
be ueed in genetic studies with 341292, Table 18 shows
the fregquency of trancmission of markers from Hfr SR305
Gals into 541292. (vro+ leu+) was a joint selection since
each marker separately had a reversion frequeancy 10 pro-
totrophy which was close to the detsctables receonbination
fraquency for prototrophic reconbinants. 4 gimilarx
frequency of transmission of markers wes also cbserved when
the donor was Hfr SR30% which was the parental strain of
Hey SR305 Gals, ?he frequency of recombination in this
systen was low and xyl+ reconbinants were not detected
under the conditions of mating. However, the rha+, nmal+
and ara+ recombinants were analysed for their content of
unselected markers from the donor. The prototrophic
(pro+ leu+) and gal+s reconbinants were not analysed since
these recombinants were few in numbers. table 19 shova
the aextent of linked iransfer of genes freom the iHfy 38305
Gal+ donor inte the recipient, The first 3 markers tra-
ngferred by the Hfr donor are rha+, mald and ara+ whose
opder of transfer cannot be distinguished on the basis ef
the freguencies of reccnbination shown in JTable 18.
Howevar, the transfer sequence appears to he Thaw=e loUwe-—
PrOmmm@R ] mmmr Y1 2he results show thadt the majority of
hybrids recelve the donor markers rha+, mals, ara+ and

{(pro+leu+). #ig.12 shows the iogation of the different



T BLE 18  FRRQUSNCY UF TRANSEISOTON OF MaRK RS FROM S.TYPHINUAIUE HIR SR305 G:L+
PG 5, TYPHIMUAIUM 41292 (RECTPIEHT)

Jupplenents added to Selectad Prequency nver
minimal selsctive mediua mgrkaer denoy ca11®
rhamncseb, prolins, leucine and streptomycln rha+ 5 x %0”?
msltoseb, proline, leucine sud streptomyedin nal+s 5 x 10~
.b . . _.i?
arabinose , proline, leucine and strepiomycin sra+ 5 x 10
b LY = "'8
glucose (pro+leu+) 2z 10
b . -9
galactose , proline, leucine and streptonyein gals 1 = 10
; b _ -
xylose , proline, leucilne and streptomycin xyl+ <1 x 10

The Hfr contraselectinz markers were his- and atr-s. The fregquencies refer to the

approximats number of reconbinants obtained by the standard mating rrocedure.

a g :
Prequency of recombination

bCarbon source



TABLE 19 LINKACE OF UESBLECTED MARX SRS TN CROSUAS BRTWEXN S, TYFHIMURIUM HFR 32305 GAL+

e N

AND 5 TYFHIBURIUM $%1292 (x«CIPIENT)

Selented rercentage freguency of unseleoted markers from donor
marker rha+ mald ~ arm+ {pro+leu+) zal+
rha+ - 65 65 67 1
nal+ 50 - 32 54 17
ara+ 838 94 - 46 4

One hundred rha+ and fifty each of mal+ and ara+ recouvinants were analysed for the

unselected markers shovwn.
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T

CHROMQIONE BAY OF SALBONSLLL

It shows the locstion of the genetic markers used in reconmbinstion
experiments between Jytyphimurium 4fr strazins 3ZRICS5 or 3R305 Galw+
as donor and S.typhisurius strain 541292 ae recipient, The loei
in parentheses indicate that the location of the smarker in relation
to the neighbouring markers has not been determined precisely. The
inner line refers to the order of transfer of markers by the Ifr
donors,



(rha)

SR 305 Gal +

xyl

str

his
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markers used in these Crossed. 7t was constructed on the
basis of the Ee09li ¥=12 map (Jacob and doliman, 1961), and

it is used primarily [or ths discussion relating to the

genetics of partial virulence.

4] ryationg on mouge wirulence iitrations

Before the hybrids are examined for virulence, certain
aspacts of the virulence of the straing being =ztudied are
worthy of consideration eince these have relevance later
on. They are casily seen by an examination of Table 20.
14 shows the rattern of killing produced in mice challenged
with the domor (SR305), the recipient {S¥1292) and tvo
hybrids for gcomparative purposes. The cumulative numbers
of the mice dying is shown £t111 the 15th day post-challenge
and also the numbers dead by the 28th day {end of experiment).
A striking feature apparent fyrom the Table is that mort-
aslity in mice challenged with SR305 is progressive with
time, conmmencing 3 to 4 days after challenge. In addition
nortality is dose dependent., In contrast, B0 % to 90 I
mortality oceurs within 48 hours of challenge with 2.5 x 107
sacteria of strain S¥1292. filo further deaths cecur after

2 days. 4 three-fold reduction in the dose produces only

10 ¥ mortality. Tu other words, $S¥1292 causes an endo-



Hl

SURULATIV. HUMBSRS OF HICE OYING APTER CHALLENGS «ITH 5, TYPHINMURIUM DOVOR,
BSCIPIEET OR HYBRID. §THAIUS

Bacterinl Days after challenge Loae LD50
strain 1 2%5456178% G106 11 12 13 14 15 /28 (bact/zouse) {boet)
3R305 CCO8999% 9 9 5 9 ¢ 9% 9 10 go1x10°
(donor) nGcCo4 6883 3 8 8 8 8 8 8 8 3.1x10° —
O60011%3 5 5 5 5 5 5 & 5 g.1x10%
coo0tt1z22 2 2 2 2 2 =2 2 3 9e1x10°
541292 £9399999% 2 9 % 9 9 9 9 9 2.52107
(recipient) 00011 tit 1+ 1 1 1 1 1 & 7.5210° 1xtal
0C00000006C 0 0 ©6 O 0 © © 0 2.52108
hybria® D0 0%3% 681010 10 10 10 10 106 10 4.0x10°
[
tyl+mal+ 00000022 4 4 4 ) 4 5 5 5 4.01105 4x10°
0C00CGGCO000 0 O ©0 O G 0 0 1 4.0x10
hybria® S eossssTT T T v 71T 1T 71 7T 8 4 0x108
rharara+{pro+ieun+ ) 0222233 3 3 4 s 4 4 4 4 2.0“06 21136
co6o0000 1 1 1 1 1 t 1 1 2.0x10°

The number of nmice challenged with each doss level of bacteris is 10

& mne donor markers inherited by the hybrid are shown
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toxie type of death with absence of dose reasponse norte

glity when s high dose {2.5 = 10?

bacteria) is used,
otherwise it is unable to nultiply or produge infections.
3741202 is thus similar to Z.aboBy Hfr £91444 in the manner
in which mice are killed {Chapter 7). Therefore, Hfr
38305 1s distinguishadle fron 5141292 not only by LDS0
values but alse by the type of death that is produged in
groups of infected animals. afy SR305 causes an intective
type of death whilat 341292 czuses an endotoxie iype. The
LD5C difference and the type of death producsed in mice will
be used oz twe ceparate ghenctypic attributes of wirulence
in the etudy of the hybrids. Rov if the two hybrids shown
in Table 20 are examined they display the infective chara~
cteristic of the donor. The LDSO of 38305 is shown in the
“able to be 7 x 164 becteria whereas ot other times in this
thesis it is referred teo as having a LD50 = 5 x 164. This
iz beacause the former was ectimated from = single titration
experiment dut the latter is the avsrage LD50 value from a
nunber of experiments.
Virulence of hybrids

pifferent classes of genstic hybrids from erocses
petween SE305 Jal+ and 591282 {Table 19) and hybrids from
crosses betveen 53305 and 541232 were sxamined for ihelr
monge virulence. The bybrids pogaessed different con-

binations of donor markers from the chromosonal segument
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rham== g2l (Fige12). in sddition, hybrids possesaing
the iast aarker (xy1+) togethor with proximal nmarkers
transferred by Hfr SR305 were also tested. & such xyl+
hybrids were selected and purified by Dr.lL.J.Barcon. They
wore selected whem the standard zating procedurs utiliged

9 eells) than

a much larger number of recipients { >3 z 10
thet waed here whan xyl+ recoubinants were not detected
(Table 18). The results of the virulence titration of
hybrids are documented in Tables?2i and 22, In these
Pables the relative LD50 is expreseed as the ratic sf the
LD50 of the recipient (3W1292) to thaat of the LD50 of the
hybrid. Thig is uscd as the measure of the increase in
yirulence of hybrids in terms of LD50 valuea (note that in
Chapter 7 the relative LI5S0 is used as a measure of the
deorease in virulence of hybrids;. Tye final columna in
Tables 21 and 22 indicate the type of death produced in mice
by the various hybrids. The infective or endotoxic iype
of the hybrids is based on the digtinction discussed in the
provious section.

1p terms of virulence 23 measured by LDSO walues,
two of the three hybrids possessing the donor narkers
xyl+ mal+ tove sach a LBSO = 4 x 107 bacteris (Table 21).
3imilarly, one of the three hybrics soasessing the donor
markors gal+ rha+ has a LDOO = 4 x tOé pueseria (Table 22).

vhg inereage in virnlence in relgtion to the Ld1282 regipient



TABLE 21  VIRULSNC: OF HYBRING FROK CROS3ES BETYAAN S, TYPUINURIUM STRATNS HFR SR305 AND
5491292
Bacterial Hybrid classes No.  LDBO  helative Type of
gtrain gdonor markers regiplent markers tasted {(baet) LESQE ﬂeathb

SR30% - = - 5:104 200 infective

(doaar}

541292 7

{recinient) - - - 1z10 1 endotoxic

hybriss rhalual ara {pre leu) xyl str 1 6210° I inftactive
rha®are (pro ieu) mal xyl str 1 2x10° 5 W
rha’mal (pro leu) ara xzyl str 1 2x106 5 "
rha’mal ara zyl {pro leu, atr 1 >6x106 1 no deaths
rha” mal ara xyl{pro leulstr 6 2—3x105 Bub infeective
xy1°® rhe mal ara (»ro leu) str 2 22105 5 "
xy1°mal rha avs {pro leu)str 1 2x106 5 "
xyléara {pro leuj rha mal str 1 3x106 Gwd "
xy1°mal rha ars {pro leu) str 2 4x10° 25 "

azxpressad as the ratio of the LD50 of 5¥1292 t0 that of the LD50 of the sirsin under
consideration.

bSee text for type of death cvroduced in uice.

(&} a
Harkeyr aelecited {rom donor,



2 NIRULGHUE OF HYBRIDS PRON CROSGSLS BAT sid S TYPHIMURIUN STRAINS HPR SR%05 CAl+

Baeteriul Hybrid classes ¥o. LS50 Relative Tyne of
strain donor markers recipient markers tested (bact) tp50® death®
52305 Gal+ - - - 12107 100  infective

(donor)
841292 7
(recipient) - - - 1x10 1 endotoxic
hybrids galcara(pro leu; rha mal xuyl sir 1 6:106 1 infective
: 6
gaicrha ara mal xyl {pro leu)str 2 b0 2«3 N
5
£al’rha ars mal xzyl (pro leu)sir 1 4x10° 25 i

Bﬁxprezsed as the ratio of the LD50 of 5W1292 to that of the LDISU of the strain under

conglideration.
bSea text Tor type of death produced in mice

cﬁarkar selected from donor.
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33 25 fold but the L1250 level is intermediste between that
of the donor strains and that of the recipient. 411 the
sther hybrids thave 1D50 values which are not nmarkedly
different from that of the recipient {ingreaces in virulence
betwaan 1=5 fold).

However, if the type of death produced in mice is
examinei, all the bybrids exeept the one rha+« sals hybrid
(19/20) produced sa infeective type similar to the donor
2R3%0% or SR305 Gal:. The pattern of ¥illirg of challenged
animals is shown only for two kybride {vable 20} dut 19
of the 20 hybrids mentioned in 2ables 71 angd 22 behaved sin-
ilarly to the twe hybrids shown in Tabdble 20. In this
?able, it can be seen that even though the two hybrids have
different LDSO values, they boih atill produce infective
rether than endotoxic deaths in mice. That the infective
charscteristic of hybrids was due to recombination (whereby
they inherited the characteristic from the donor) wag ine
dicated by the following finding. 16 singlewcolony isoclates
from nutrient agar of the recipient 374292 wsre prepared
individuelly for challenge inic groups of 10 nice. The

inoculum varied between 5 X% 105 A 107

bacteria/mouse.
21 days post~challenge, either 1 or O mouse died in each
cuallenge group. 5n the contrary, with the same challenge
doge, 6~ 10 mice died when challenged with the hybrida. 1In

sther words, the infective characteristic displayed by the
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hybrids was not due %o extreme variability within the cell
population of the recipient.
ziscussion

2 hybrides inheriting the donor =arkers xyl+ mal+
{separated by the origin) acquired a 2% fold increase in
virulence in terms of LDSC values. 2 aimilar incresse was
cbserved with 1 aybrid inheriting the donor sarkers gal+
rha+. The hybrids inheritinz xyls+ mal+ from the donor were
selected for the last marker (xyl+) transferred by Hfr
5R305 (FPig.12). These hybride recsived as unselected
markers either rha+ mal+, mal+ alone or aras+ {prosleu+),
(vable 21)., These unselected markers are from the early
part of chromosome transferred by this Hfr. The hybrids
inheriting xyl+ as the selected marker from the donor rande
omly receive proximal chromosownal naterial Irom the Hfr
3R%05. Therefore, it is not rossible to determine to what
locusz or loei the partial virulence loeci of the Efr wmay be
adjaecent, whoase itransfer confers upon the hybrids wvirulence
internediate between that of the donor and the reecipient.
3imilarly, with the hybrids inheriiing the dongr markers
gal+ rha+ (Table 22). These hybride received from Hfr
SR30% Gal+ the lead marker rha+ as the uonselected marker
but did not receive the markers mal+, ara+ and (pro+ leu+)

which are situated in between rha and gal (Pig. 12).

Becsuse of the random sature of the shromosomal pleces that
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vere detected in the hybrids no definite conciusions may
be drawn as to the location of the loei involved in the
control of partial virulence.

Howaver, if the avii and aviB loel that have heen
pogtulated to control the difference in mouse wirulence
setweern J.abony and S,tryobimurium C5 (see last Chapter)
could be used to explain the Tindings diseussed here, then
it is probasble that the recombinants inheriting the donor
markers ¥yl+ mal+ incressed in thelr virulence because they
inherited the 3.tvphimurinm Hfr 3R305 allele at the avib
ioeus. If the chromosome maps shown in ¥igs. 11 and 12
are comparable then 1t is possible that the mal+ marker
is very close tc avi®, shown in izt It ig of interasst
that the 1LDSC value of the hybrids receiving the donor

5 baateria) was inter-

markere zyl+ mal+ (L0550 = 4 x 10
wedinte betweon theat of the S,iyphimurium 37305 donor and
snat of the S.typhimnrium 541292 recipient (Tabdle 21).

In other words, the lack of expression of the LD50 charactw
aristiec of the donora (1D50 = 5 ~ 10 x 10* bacteria) may

ve due to the laek of inhsritance of the donor zllele at
the avii logus shown in Fig.tl. By snalogy with $he
S.,abony x S.typhimurium orosses (se= last Chapter), the
phenotypiec erxpression in the hybrids of the LD50 value
cheracterintic of the J.typhimuriua donors would resuirs

the presence of the donor alleles at the awii and aviB loci.
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However, with the uata presented in Tables 21 and 22, it is
not possiblie to say whether the hybrides of intermediate
viruienag, inheriting the donor markers xyi+ mal+ or the
mavkers rha+ gai+, innerited ths donor allele at the nvii
or aviP iocua.

in iptereating ouitcome of these studiea was the fTinding
that ithe infective characteristiec of the S.typhimurium
donors was inherited by nearlfball the 20 hybride tested
althoeugh in terms of LI50 valuea aniygﬁ hybrids showed an
jnercaseé virulence in comparison to the recipient, Thera
a8 no discernible correlation between the infective char-
peteriztic and any of the genetle loei whose segregation in
the hybrids was studiled. for exanple, even the & hybrids
inheriting the donor marker rha+ alone have the infective
onarscteristic of the donor (Table. 21). In terms of the
mechanisne of killing of mice 4% would seem that what the
hyorida inherit from the donor is the ability to aultiply
to & linited oxtent. In Teble 20, it can be seen that
with o shellenge doge of T.5 x 10§ bacteria of SW1292 only
1/10 wice dles. But with 4.0 = 106 paeteria of the hybrid
poseessing a LESO = 2 x 108 baeteria, 8/10 mice die by the
end of %the cxperinent. The faet that pearly all the
hybrids {(15/20) inherit the jnfective eharacteristice of
the donor may mean that the genotic locus ox loci detor-

mining this characteristic is essociated with a plasmid
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(1ederberg, 19523 Clark and Adelberg, 1962). For example,
it may be similar to the high frequeney of transfer of lac+
by the sex factor (F) in strain X-12 of .00l {Jacob and
dollman, 19561). further sxperimenial wvork 1z necessary to

test the validity of this bhypothesis.

o

% gut of 20 hybride from crosses between partially

virulent donor atruins of cium LLD50 = ¢ » 10 x 10

bacteris, and an avirulent reciplent {LDS5C = 1 = 107
bacteriz) vere found o possess intermediate virvlence

(LDSO = 4 = %Qs hagteria,. The genetic loei mpecifying
thig increased virulencs { &s neasured in terms of 1050
yalueg) wap aot mapped bucause »f the diffieculty in inter-
preting linkage data. In additior, it was fournd that
nearly all the 20 nybrids inherited the infective charact-
sristic of the donors. 1t was posiulated Shat the locus or

loei deternining the phenotypic expression of this nroperty

gay be asaoccisted with a plasnid.
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DISCUASTION

This thesis is concerned with studies on the genetic
control of virulence of I,typhimurium for mice. pifferent
strains of Salmonells were analysed with the view to ost-
ablishing whether the bacterial property of virulence has
a genetic hasis. ifter initial failures to develop a
suitable recombination system between virulent aad avir-
ulent strains, en svirulent S,sbony donor was found to
readily recombine sexually with the virulent strain C5% of
Se.typhipurium ss recipient. By genetic recombinntion 4iffw
erent segments of the S.sbony chromosone were iransferred
into the wvirulent {5 strain. The virulence properiy was
studied as an unseslected marker in the hybrids. 1% wos
found that two loci — avii and aviB controlled the differ-

ence in virulence between ;

S.abony.

When S.typhimurium G5 Leu~ Was transduced t¢ pro=-
totrophy snd the prototrophic {ransductants subsequently
examined for their virulence, it was found that their
virulence was still similar to C5 Leu- {Table 3). This
may be explained in genetic terms by the finding of the
avisi and aviB loei being responsible for the virulenes

difference botween S typhimurium atrain 0% and s.abony.
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The LD50 velue of U5 Leu~ is appyroximately equivalent to
the LD50 values of the partially avirulent nybrids ine-
heriting the 3,abony allele at the avii or the avid locus
(Chapter 7). Thorefore, the avirulenmcs of C5 Leu- could
be due to muiation to partial avirulencs either at the
evii or the aviB leocue in the parental virulent (5 wild
type atrain. The leu marker iz very close to the right
of the ara marker shown in Fig. 17. Therefovre, by per-
forming iransduction to prototrophy of sirain ¢5 Leu-, it
is unlikely that the C5 wild type allele at the avii or
aviB locus would have been cotransduced with the leu+
narxer by phage FLT=-22. Bven the cotransduction of the
€5 wild type 2llele at the aviB locus and the leut+ marier
would noit have been pogsible since these are separated by
about 4-5 # of the bacterial chromosome and aence thelx
simultanevus transduction by phage PLT-22 would be rare
and consequently undetectable.

“he akove approsch to study the genetics of virulence
by analysing the baseterial chromosome by appropriate rec-
ombination %“echniques has only been explored in the »ast in
a limited numbar of opystenms. ittempts to directly transfer
yirulence to the aviruleni 3.iyphimurium strain K206
(LD50 = 9 x 106 baeteria) by phage PLT~-22 lysates obtained
from the virulent S,typhimurium strain ©5 {(LD50 = 14 bacter-

ia) were unsuccessful (Furness and Rowley, 1956 ). Since
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¥206 wag prototrophic, ar in vitre selection procedurs
sould not be used to select virulent transductants.
Therefore, they used the mouse as the selective "medium”
for the enrichment of virulent X206 transductants that

may be obtained. Strain 7206 was originaliy derived by

Jengpen (1929) from the wvirulent 3

imyrium strain 3r! ,
by 2 series of in vitro pascages at inereasing growthe
temperature. 1f the avii and aviB loci established in the

genetic studles of Seabeny jum C5 sroases were

agsuned itz be generally responalble for the mouse virulence
or avirulence of Salmonella, then it is likely that H206

sas a mutant derivative »f Brl whieh could have had a
mutation to avirulence at the avii, aviB or at both of these
loci consequently. The failure te transduce full virulence
to #206 {Furness and Rowley, 1956) may have been due tc a

g of tveated cells) at

low Trequency of transduction (<10”
the avii or the aviB locus. Since samplea containing
about 106 treated avirulent organisms were azﬁmined, any
wirulent itransductanis present gounid not hava~heen detucted.
Or, by analogy with the 3.abony x S.typbimurium C5 syasten
wvhers complets avirulence required the presence of 3,abony
alleles a2t both the avii and avid loei, the expression of
full virulence would require the aimultaneous transduction

of hoth zlleles at avii and avipP of strain 0% inte gtrain

M206. Since transductanis were only examined for full
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virulence it was unlikely that both the {5 alleles would
have been transduced simultaneoualy, &5 avii and aviB are
separated by about 25 < of the bacterial chromosome. Loci
geparated by this distance have never been reported fo be
cotranaducible with vhage FLTw22. In the zitundies of
curness and %owley (1956) it was not determined whether an
intsrmediate level of virulence could be transduced from
strain 05 to strain K206.

¥hile studying the inetability of hybrids formed
between an E,coll K-12 Hfr and S.typhosa 643 Vi-positive
recipient , Baron et al., {1960 obmserved that & relatively
stable partial heterozygous hybrid (X30D) was of intermed-
inte mouse virulence. The donor had a LD50 =(37 Z10) x
198 bacteria, while the recipient?s LDS0C was {25 -] 10} = 306
bacteria. the heterozysote was later uhown hy Falkow et
al., {1962) %o segregate haploid bacteris in which one type
had incorporated the entire coli iranaferred material from
the marier for phage T6 sensitivity to the marker Tor
xylose~utilisation (z30%). T“he other type had incorpor-—
ated a similar length of donor material except by recombe
jnation about the middle of the transferrad plece, it =ziill
retained the parental dplmonella material from the marker
for phage T1 resistance to the marker for arginine +

uracil {¥307). This Salmonella ehromoaomal piece mosd
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iikely includes the aviB locus studied in thi=z theszis

(see Fig.11; Jacob and Wollman, 1961). If so, the inter-
modiate virulence of X30D observed by Baron et al., (1960)
mey have been due to the inheritancs of the Lygo0ll ¥=-12
allele 2%t the aviB locus. It is of intereat that the LDS0
of X30F was almost identiczl to that of X30D whereas tha%
of X30T was similar %o that of the S.%iyphosa 643
Vi-positive parent. These resulis could be explained by
the assumption that X307 lost the H,c0li allele at the

aviB locus by segregation but that it wms integrated in
X30¥F, 1% may nlso be speculsated that the E,coli allele at
the avi® locus was domirant to the mllele in I,typhosa

643 Vi-positive since 330D waa of intermediate virulence
but it segregated X30T_whieh exhibited virulence, charact-
eristic of 3,iyvhosa 643 Vi-positive while the wvirulence

of X30F was identical to that of X30D. The lack of ine
heritance of ithe complete avirulence characteristic of the
E,0011 donor mlight have been due to the lask of inhsritance
of the Z,c0li allele at avii in addition to that at avid
which, by analogy with the JS,sbony x s.typhimurium o8
system, would be necessary for the expression of complate
avirulence, This appears likely since avii, which is elose
to str, was outside the chromosoma region studisd by

Baron st al., {1960)}.
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Falkow e% al., (1963) have studied the genetics of
virulence of hybrids arising from crosses betveen S.flexneri
strain 2a and Z,z0li ¥-12 donors. he hoat animal was the
pretresated guines pig {either starved or carbon letra-
chloride treated) challenged orally with a single doss of
5«10 x 10? bacteria. Ir such challenged animalie the
Shigella recipient produced about 80 i zmoritality while the
B.coli donors rroduced avout 5 “ mortaliity. Un thiz basis,
the Shigella was deemed virulent and the Lec0li avirulent,
The "all or none" %type of response was used Ic asaess the
virulence ¢f hybrids. They found thst some hybrids re-
ceiving the chromgsomal region rhg--- mal (notethis nal
iocus ie closely linked to str and 1t is 4istincet from the
mal locus studied in this thesis; Fig. 12}, from the avir-
ulent donor became compleiely avirulent, Iinterestingly
enough, thia region is wvery close to or includes the avis
locus, which iz one of the two loci conirelling the 4iff-

-

crence in virulenee between J.typaimurium atrain G5 and

r
3.abony (Pig.11). Falkow et al., (1963 also found that
shigella hybrids inheriting the ability tu utllice the
carbohydrate fucose (fuc+) from E.zoll donors, had an
intersediate wvirulence {about 30 ¥ mortality in inlected
guinea pigsj. suc+ has been mapped near the zir locus

{Falkow, 1963}, 1f this is sorrect, then the intermeodiate

giruience of the Shigella hybrids could ue due %¢ the
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inheritance of the i.,cgli allele at the avii locus
(Pig.11). na other chromosomal region was assocliated
with the expression of intermediate virulence in shigella
hybrids. This was the rogion ars---pili. $he locus for
the synthesis of pili {(appendages on the bacterial cell
surface) has bzen mapped by Srinton et al., (1961;.

This locus is very close %o the inl marker shewn in Fig.11.
Pherefore, the intermediate viruleace of the Shigells
hybrida inheriting the ara--~pili region from ,c0lil

sould be due to the inheritance of the Z.goll allele at
the aviB® lecus shown in Fig.tl, Shigella hybrids rec-
eiving nther chromosomal regilons [rom Geuoli donors were
found to be similar in their virulence itc the parent
shigella recipisnt {Falkow e% al., 1963). From a study
of segregating, pariial heterozygotes in whieh the diploid
region encompassed the rha-w-mal region, they found that
sueh diploids were of intermediate virulencs. flowever,
naploid segreganits which had lost the G.50 genetic
material expressed the full virulence aharacteriatiec of
the originazl S.fleznexi strain Za. A single haplold
segregant whigh had integrated the coli segment rha---aal,
was as avirulent as the if.g0li donors. This suggested
that aviruience was dominant ¢ virulence in Skigella.

The overall similarity in the Tindings af FPalkow et al.,

{1963) in E.goli x Shigella crosses and those found nere
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to oontrol the difference in virulence between 3.typh ulvm

strain C5 and S.abony is all the more amazing since

entirely different host-parasite systems were studied.
Having showsn that avii and avill gonirel the difference

in virulence between S,iyrhimurius C5 and S.abony it would

have been interesting %oc determine whait the nature of the

changes are in relation io virulence. Some idea of this

might have been gained if virulence was deiermined %o b

&

dominant or regessive t¢ avirulence in the crosses between
3.,sbony Hfy 5d1444 =2nd S.typhimurium <5 reciplients, This
would have been possible by an analysis of segregating,
partial heterosygotes. Unfortunately heterozygoetles wers
not detected amongst the hybrids from erosses belween

n ChHe dowever, as has been

discussed previously, there is aoms evidence that the
aviruience allele is dominani to that for virulence

{Baron % ale, 1560; Paikow et al., 1963;. In thc absence
of any evidence as ic whether the avirulence or virulence
zllels is dominant at the aviid and avi® loeci, it is not
possible to state what the biochenical basis is likely to
be for the pariial avirulence of the hybrids Ifrom crosses
between S.abony anc $e.typhimurium C5. It may be that <he
5.abony slleles at ihe avii and avid loci do not sypecify

thie synthesis of materials that the parent Setyphimurius

stbruin has which are related to iss wmouse virulence, or



poasibly substances synthesiged by the 3.abony atrain may
mask the effects of those asroduced by strain C5.

The avirulence of Jalmonella strains for the pouse
has sometimes been shown to be due to the requiresent for
various kinds of growth factors. For example, Bacon el al.,
(1951} found that loas of virulence of J.typiosa strains
was sesocisted with a strain's requirement for purine,
pars-amine bensoie seid or aspartic acis. These growth
Pactors were shown te be in 1iwiting concentrations in the
peritoneal fluids of the mouse,. The S,typhoss strains
vers, howvever, vestorable to their original virulence
aither by prototrophic revérgion or by providing the
specific growth faetor simultaneocusly with challenge inoeculs.
im other worda, the avirulence of the 3,typhogs strains «as
due to inability to multiply in mice because of growth
faetor limitatione. 4 similar situation vwas encountered
sy Purness and Rowley {1956} in the avirulence of ithe ade~
gtraing 02 and 210 of S.typhimurius . These atrains
could be restored to full virulence by trsnaduction %o
prototrophy in ¥itzo ¢ith phage PLT-22.

Tyerefore, it was natural to determine whether avir~
ulence was agscciated with growith-fastor requirenentcsa in
the studiez reported in this thesls. The leucine-requir~
inz mutant C5 Leu- of Sefyphimurium was found to be une

altered in its relistive avirulence even after ¢rsnsduction
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4o prototrophy (Table 3).  All the avirulent hybrids
obtained from the erosses between S.abony Hfr and
S.typhimurium C5 (Tables 14, 15, §6 and 17} were pro=-
totrophic except the inl+ hybrids {Table 14) whieh still
required histidine for growih.  Fowever, the requirenent
for histidine is unassociated with avirulence in viev of
the fact that carental reciplent strains of ¢% requiring
nigtidins for growih were virulent {Tables 14 and 15).
Simiiariy, ¥ith the hybrids arising from crosses belwecn
Selyphimurium Hfr 58305 eor Hfr 3R305 Gal+ and Gebyphimurium
3¥1292 {Chapier &}. The avirulence of S¥1292 is not due
to its growth requirement for proline and leucine since the
3 hybrids showing an inereassed virulence in terms of L5
values {Tables 21 snd 22) still Trequire these faciors for
growih. In addition, several prototrophic hybrida wers
8till a8 avirulent az 5¥1292 when LD5O values are compared
(Tavies 21 and 220 Yhers is also no correlation detween
the type of deaih produced in mice and a sirain's require-
ment or non-requirement for these growth factors {(Tables 21
and 22). Therefore, ihe avirulence of the many different
strains that have been studied here are not necessarily
aascceiated with a particuiar atrain's growth raquirement(s).
1t is generally believed that amooth to rough ver-
jation is associated with either complete or partial loas

of wirulence of bacteria (¥ilson and Hiles, 195%).
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However, all the Salmonella strains used here, whether
virulent or avirulent, were amooth in zcolomial appearance
on solid medium.

Finally, the comparstive anopects of the genetics of
virutence in different zroups of enteric baciteris vere dige
eunssed hecause it has been shown that chromosomal zene order
and distance between markers are 1dentical in B.co0li £-12,
saimenella and Bhigelle (see literature review in Chapier
2; Falkow et al., 19633 Schneider et al., 1953}, In

addition, thz two=-loul conirol of the differosce in virul-

P

ence bhetween tvnhimuriun strain 5 and J.abony haa heen
exianded tc explain the genetic changes in virulence ouser-
ved by previous workers. Horsover, btheras was general
ginilarity in the shromosomal reglonsg assocluted with

virulence in S,flexnuri gtrain 2a and himuriupg sirain

5. Ip 8¢ discussing the assurmption was made thai virule
ence of the enteric haeteria has a common genedic basisn.
This szassumption may be urvarranted. for cxample, when
more axtensive mapping of baeterial chromosomes in thess
pacteris {especially in the Saimonelis and the shigeila) is
perforxzed i1 iz possible that gene loecd controelliing the
property of virulence are auite distinet in differens
groups of anieric pacteria. Purther sush loci may turn
sut o be suits complex and sompriss » number of mnutational

sites each responsibls For different attributes of viruisgace
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or avirulence in different groups of enteric bacteria.
4% the present time what lends credence tothe validity
of the sssumption is that there is gross zimilarity in
ghe genetic interpretation of the control of wvirulence
amongst thesc bagteriz. Therefore, more extensive work
ig neecded with meny different axperimental systems to

determine the possible significance of this concurrence.
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