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Phis thesis describes work performed on the genetics of
resistonce to the drugs sulphadiazine and pyrimethamine in the

rocent nelaris perasite Plasmodium chobaudi,.

A nuaber of lines resistunt vo pyrimethamine were obitained

by Girect exposure to the arug in a single step. Cheracteristically

these were some 20 times registant to pyriamethanine and ha

-

@n

increased Gependence on PABA, Subsequent genetic unalyses

shoved that this class of mutant was geneticolly homogeneous anc
41 - 1 PR AL % = i o - . e b B R Fptek, [ &, [ iy o4
that the primery resistunce to pyvimethamine cnd the conconitunt
PABA dependence were ianseparable hy recoubinstion — both consisvent

wivh a single gene model of resistance,

=l

& nuaber of lines resistant to sulphadiazine wvere obtainec in
e siugle step eitiier by direct exposure to tie crug or folloviang

PABL restricbion. Churaclteristically these lines were sgome 4

mes resistant to sulplediazine and reyuired a reduced Piba
growbh suvylement but exitibited o variable spectrun of cross—
resgistence to pyrimetucmine mocorrelated with their mode of
sclection., A phenotypicully indistinguishable example of this
type of line was also obtuined following exposure to pyrime—
thomine. GOvicence from subseguent selection experiments wus
taken to show thiet at least two types of separate uweritaizle
change might result in the acquigition of sulphadiazine
resistunce. .an example of omne of these was later showm to
segregube in a simple mencelion fasbion when croszssed with a wild
line,

A munber of linmes were obbtained by selection in two discrete

steps: either following the PAbA restriction of o pyrimethamine



resistont line; or by the direct exposure of a sulphaciazine
resistunt line to pyrimethamine., wiile these lines were some
40 times resistont to pyrimethamine they exhibited wild type
responses 1o sulphaciazine anc Fibi.

(ne such line was crossed with a wilc line and two types
of non-pareuntal clone vere cetectec among biae . products of the
cross. +{hese resembled either the pyrimethamine resistunt or
sulphediazine resistent lines obtained by selection in a
single step. This result was consistent with o genetic
recombingtion event hoving tolken place between the genetic
elements proposed to confer resistance to eituher of these two
crugs. aviceunce from a reconstruction experiment suggested that
the linkoge hetlveen these elements was either loose o non-
existent., an unsuccessful attempt was wmade vo analyse this
cross im bthe greater precision affordew ny tae choracterisation
of clones derived from single ococysts obtained by micro-
Gissection.) In another cross between two single step lines
resistunt to pyrimethamine and to sulphadiazine rcegpectively
kotlhh wild type anc double wmutent parasites were detected wumong
the cross—prouucts — thus confirming thot recouhination could
link vhese mutants to produce multiple drug resistance.

suring the cevelopument of & rat-scupbec line of ¥Y,chaoboudi
(vhieh was later shown to be unsuitable for use as a selective
marier) it was discovered that gametocytogenesis wus enhanced in
unadapbed parasites during subsistence in rats, This led to the
stbstitution of rats for mice as rodent carriers of the bi-
pavental mixed-bhlood infection prior to cyclicul passage in
crogses,

sSstinetes of the rates of acguisition are presented for each



type of resistance in the BLiscussion together with a critical
appreciction of the extent to which these represent true

mutation rotes.



TN GuUCTL ON

Malarial resistance to antifolates was first reported in
the case of proguanil by Bishop and Birkett (1947) and by

williamson, Dertrwain and Lourie (1947) in P.gallinaceum.

Clinical reports of proguanil resistance soon followed from

Malaya (Field and Edeson, 1949) in P,falciparum.

Pyrimethamine vhich was synthesised on the basis of its
structural resemblance to cycloguanil, the activé metabolite
of proguanil,was introduced soon afterwards and almost
immecdiately kicGregor and Smith (1952) reported a case of

apparent resistance in P,fulciparum. By the end of the cecade

clinical reports of pyrimethamine resistance had come from as

fer atield as Venezuela (in P.falciparum and in P.vivax) and

Pakistan (in F.folciparum) as well as from the African conbtinent

(in P.falciperum ond in P.walariae). For refereusces see inter—

Bterdz aed

alia: Jones (1954, 1958); 4 Rabim, (1962); Maberti (1960) and

for a comprehensive review, Peters (1970 ).
follo (1Y6l, 1952) Lad forseen bhiis resistonce problem and

in a series of experimentls carried out with P.gallinaceun and

P.berghei showed that the frejuency with wnich resistance to
pyrimethamine arose seemed to be related to the numbers of
parasites uandergoing selection, Anne Bishop and her co-workers
who pioneered much of the early work on antifolate and

sulphonamide resistance had already shown thet proguanil resist—

ance in P.gallinaceum was stable after cyclical passage (Bishop

and Birkett, 1947) and after repeated passage in the absence of
drug pressure (Bishop and MacConnachie, 1950a): and in a study

of metachloridine resistance (Bishop, 1958) she also found a



correlation between the size of the infective inoculum and

the ease with which resistance developed, The suddenness

and stability of resistance suggested a mutational origin,

a finding confirmed when she extended her study to cover
proguanil and pyrimethamine (Bishop, 1962), though no
correlation was found between the size of the infective
inoculum and the ease with which resistance developed to tuese
drugs. However,as DBishop herself pointed out, her drug test
was such thut resistant parasites might not be cetected until
a subseguent passage.

In addition to confirming the earlier reports that
pyrimethamine resistance was stable through multi passages in
the awhsence of drug pressure, Jacobs (1964) made the key
observation that bis pyrimethamine resistant line had acquired
an increased growth reguirement for PABA (para aminobenzoic
acid) a precursor in the biosynthesis of folate coenzyues - a
pathway blocked hy the action of sulphonamice drugs. Horgan
(1974) found thet the majority of pyrimethamine resistant lines
which she obtained by single step sele¢tion possessed this
increased PABA growth requirement.( It is interesting and
relevant to note that the only exception to this rule was a line
which though it haed also been selected by direct exposure to
pyrimethemine, appeared to be resistant to sulphadi&zine.) This
observation was consistent with those of Bishop and her co-
workers (Bishop and iacConnachie, 1948, 1950a,b,c) who had also
pioneered the experimental study of sulphonamide resistance
again using the P.gallinaceum model. As well as showing this
resistonce to be stable through cyclical passage, they showed

that sometimes it was accompanied by cross-resistance to



proguanil and indeed in one such case the primary resistance
manifested itself after the cross-resistance had been detected.
In addition Bishop and Birkett (1947) showed that continued
treavment with proguenil appeared to have superimposed cross—
resistoence to sulphadiazine on a line already resistant to
sroguanil itself, (Dishop conducted her selection experiments
usging bihe multi-passage technigue with repeated wouls of drug
pressure) .,

Finelly Ramalkrisiman et al. (1956 shoved that restricting
blie cdietary PABA intalke of infecled mice could lead to the
procuction of sulphonamice resistance in £,berglei: dJaswant
Singh et al. (1954) had alreucdy shown thet a sulphadiazine
resistance line of this parasite (obtained after direct exposure
to the drug) required a lower PABA supplement than the line it
had keen derived from,

Clearly then resistance to sulphonamides and to anti-
folates was linked phenotypicelly by their effects on PABA
dependence, Lecent studies heve enabled us to trace this link
boclwarcs to the biochemical level and it is now possible to
icentify tihe sites of action of these two clusses of drug in
pyrimicine synthesis. This pathway has been summerised in Fig.
12 and discussed in the accompenying text.

resistance

The close relationship between these two classes of drug.
has prompted their combined study in the present work. Their
known stability suggestive of a mutationzl origin and the
relative ease with vhich they may be obtained are also
encourcging firom a genetic point of view., Indeed, VWalliker et
Ei-(1975} hod shown that pyrimethamine resistance in P, chabeudi

appeared¢ to bhe controllec by o mendelian genetic element vwhich



uncerwvent free recombination with markers controlling enzyme
polymorpuisms,

It was the woin aim of the present study to continue
thesge investigations in both the cases of pyrimethamine and
sulphociazine resistonce, paying special attention to the
responses of mutunts in each category to both these drugs and
to their PABA dependences also. Thus it was felt necessary to
obtain & wide variety of mutants using the selective technigues
pioneerec in these earlier studies just mentioned given
obvious logistiec constraints such as the numbers of mice available.
Thus for example, some selections were conductew av vorious
intensities of drug pressure at various PADA regimes anc with
inuunosuppression.

At the outset however it was decided to limit bouts of
selection to the single step method fuvoured by Diggens (1970)
and by Morgon (1974) since this technique was thought to favour
the selection of single gene mutants., Altuough possibly easier
Lo me&sure‘ﬁhe large degrees of resistance induced following
mulbi passage selections were suspecteu of being inuerited by
more than 1 genetic change. Sucth mutations are notoriocusly hard
to analyse genetically even in micro-orgenisas more amenable to
study than Plesmodium. In aduition it was considerec crucial
thut lines be cloned bhefore and after selection for olvious
reaxsons, Having Gone this, mutant lines were then crossed with
sensitive lines in order to investigate the mode of inberitence,
lioving esteblighed the genetic navure of a mutant line it was
then possible to superimpose further genetic changes by selection
and so on,

liowever such a classical approach has its inherent



limitations and it was felt that a more detailed analysis was
desirable thon had been hitherto possible using the available
techunigues, Before these are introducew, it is worth
consicering the "suate of the art."

The first reports of & gemetic study of malaria parasites
appeared in a series of pupers guthored by Trembley and
Greenberg (Greenberg anc Trembley, 1984a,b; Trembley and
Greenberg, 198543 Greenberg, 1956). They crossec a mild line

of P.gallinaceum with o virulent resistant one and witer joint

mosguito pussage detected non purental paragites resistant to
pyrimethamine and with a mild growth characteristie., However
as they themselves were aware (Trembley et al, 1851), ¢his
growth characteristic was an unstoble one, This and the fact
thet they failed to clone their pearent lines prior to the cross
rencers their interpretation of their resulis open to question.
In anotker study Yoeli and his co-workers (Yoeli, Upmanis
and ilost, 1959) claimed to have shown evidence of an infective
gene transfer mechanism which they christened "syapholia." They
inoculated a mouse with o mixed infection of P.vinckei parasites
which had been made resistant to pyrimethamine and & sensitive
P.berghei line, Pyrimethamine resistant F.berghei parasites
were later detected in 6 out of 12 hamsters subinoculatec from
the mixed mouse infection, Vithout an intervening mosyuito
passage there hac ween no opportunity for a sexual mechanism to
generatve these non parental parasites so Yoeli proposed that the
transfer of gemetic information had tuken place during the
simultaneous invasion of red blood cells by parasites from each
of the parent lines, thus mimicing the trausformational or

tronsuuctional processes lmown to oceur in certain hacteria.



(See Hayes 1969 for a review of these) IHowever, no further
reports of synpholia have come from Yoeli's laboratory and
walliker (1971, 1978, 1975) in his studies of genetic
recompination on P.yoelii and P.chabaudi was unable to find
evidence of this mechanism though he did not specifically look
for it.

The most satisfaclbory study of genetic recombination in
plasmodia has been that carried out by VWalliker in this
laboratory (Walliker et al, 1971, 1973, 1975, 19?6} and by his
co—vorkers liorgan (1974); icosario (1976a,b) and Oxbrow (1972).
These studies have all confirmed the existvence of a conventional
mendelian mechanism in rodent malarie purasites leacding to the
reciyprocal exchange of genetic information following mixed
mosyuito passuge. These techniyues (described elsewhere pp3340)
were given inveluable aid and stimulus by the vwork of Cartver in
cdeveloping electrophoretic techniques for the deteection of
enzyme polymorpuisms in different species of rodent plasmodia.
(Carter, 1970, 1973; Carter and Walliker, 1975). These enzyme
polymorphisms represent the hest evidence of genetic variation
in malaria parasites to date as their detection is straignt-
forward and their interpreation uneguivocal, By using them in
genetic stucies it Los been possible to demonstrate recombination
between vuriants of glucose phosphate isomerase and a marker
conferring pyrimethuamine resistance in P.yoelii (Walliker et al,
1971, 19738). 1In a later study recombination was shown to have
teken place hetween enzyme variants themselves in Lactate
dehydrogenase (LLI) and 6 phosphogluconate deliycrogenase (GiGD)

g N

in P.chebaudi (Valliker et al, 1975;. 1his last must be

congidered o paradigm for genetic recombiunation in plasmodia.



In the same laboratory genetic studies aimed at elucidating
thie inheritance of drug resistance have been carried out by
Morgan (1974) in the case of pyrimethamine resistaunce in P.yoelii
and by Losario (1976a,h) in the case of chloroguine resistance in
P.chobaudi and in the same orgenism in the cases of pyrimethamine
and sulphaviazine resistance with special reference to their
combinec inueritonce by the present author., The work of kHorgen
uay he considered of particular relevance to the present stuay as
shie pioneered many of the techniques and approaches described
herein,

She investigated the behaviour of £ types of marker
conferring resistance to pyrimethamine after crossing each with
a wild bype line, In the first of these types of cross the
serker had been accompaniecd after selection hy a decreased
dependence on PABA. These appewred to segregate independently
as separatve aendelian factltors although Morgan herself acmitted
tliie number of cioss product clones exomined was too small to
permit general conclusions to be drawn from this obgervation,
ioreover, the character PABA depencence was not casy to
distinguish owing to the rather small differences in PABA
deépendence observed between the parent lines she used, In
another cross the pyrimethamine resistance awrker had been
accompaniec after selection by an inecreased PABA depencence and
olthough anaelysis confirmed the apparent mendelian inberitance
of tuis type of pyrimethamine resistance, the cross product
clones were not characterised for their dependence on PPABA,

In the present situdy screening tecliniques exploiting the
increased PALA dependence of some pyrimethanine resistance

mutants heve been widely exploited., This adjunct to the



characterisation of individual clones is wicdely used in the
genetics of other micro-organisms (see Hayes, 1969 passim) and
majtes possible the detection of certain rarer genetic eventls
which might be wmissed using conventional technigues, Clearly
cire bas Lo be exercised in the use of such technigues lest
mutants, selected ce novo, be scored as recombinants but this
canger cen be avoided by the use of appropriate controls and

by restricting numbers to submutationul levels; and in any case
these dangers do not apply to the interpretutionlof neguiive
results,

At the other end of the scale it was cousicered desirable
to periorm aun cnalysis of individual genetic events to ke
revealed hy otlhe characterisation of clones derived from the
products of single hybrid ococysts harvested wefore rupture,
Although single oocysts were known to be infective (Walliker,
1972) there was some doubt as to the infectivity of the
individuael sporozoites contuined therein (Vanderherg, 1975).

In the conventional genetic analysis clones selected at random
from among the mixed population of hybrid and non-hybrid oocysi
cerived cross—procuct blood infections were characterised, Thus
the reciprocity of genmetic exchange within oocysts could ounly
inferred and more direct evidence was cesirable particularly in
the case of chorwacters whose inheritance wmight be complex such
as drug resistance., ¥Yroof of reciprocity demanded the analysing
of the segregotion of as many character pairs as possible and
prompgted the cevelopment of the rat adapted line of P,chabaudi
{see.beélow}, Walliker et al.(1975) hod expressed the hope that
such & svucy would lead bto the more precise location of the

ieiobic recucvion division in Plosmodiuwnm particularly in the



light of a report based on cytological evidence that such a
division took pluce within the oocyst itself (Sinden and
Cauning, 1973).

Partly in order to satisfy the demand for additional
warlers to be analysed by the single oocyst technigue and
partly in érder to provide a selective marker for screening
bechniques Lut one uncounecbed with drug resistance and there-
fore probably free from interactions with drug resistagnce
markers it was decided to cevelop a line of ?.chdbaudi acapted
to growbh in rats. This techmique had been reported before
(Coombs and Gubteridge, 1975) and it brought an unexzpected but
vital bonus.

During these selection experiments it wes founc that non-
aduptec lines of P.cuabaudi produced greaily increased numbers
of gametocyles when injected into rats and that the normal
processes of exflagellation took place subsequently (llacLeod
and Brown, 1976). This was iwportant gince P.chabaudi, although
possessing several advantages over the other rodent model used
in earlier crosses, P.yoelii was wmore difficult to passage
though mosguitoes and perforw crosses with and these cifficulties
had been aotributed to the paucity of gametocytes in P.chabaudi
infections, Comnsequently, the couventional crossing technigue was
modified by the substitution of rats for mice as vocent carviers
of the mixed parental blood infection.

These techniques were exploited to ianvesbtigate o number of
guestions regarcing the inberitance of resistance to sulpuadiszine

end pyrimethamine together with the selection experiment cuta.

R liere pyrimethamine resgistance and the coacomitant increase

in PabA reguirement pleiotropic cusracters of a single genetic



chenge or were these inherited separately?

& Could the above class of mutunts be ascribed to changes in
the same geue locus in iudependently arisen examples?

s

S Vas resistance Lo sulpliedianzine inherited in a simple
mendelian foshion os had ween desmonstrated in the cose of

pyeimetinonine resistance?

4, bid the genetic elements conmirolling resistance to
pyrimethomine and to sulphaciszine recombine freely and could

an estimate he obtained of this recombiunation freguency?

VWlhile it Las been cousidered that sclisfactory ansuers vere
obtained to tiese guestions, several liunes of investigation were
attempted unsuccessfully, Those thoet failea for reasons
considered to be other than the merely technical have also lLieen
included: e.g. the results of the attempted characlerisation of
uybrid single oocysts in the section dealing with the relevant
cross which bad been alreaay performed using more conventional
technigues and the results of the cross using the rat adaptation
marlker,

Finally, two assumptions uncerlay the interpretation of
cross results, Firstly, it was assumed that no gross distortion
in the relative freguencies of porentel and recombinant classes
had waken place suchh as might have resulted due to mutunt lines
being at a significant disodvantage over their wild counterparts
in mixed infections, Consideration of the results of Velliker
et al,(1975) when they crossed a wild and a pyrimethaumine
resistant line of P,cuabaudi showed no evidence of natural
selection - bul this evidence was not wholly une¢uivocal, In an

experiment specifically designed to deteet natural selection for

10



1

or ageinst pyrimethemine resistant lines of P,chabaudi, Hall
(unpublished results) founc no evidence of gross distortion in
input frecuencies folloving mixed posgsage though his technique
wvould not tave detected wminmor ones., Secondly, it wus assumed
thoat porosites were haploid in respect of their genetic complement,
Both Carter (1970, 1971, 1978) and Walliker et al. (1971, 1973,
1975} huc been unable bto find an instence where a cloned

purasite exhibitec more thon one type of an enzyme vericnt either
in the case of porasites obtuined from wild infections or
folloving o cross kebween parasites differing in respect of the
enzyme variant they possessec. Tous the evidence for haploidy

wis stromg though indirect.
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MATZRTALS AND HETHODS

(1) Parasite Species:

&y Homenc lature and Provenance

Apart from one experiment using P.vincliei all the work in

this study conceras Plaosmocdium chabaudi,

P.chabaudi was described by Landau (1965) who isolated this

parasite from thicket rats (Themnomys rutilans) of the Central
Africen Hepublic, The development and infection patterns of
viiese parasites were studied by Landau and Killicle-lendrick
(1966); very (1968) and by Landeu et al, (1970}.

Bafort (1968) reclassified the parasite as a subspecies of
P.vinckei but following electrophoretic studies Carter and
walliker (1975) renamed bthe parasite P.cliabaudi on account of
its raage of enzyme polymorphisms.

The parasites used in the present study were obtainec from
infectea blood samples obtained from thicket rats trapped in the

Central african lepublic in 19569,

b. Life cyele of P.chabaudi in lMice and l{osquitocs

P.chabaudi infections in this laboratory were typically
syncuronous over a 24 hour division cycle with schizogony
occurring around wianight. Schizonts typically yieldeu ketween 4
ent 8 merozoites,

Gumetocytogenesis reached its greatest intengity in mice
after the peak of the blooc infection, that is about 10 days after
inoculation. However it mever occurrec with anything like the
intensity observed in other rodent plasmodia such as P.yoelii or

Y.vincitei in this host.
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Cyclicil sessaces were initivtec by permitling mosguitoes

(wuopheles stepuensij Lo porge theaselves onr Lilood conluining

GCT 0 = alit micropaacitocyles,
soorozoites vere cetectable in such mosculioes witer aliout
Coweceis wae buwse could Chien e used bo indtiwbte blood infections

by @ varieby of bechad. uen deseriled eluu‘.trheru(p.lb).

G pelinition of "isoluie!, "line", "clone" and "stabd late"

Isolave:— o swaple collected ivow o wild rodent or mosquito on
i osingle occusion wnd aescrver cither by reoseatew passege or
ciryogenicully, lsolubes ure nob nccessorily penetically uwniform

witdh iy couluwin paruesites i{roa ciffereat sopecics,

sbebilater— w sumple of puraniles pregerved in o viable

condition on «  unizue vccusion (Lumsden and lHardy, 1565) sach

us foliowing cryoureservalbion,

Lines— in e present work wals relers to way nuaber of
purwsiten which ot vae seue speciel Grewtments Logether since
Lheir lusb cloning, ‘lTuus recloning or seleclion procedures

crecten aevw lines but rouitdase meintoinauce wid not,

Clonci—- @ group of purwsiles bhouglit to he geuneticully unifora

Tollowiag, the wsenmuwl muléiplicalion of & sgiugle orpanisi.  oi-
ever Lie redicomn vecdrrence ol sponbaucous mubation wus ustvoid-—

wble and iven tuis, chesce nulants were probably omnipresent,

(&) lost soccies:

i, fcovent :

goth rats cue wice were usec, Mor aruy asd PLabd tests,

' i’

vade inbred CoV blecik mice {Cencre for Luborsiory animels, The
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Bush, Ldinburgh) were used exclusively., For cloning and routine
passage these and mixed sitrains obtauined from the mein mouse
colony of this department were used, liale inkred white rats

(Rattus norvegicus) were exclusively used in ratl experiments

(Obtained from "The Lush" also.)
m1 X ¥ T A = -0 c'-rol
The temperature of the mouse house was nominally 13 -22C

and was lit by daylight,

b. Mosguito

For cyclical traunsmissions Anopheles stephensi meintained

in this laboratory were usea. These were nominally maintained
at 25°C at 90% humidity under artificial light conditions of
alternating 12 hours light and derimess. lMosquitoes were fed on
rabbits prior to experimental use and on a 10% solution of
glucose supplemented with PABA (0.05%) thereafter.

Stray mosguitoes were discouraged from entering the mouse
house by the use of double doors and as a last resort, by

swotting.

(8) Koutine Maintenance of Parasites in the Laboratory:

a, Pregservation in Liguid Nitrogen

btabilates of infected blood were stored in sealed capillary
tubes kept in liguid nitrogen (—19600) after the method of
Lumsden et al, (1966). ihen reguired stabilates were thawed and
after dilution in citrate saline (0.9% sodium chloride, 1.5%
sodium citrate, adjusted to pi 7.2) injected into mice intra-—

peritoneally,

3% syringe Passage

woutine blood passage was effected by tail bleeding of an
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infected rodent into a syringe containing citrate saline and
by injection of about 0.1 ml of the diluted blood into an unin-

fected rodent,

c. Cyeclical Passage

i) fLodent to llosquite

itoutine mosguito passage was nolt considered necessary since
lines showed no diminution in fertility even after 50 or more
syringe passages, Cyclical passages were carried out from time
to time in order to measure fertility as well as forming & basis
control procedure in crosses.

The standard procedure involved feeding mosguitoes

(Riopheles stevnhensi) which had keen starved for one or two days

on mice inoculated some ten days previously i.e. when the amount
of exflagellating gametocytes had reached a peak., IFrom the
following cey the mosquitoes received 10% glucose made up in PABA
(0.5 g/l). ilowever, the success rate of this method in
transmitiing ., chabasudi through mosguitoes was found to coupare
rather wafevourably with rates of P.y.nigeriensis and Piyoelii

A

transmission. A further complication wrose while attempuing to

transmit wirulent lines of P.chabaudi, These killed most if not
all mice before the infections conteined sufficient sexually
wature parasites.

Fortunately, the ciscovery made vwhile developing o rat
adapted line of P,chabaudi that & substantial oroportion of
parasites injected into young splenectomised rats developed into
ganetocytes enabled these hosts to be used with more success in
transmission., (Method cescribed fully in this Section

(pp35-37 I

ii) losyuito to ilodent
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About 8 days alfter the blood meal a sample of wrounc 10
mosquitoes was dissected and oocysts vere counted microscopically
a8 described in bhis section (p 18 Ya

To begin with sporozoites were harvested after about 14
days from triturated salivery glands dissecved into cold tissue
culture wedium. (iodifiec Hitamura's medium and VP12 wmedium
(PYucney ané Vorme, 1971)). \here more than about 20 mosguitoes
were being dissected, these were triturated whole alfter the
removal of legs and wings. The triturate vas ceﬁtrifuged at
2000 #'il for 4 ninutes at 400 and the sediment discarded. Up o
0.6 ml of the sporozoite suspension was Llen inoculated intra-
venously into each of a group of mice.

After April 1974 in order to maximise the number of
sporozoites contributing to bthe resulting mouse infection, the
"patural” method of transmission was used in the majority of
instances., Thus infecteu mosquitoes were alloved to feed on mice
about 14 coys after the blood meal, If need be the process was
repeated the following night,

liouse infections resulting from sporozoites could be detected

some 4 to 3 days later,

/ . y 5wy B " "
{4) Counting ked Blood Cells and Parasites:

Gia ied Blood Cells

These were counted using a Coulter counter, outinely
¢iluvions for counting were made with 2 micro-litres of teil
blood injected from & micro capill.ry uwuse i1nto LUU al Ioramlinﬁ
stiine solution, Counts vere corvectea for coiuncidence usging the

chart provided.
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k., alaria PFarasites

The percentage of parasitised erytlrogytes (hereafter percent
parasitaemia) was estimated from counts performea on thin smears
of mouse tail blood and stained with Giemsa's stain. (BUI
Chemicals Ltd,) VWaen accurate counts were required the sample
size was related to the limits of error ceemed accentable. VWhen
measurement errors were reguired to be Imoun these were estimated
using layter's formula {cited in Morgan, 1974). The relationship
hetween measurements of different parasituemia levels and their
errorg for different sample sizes is illustrated graphically in
Fig. 1.

Waen a wmean of several measurements was reguired this was
obtained geometrically (logaritimically) end individual
mensurement errors summed by the method of least sguores. Errors
nave tiherefore been expressed as geometric ranges of + 1 stancard

error.

FiG. 1

Standerd Brrors in purasitaemia counts (expressed as a percentage
of the measurements to which they are attached) over a range of
perasitoemia levels at their ususl sample sizes:

G
.fly'

od J

49 -
standard 50 n = sample
eryror size
() 20 -

16 = S0

.01 0.1 1.0 10
[

7 perositisec eryturocytes
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S Jocysts and sporogoites

The number of oocysts per infected gut wes determined by
examination of dissecbeu gubs in coverslip preparations

mified 400 times using o phase contrast objective.

Accutute sporozoite counts were mnot carried out, Their
chunconce wos umerely noted after examination of coverslip
preperavions mognified 400-10004 ond viewed under phase contrast

illumination,

(5) Preperation of Inocula Containing Known Parcsite Numbers

e

Except during routine serial passage, animals were
inoculeoted with knmown numbers of parasites, Taese ranged from
inocule containing fever than one parasite in dilution clomning
I, . i 1o : ; ;

un to and occusionally exceeding 10 parasites in some experiments
using rabs, The volume of 2ll inocula prepared by dilution vas

~1 . - . : o . s
normally 10 7 ml, Vben undiluted or centrifuged infected bloods
vere inoculated, the volumes of tlhese inocule ranged u» to & ml

in some rat experiments.

& Collection of Dloods

Prior to exsanguingotion parusituemia counts anc eryturocyte
counts wvere performed on cdonor animels, When more than one donor
was reguired tuese counts were performed on the mixed hloods in
vitro. DLlood was collectec either from the heart or from the
Ihruchial vessels using minimal heparin (approx, 5 iu mlwlj. In
some experiments requiripg a large number of donors time saving
vas accomplishec hy a rapid accurate system of subinoculation:
thus donors were hled into microcapillary tubes of lmown capacity
and each of these were then cdrawn into a syringe conteining about

UJ.d ml of heparinised serum ringer and kept on ice uantil
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inoculation,

b. vilutions (Including Clonal Dilutions)

The vast mejority of cilutions fell into two nuuerical
cavegories: those conteining between IOG anc 108 porasites per
ml, e.g., in the cases of drug or PABA tesls and selection ex—
periments; and those containing fewer than one purasiteg per
ml - nmostly cloning procedures.

Vhen accuracy was recuired potential donors with parasitaemisas
lover tien about 1% were rejectec since these were regarded as
being over prone to counting errors: those exceedinyg parasit—
acmias of 20% were ealso rejected since this figure represented the
approximate limit of exponential growth in P.chelwudi. liowever,

1

when cloning the upper limit was set at about 8% to minimise the

chance of incucing infections cerived from erythrocytes containing
more than oune purasite,

Diluvions were effecled using calibrated pipettes for
: S
c¢ilution factors not exceeding & x 10 per step or by using
microcapillary tubes ranging in capecity from 1 to 20 microlitres
for dilution steps exceecing that figure, Vilutions exceeding

i

o D soomc 5 - ;
5 x 10 ~ required more than one step. (Even in the case of clonal
ailutions most of which reguired two dilution steps, the limiting
Tauctor on accuracy was btuat of the porasitaemie counts themselves.)

No significant cifference was found in infeciivity of clomal
oo between . .
inocule wee etwkey the intravenous or the intraperitoneal routes
50 the latler was used in the present study for logistic reasons.
wihen performing such inocculations poorly injected mice were
rejected immeciotely lest tlheir inclusion among mice scored as

uninfectec ariificially improved the resulte of that cloning

experiment., bLlood smeurs wvere tulien of the remaiuning mice after
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8 ways and for up to £0 days following inoculation although in
proctbise on only one occasion did an animal hecome patent after
20 days which Lad been ajudged clear at 16 days.

Clonings were considered successful if fewer tuan one in
& mice became infected: given a Poisson cistribution of
varasites among mice this figure implies that 90% of such in-
fections ¢ arisen from a single parasite. Since routine in-
fection rates following cloning were less than about 10%, the
chances of infections hkaving arisen from more than one parasite
were proporvionavely diminished. On only one occasion was a
"clone' discoverew to have arisen from such a multiple infection.
(liovever, it is worbh noting that while clectrophoresis of enzyme
variapts during the analysis of cross—product clones wade possible
tiie deteclion of "coubles" which cifferec in these variants, it
is unlikely they would have been spotted by drug testing alone

since drug resistance may be considered dominant over sensitivity}

C. Inocula Conteining More Than 10b Parasites

In some experiments rats were inoculated with large amounts
of blood typically from 0,5 to &£.,0 ml. The intravenous route was
Jreferrew for these inoculations since that method seemed to give
more predictable results and mede it possible to immediately
count parasites hefore such possible factors as cell division or
aost passive iomunity might Lave affected their numbers.

Un some occasions mouse bhloods for these rat inoculetions
were pucliec by centrifugation (1000g for 4 minutes): in this way
it was possible to inject up to 1010 parasites into each rat,
resulting in iustantoneous parasitaemias which typically ranged

from 15 to &80%.
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(6) The bDiet of Hxperimentel Animals:

Koutinely all the animals used in this study were maintained
on "(uayside" rat cake fed ad libitum (liacGregor's of Leith,
Scotland ),

In one series of experiments cesigned to coumpare the
standerd diet with a milk diet known to bhe deficient in PABA
(iawking, 1958), mice were allowed Lo feed ad libibtum on a dry
paste prepared from "Ustermilk" suspenced in minimal tap water.

No special attempt was wace in these studies-to arevent
coprophagy.

Drinking water was suppleuwented with para-aminobenzoic ocid,
uereafter PADA, (Signa ) at 0.5 gl_l unless otherwise stated.
Animals were muinteined on a given PADBA regime for ot least seven

cays prior to inoculation,

(7) The Source Preporation and Administration of Drugs:

. Pyrimethamine

Pyrimethamnine ("Daraprim': 2, 4 diamino-5-p-chlorophenyl-
6-ethyl-pyrimidine) in the form of powdered base was obtained from
the Wellcome Research Laboratories, Englend, courtesy of Ur. ii.a.
Heal,

Drug doses were related to the mean hody weight of a group
of experimental mice. Doses were calculated in mg/kgm from
weighings taken on the first day of drug administration,

A range of stock solutiong of pyrimethamine in cistilled
weter at 0.5, B anc 25 mg/ml were prepared according to the
methoc of Yoeli et al.(1969). Thus a known weight of pyrime—
thenine powder was suspencec in cistilled water to which two

1

drops of Tween 80 per 10 ml ned been added. The suspension was
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sonicated in bursts for a total of & minutes using a Soniprobe
anc heving been made up to the reguired volume in a measuring
flask and transferred to a thick wallea glass container for

storage, Turtier dilutions from the stock solutions were made
in sodium carboxymethyl cellulose (&%) and shaken on a vortex
mizer immediately prior to administration, 0,1 ml aliguots of
the final drug solutions were given via the intraperitoneal

route, ioutinely coutrol mice received 0.1 ml sodium carboxy—

webhyl cellulose solution 2%.

b. Sulphadiazine

$ulphodiazine (2-sulphonamido-pyrimidine) in the form of
& dry powcer was obtained from kay & Daler Ltd., fngland,

Urug doses were calculated by the sawme method as that used
for pyrimethamine,

A range of stock selutions of Sulphwdiazine between .05
an¢ 100 mg/ml were prepared by suspeuding the dry powder in warm
2% Sodium curboxymethyl cellulose, The stock suspension was
stirred megnetically Liefore use and further €ilutions were wuade
in 2% Socium cerboxymethyl cellulose and shaken on a vortex
mixer immediately prior Lo auministration, As with pyrimethamine
0.1 ml of tihe final drug solution was given intraperitoneally —

the controls receiving 0,1 ml Na Ci C only.

(8) fTechnigues for the Measurement of Variation:

O Starch gel electrophoresis — method of Carter (1970, 1971)

ij Preporation of material:—~ lice (strain immaterial) with
bigh blood infections (i.e. less than 20% parasitised erj%hroCYtég
were etherised anc bled from the brachial artery into sufficient

citrate soline vo make up to 10 ml in o centrifuge tube. After
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ceantrifugetion at 1000g for & minutes, the supernatent wvas
discarced and the packed blood cells mixed thoroughly with half
their volume of 0.15% saponin in 0.85% Na Cl. Bach sample was
then incubated for 20 minutes at 87°C in a shoking water bath..
Somples were then removed anc after resuspension in 10 velumes
of ice—cold U,88% Na Cl centrifuged again — this time at 5000g
for 10 minutes at 4°C. The supernatant was then discarded and
only the uvper greyish layer of parasite material retained.

laterial for immediate electrophoresis was freeze thawed
twice in three times its volume of cistilled woter (Lo disrupt
the parasite membranes ).

Usually however samples were preserved and different
batches run togetuer for reasons of economy, This meant re—
suspending the parasite material in about 1 ml of distilled
water in a bijou container. These were left overnight to freeze
in @ dry ice refr%{gerator. Frozen samples were then vacuum
dried in an apparatus comprising a degﬁiccator jor connected to
a conceuser flaslk immersed in a ury—ice/ethanol freezing mixture
in a Jewar container, Vacuum was maintained by an electric
pump. Freeze dried sumples were preserved in an evacuated

. . : : 0
cespiccator jar and kept at 20C.

ii) Inzyme assay and electrophoresis:— P. chabaudi is poly-

morphic for iso-enzymes of G6PGU (6 phosplhogluconate deliyirogenase)
and LUl (Lactate deliydrogenase) Carter and Valliker (1975). The
basic principles of electrophoresis were of course the same for
both these enzymes but the methods in each case differed in the
specilics of buffer system, incubation system and in bthe

curation and iuntensity of electroplioresis. These details to-

gether with the gel formula are given in Carter (1971).
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Prior to electrophoresis about 1 mg of sample material was
cissolved in a croplet of distilled water celivered from a
syringe vlhwough a narrow gaouge needle, Cellulose acetate strips
soalked in these samples were.then inserted into the prepared gel
with the assistance of o wetal couwb thus defining the origin
line alt a right angle to the axis of electroplioresis.

Bach gel was then plﬁced on a coeling plate between two
electrode troughs euch countaining 500 ml of the appropriate
electrode buffer and wicks laid over the edges of the gel so
that they would just meet the edges of the cooling plates. A
thin sheet of polythene was then laid over the gel and vicks and
covered by a second cooling plate, The appropriate current and
voltuge were thenr applied across the gel from a stabilised power
supply for ketween & anc 14 hours -~ depending on the system being
used.,

After switching off tue power supply the cellulose acetate
strips were removed anc bhe gel sliced horigontally. Slices
could then ke incubuted with the appropriate enzyme assay
solution to reveal the positions of both host and parasite enzyme

activities.

iii) Band identification:- Isoenzyme type was nerm elly

icentified by comparison with samples of known icdentity run on
the same gel. Since in the vast majority of cases only tuo
configurations were possikle for each enzyme -~ Lhose of the
lines uerein designated AS (LUH type 3, GiGh type 2) or AJ

(LUl type 2, 6iGD type 3) - idenbification resolved itself into
questions of the type either, or. (¥or an explanation of iso—
enzyme nowenclature see Carter (1974).) Icentification was

further simplified in the case of LUl since the isoenzyme
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characteristic of lines AS wnd AJ migrate in opposite

cirections from the ovigin.

b. Megsurement of Drug llesistance

met

he 4 day test developed by Thurston (1950) was routinely
used for drug tesbting, Groups of a 4 C5T7 mice, standardised
for sex (mwale) and age and therefore of approximetely similar
weights were set up in different cages anc inoculated with
parasite aliquots (routinely 106 parasites per igoculum). Urug
aosage was based on cage weipgnl and the appropriate amount of
crug acministered via the intraperitoneal route § hours after
inoculation, and on each of the following § days at about the
same time of day. (In this study druggings were usually
carried out hetween 4 and 7 pm). Control cages received
injections of Sodium carboxymethyl cellulose only as did PABA

test cages if they were included in the:test.

rg

arasite counts were made on the fourth and subsequent
days after inoculation, The geometric mean count for each
drugged group was expressed as a percentvage of the control
group, These percentages were converted into logs. and plotted
agoinst log., cose, A straight line plot was drawn betvween the
points spanning the line of 10% survivel, and the crug dose
corresponding to the point where the plot crossed this line
(EBSOJ read off., lieasurement errors ant within-group-variation
errors were sumuec by the method of least squares anc the
resultant total standard error expressed as a range in the text.
{The dose reguired to reduce the infection to the size of
the original inoculum was estimated by extrapolation after
malking bhe wasumption that each wmouse countains about 3 x 1010

red blood cells., This very roughly estimated dose (EBpé ped. =
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plasmocdiostatic) was only useu for guidance in planning some
selection experiments in which convinuous drug pressure was o
be applied for longer than just 4 to & doys.)

Huving obteined wase line LD estimates for wild type

g0
lines, It was possible to express the increase in resistance
achieved after selection in the mutant lines derivec from then,
Thus where in the text a wmutent line is described as having a
pyrimethamine resistance of 20X bhis is a shorthand way of

saying its ED for pyrimethomine is some 20 times greater than

90
chat of the wild bype.

Vaen large numbers of lines were being tested simultoneously
iv was logistically impossible to carry out full drug tests, In
these cases "mini" tests were carried out using only & control
animels and £ drugged and sometimes £ animels receiving a low
PABA supplement. While this had the advantage of reducing the
number of mice required by at least half, it aid meon that drug
responses could only be expressed as a percentage growth
(comparew with the untreatved controls) rather than as an EDQO'
Data from such tests were interpreteoted with more caution but
with a judicious choice of doge a single dose test could be used
to Cetect gualitative differences in drug responses: (i.e.
growbth vs no growth ), lioreover, having mede due allowance for
thie grecter variance of these mini-tests they agreed fairly well
with the results of the full 4 day tests which were subsequently
performed on a selection of lines.

lboutine guantvitaitive 4 day tests were carvied out om all
lines used in this study both as precasution against mixups and
as a check on stability. (No instances of changes in resistance

were attributed to instability in this work.)



2

finally, it is worth repeating agein that all estimates of
Lrug response w btained from animals fed on s iord
wrug response were obt ed fro 1s fed on the standord rat
culke. As a general rule all estimates of »yrimethamine
resistance were obtained with the standard PABGA supplement of
[ =5 “ _1 = = =T, i P ] o - =
0.5 gl 7; ond whereas this supplement was used for estimations
of sulphediazine resisvance obtained after January 1975, estimates
before this date were obtained without any such supplements.

However, tuere were several exceptions to this general rule and

shiese hiave been indicated in the text.

C. lleasurement of the Leguirement for Dietury PABA
sunplementation

altered reguirements for PABA growth supplementation were
measured using & modification of the tesls used to measure drug
responses, OSince growth to a peak at a given PABA level either
did or dia mnot occur - the wlternative being no growth at all or
very rarely a low-level fleeting infection soon after inoculation
- it vas wecided bo use a siuple gualitative index of PABDA
tependence: growbh vs no growth (symbolised in the text as +
and — respectively ).

Groups of 2 to 4 mice, stancderdised for age and sex and of
similer weights were set up in different cages and mainteined on
experimental PABA levels for at least a week prior to inoculation
with standerd aliguots of 106 perasites.

Parasite counts were carried out regularly and usually until
the control wnimals (receiving the normel PABA supplement of
O.5gr4) vere past peal infections. Ab bhe chosen exverimental
PABA levels of 0.55 and 0,085 glﬂl anc with no supplement at all
(zero PABA in the text) growth conformed to the eitiier or pattern.

(Cther PaBA levels were abaudoned due to the variable results
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Lhey pave,)

An added complication aurose soumetime hetween Christmas 1974
and January 1975 when all lines showed a significent increase in
their veguirements Yor PABA supplementution. The change
occurred in all lines and the PABA "rank order!" remained un—
chauged, Drug testing and clectrophoresis confirmed no mixups
had occurred aud tie menuiacturers denied any change in the
compogition of their rat cake had teken place. Uniortunately no
samples of the old rat cake were available for coﬁparison or
analysis, {see pPQ4'q6 Tor & discussion of this plieniomenon, )

PABA reguirement cCave have therefore always Lieen bracketed
withi the period to which the tests refer, 4Yhus the expression
that & line required zero PiBA (post Jan. 1975) is a shorthand
vay of saying that the line in question required no PaBA
supplement ©o reach peak levelis of iniection when tested after

the upward shift in requirements took place.

d. Determining the Ability to Grow in Rats

.chebaudi although able to reach parasitoemias exceeding
80% in mice infected with single parasite inocula is guickly
eliminated from intact rats, Growth in splenectomised rats
tends to be erratic and this ability diminished as the rats grow
to adulthood, Since iv had been planned to use ratl adavtation
as a genetic marker a simple series of growih tests was devised
to distinguish between wild and adapted parasites.

Animals used in these tests, male norway wistar rats, intact
or splenectomised, newly weaned or adult, were inoculoted intra—
peritoneally with 106 parasites., Blood smeurs were taken and
c¢aily purasitaemia counts estimated. Accurate counts were made

of the blood smeuars representing the pealt of each infection and
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the group geometric means computed,
Because it almost always proved impossible to obteain more
than o rats stencardisea for age and sex comparative tests of

grovth in rals used only & animals for each test,.

(9) Selection Experiments:

a. Selection for Drup Hesistance

All mice in selection experiments were inoculated intra-—
peritoneally with 0.1 ml aliquots of blood parasites diluted in
citrate saline. Selection pressures were commencéd 50 that
nerasitaenias dic at no time exceed 10% to minimise the risks
of subsequent immune host reaction. In computing bthe number of
parasites subjected to selection pressure, sample parasitaemie
counts were conbinued until peal: infection and this value used.
liouse hlooc volumes were roughly estimated on a mouse weight
basis-at a rate of & mls hlood per 10g body weight. Ilouse hlood
was assumed to contain 8 x 109 red hlood cells per ml,

Drug doses were calculated from mean cage weights and drugs
administered intraperitoneally from 4 to 6 days in the case of
short—term, high-cdose therapy and for up to 20 duys in the case
of continuous drug therapy. Tuin blood smears were made 12 days
after the commencement of drugging and every 4 days subsequently.
animals without patent infection after 20 days were comsidered to
be free of parasites and discarded. (Subinoculations from a small
sample of these were occasionally carried out and the results of
thiese seemed to hear out the last assumption.)

in the case of selection by PABA rescriction tap water was
merely substituted for the normel supslement of U.Sglql in the

drinking weter. Otherwise selection was conducted as described
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ahove,

If recrudescent porasites were observed following
selection these were tested for the appropriate responses using
an abbreviated version of the 4 day sunpressive test (Tuurston,
1950), A sample of these were then tested more rigorpusly after
cloning using the full 4 day suppressive test and their
quantitative drug responses worked out, Lecrudescent parasites
rechkoned to be sensitive after the preliminery tesbs were dis—
carded although the possibility that they concealed resistont

parasites was not ruled out,

b. Selection for Adentation to Growth in Hatls

Newly weaned inbred male Norway rats were splenectomised
s oreviously deseribed, and inoculated intraperitoneally with
U.5 ml of blood hurvested from mice at peak infection, After
10 days growth in rats bloods were uarvested again and used to
infect a seconc group of splenectomised rats anc so on until
they had undergone seven such passages. The whole »nrocess was
repeated this time using invact rats and cloned in mice, Four
mouse passages followed, the parasites being hurvested after
peal infection. The line was then passaged through mosquitoes
(after several attempts)- an adult intact rat being used as
rodent carrier prior vo mosguito passage, and a male CST mouse
used as a recipient for the sporogzoite infection which was
accomplished by the natural feeding method. The line was then
cloned in mice,

Growth tests in both rals and mice were carried out
periodically, the test animals receiving inocula of ].O{j PLEa—
sites via bthe intraperitoneal route, One test wus carrieé out

in which the mean inoculum size was only one parasite per



aligquot, After selection, resvonses to pyrimethamine and PABA
reguirenents were also estimated by the methods previously

described,

(10) Immunosuppression:

ITnmunosuppression was effected either by splenectomy
(Schnitzer et al, 1946) or fo}lowing the acministration of the
corticosteroid prednisone (Carrescia, 196l; Schmidt end
Squires, 1951).

Corticosteroid immunosuppression was used as an adjunct

to some selection experiments in which the importance of host
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impmunity acting agoinst recrudescent lines was being investigated

with the hope of eventual whole or pertial elimination. A few
mice vere splenectomised for the sake of this cause also.

Hats were splenectomised during the cdevelopment of the rat
acapted line of FP.chabaudi and prior to use as rodent carriers

of the biparental hlood infections.

. Snlenectomy

Before being operated on each animal was anaesthetised in
an ebther jar and shaved on the left flank thus exposing the
concentration of splenic blood vessels underneath the skin,
Instrumenfs were flamed beforeband but no other sterile pre-—
ceutions were btaken and in no case was septicaemia observed
afterwards, After incision tie spleen was removed intact by
cutting the blood vessels without cauterisation, Bleeding was
horcély ever fatel and animals were normally active within 24

hours, The incisions were closed with metal suture clips,

b. Corticosteroid Immunosunpression

Precnisone (Sigme Chemicals) was chosen for imuuno—
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suporession for its clheapness and relative efficacy {Carrescia,
36 00 mg was dissolved in 50 ml warm ethanol which was
1961;. g
then usec to supplement £.51 of drinking water with or without
PABA. Since a 20g mouse was observed to consume about 4 ml of
i G ) 1 ] A 3 - .—'1
waber per cay — this corresponded vo o daily dose of 8 mg.kg
whiclh was probably in excess of the dose reguired.
(It was observed that unon s.p.f. mice very often became
ill about 2 weelks after the commencement of immunosuppression
anc this was reckoned to be due Lo the weakening of immune

controls on subpatent infections of unknoun origin.)

(11) Sstimetbing Acquisition Rates of Drug lesistance

During single session Grug selection experiments which are
commonly conducted over a few days, very high doses approaching
vhe maximum tolerated by the host species, are used to prevent
the recrudescence of those sensitive parasites which might
escape arug treatment. This type of survivael can be viewed as an
inevitable consequence of bhiological variation and its exteut is
a consequence of bhe numbers of parasites being treated. (See
Mertin and Arnold, 1968 for a discussion of this point.)

Another undesiraible implication of short—term, uigh-dose
arug therapy is that many resistant parasites will perish since
tluese doses commonly exceed their plasmodiostatic doses as well
as those of the sensitive parasites. Ilioreover, at the height of
such o selection pressure the number of resistant parasites will
ke at its lowest so they will be hypersusceptilile to the vagaries
of biological variability.

These twin dongers can be largely avoided by applying a

prolongec constant cdose between bhe plaswoidiostutic doses of
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sensitive and resistant parasites, Vhile such methods are
coumon place in vitro they are well nigh impossible to achieve
in vivo., The neurest approach to this ideal in vivo in ‘the
present study bas been the use of total witudrawal of PABA as

a selective agent against parasites with o growth requirement
{for this sulbstance such as some pyrimethamine resistant lines.
Thus the estimates of acquisition retes of sulphacdiazine
resistance superimposed in bthis way are comsidered the most
reliable to date. Furthermore, for such a 4ransformation the
scoring system of growth vs no growth on a PABA free diet is
simpler and easier to interpret than guantitive wmeasurements of
arug resistance, This had mace possible the scoring of larger
numbers of mutants than would have been possible otherwise, In
the case of estimutes of the acquisition rate of pyrimethamine
resistance a counstunt crugging technique has been used. bDoses
approximating the midpoint of the plasmoidiostatic doses of
sensitive and resistant porasites bave heen applied up uwntil
the emergence of recrudescent parasites or until 20 days if these
fail to emerge. Since recrudescent parasites so treuwted tencded
to emerge at or around bthe sixteenth doy of treatment compared
witiz the twelvih day in the case of short—term, high—dose
bherapy, btiie parasitve population sizes in either case cannot
aove differed that much nor the conseguent risk of scoring
maltiple mutents. Furthermore the rather long biological helf
life of pyrimethamine (Brooks et al, 1963) would further tend to

minimise any such discrepancy.

(12) Genetic Techniques:

B Stancard crossing procedure




Phe general wethod for couducting crosses belveen lines of
vouent weleria paresites koo been described elsewhere (Walliker

eb wl., 1071, 1U75), Tiuis wdethbou hes been suwaawrised
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loutinely Lloods from koth the lines being crossed were
borvested from mice at the time of peak fertility which was taken
as being wvhen exflagelloting micro gemelocyles were easily
detectable in a coverslip klood prepuration ezamined under phase

o

contrast at 4005 Yypically this occurred at or

cround bthe btenth dey after inoculution., The two bhloods were then
mized and adjusted so that the firel mixture conmtained roughly
equal nunbers of such exflagellating micro gametocytes. nbout
U.86 4o 1,0 ml of bthis blood mixbure was then injeétea intra-—

venously into each carrier mouse which was then placea inside a

coge of sturved mosguitoes.

(]

Samples of these were then removed after 8 days and on
successive cuys and cissected. Qocyst counts were then performed
anc given a sufficiency of muture oocysts sporozoites were

asrvested at or around tihe fourteentu cay after the blood meal,

B hovified Crossing Procedure using Spnlenectomised llats as
liodent Carriers of the Biporental Bleod iixture

since F.chaboudi was found to produce a greater numher of
ganmetocytes in splenectomised rats thon in mice (see pp@5-68 and
lacLeod anc Browm, 1976), this host was substituted Tor mice in
most of the later crosses reported in thisg study, (Some
diffieculty had heen experienced in crossing P.chabaudi hy the
stancorc method wnd this had been attributed to its relatively
low fertility when compared with Poyoelii which had been rother
less troublesome in this respect.) The modification Lws been

sunmmarised in Pig. 3.
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Following the use of the modified tecimigue a large
increase in oocyst numbers was observed though accurate counts
were not performed and the variation between incividual
mosquitoes was large., It seemed reasonable therefore to attribute
the greater success rate in crosses and transmissions to the
enhencement of ga.:uetocytogelféis in rats.

In the modified teclmigue pealk infected hloods were
harvested from mice infected by the two parentel lines and the
pooled mixture adjusted to contain egual numbers Sf parasites
from eaclk of the parents., However in some crosses between AS and
AJ lines, the mixture was adjusted to contain a slight preponcer-
ance of the latter since control studies suggested that AS
parasites outgrew AJ parasites in rats (see Table 15). Whenever
this was done it has been :mentioned in the results section.
Fortunately if porasite matings occurred at rancom the effects of
unegual numbers of parents would have been minimised hy the
bhuffering effect of the conseguent binomial production of hybrid
zygotes., This effect has Leen illusirated graphically in Fig. 4,

Up to 2 ml of the pooled biparental blood mixture was injected

FIG., 4
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Aupected
Freguency of
iybric 0.856 |
Zygotes
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.00 0.20 0.40 J.060 J . 8l

Difference in Parentel Frecuencies

liybrid Zygote Production as a Function of the Liffereunce in
Parentsl Input I'requencies
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into each splenectomised rat, by the intravenous or intra-

peritounenl routes, If the blood Lod ween nacied hy centri-

fugetion and the supernatant ciscarded it was possible to inject
@s many as 1()1{j poerasites in this way and typically instentaneous
rat parasitoenias of 20-00% were produced, ' Since the
numpers of gametocyles produced was related to the size of the
infection (see Discussion) large rat parasiteemias were considered
conciucive Lo success in crossing P.chekbaudi lines using tae
moaified procedure,

Peak gumebtocyltogenesis in rats usually took place between
the third and sixth day after inoculation., Carrier rats were
then sneesthetised (Nembutal) anc left in a cage of starved

mosguitoes. Subseguent procedures remained unaltered.

G Crossing Procedure using the llembrane Feeding Apperatus

For some crosses neither rats nor mice were congidered
suitable hosts for carrying parental blood mixtures prior to
mosquito passage. (It Lad been planned to use rat adaptation
&s a mariker in crosses vith unadapted lines and the use of rats
might have comceivably had o selective effect on parasites of
the unadapted purent line.) Instead bloods containing peal
levels of gametocytes were harvested from each parent line, and
after mixing trunsferred to a water jacketed flask with an
inner diameter of about & cm. The temperature of the flask was
meinteined at 85%C by a circulating water supply from & thermo-
statically controlled water bhath. losquitoes were allowed to
feed on these bloods through a thin parchment membrane, In
prolonged feeds the bloods were replaced every 20 minutes.

Subseguent procedures remained unaltered,
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G Technigues used in analysing crosses

Blood parasites were harvested from mice inoculated with
cross product sporozoites and then either preserved in liquid
nitrogen or enalysed immeciately. Parasites from the original
biparentel blood mixtures were used as controls for hybridisation.

Although the analysis of eanch cross differed in procedural
detail tle comuon substantive features of cross analysis lLave
been summarised below and any departiures from (his convention

indiceted in the relevant parts of the results section.

i) Testing for hiparental transmission: In most crosses
o) s

the parents possessed distinguisable variants of the enzymes LDU
and 6IGD. The presence of both variant forms of either enzyme
among the products of the cross was taken as proof of biparental
trausmission. Ilowever, electrophoresis was usually restricted
to LUH since variants of this enzyme were easier to cetect on

starch gels by staining.

(ii) Testing for hybridisation: A variety of tests were

used. In crosses where these enzyme veriants were segregating
and one of the other parental 1rails was amenable to selection
conditions restrictive to the othier parent were enforced e.g.
by drug pressure or by PABA restriction. The presence then of
both forms of LDI or 6PGL was taken as proof of recombination
und therefore of hybricisation.

Some crosses were expected to generate a non-parental type
of recombinant whose phenotype permitted it to grow in
conditions restrictive to both parents. The presence of these
following the enforcement of such restrictive conditions among
the procucts of the cross but not emong the Liparental crontrol

uwizture was taken as proof of genetic recombination and there—
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Tore of hybridisation.

iii) Clone analysis: The basic method of analysing crosses
A4 ¥ £

involved isoluting lines derived from blood infections induced
from dilution clones., ©Kach cloned line was then tested for a
number of clharacters such as drug response and isoenzyme tybve,
The majority of time spent in analysing crosses was occupied

coing this type of vork.

(iv) Parent line controls: The stability of érug resistance

phenotypes among the varental lines usedc in the crosses was
tested routinely after mosguito passage. Jor logistic reasons
these control studies were nol carried out at the same time as
the crosses themselves hut ratber when the opportunity aroese,

In no case was resistance found to have significently altered due
Lo mosguito transmission and conseguently no data have heen

presented,

€, Tecunigue for horvesting single oocysis:

Jocysts were removed from gubs by micro dissection on a
depression slide using tungsten needles sharpened in molten
potassium chloride, Guts were dissected from mosquitoes 12 to
13 days after a mixed blood meal i.e, before ococyst rupture was
widespread, Micro dissection and washing were carried oul in
modified Kitewmura's medium and VP 12 medium (Pudney-end Varme,
1971) by circulating ice-—cold water, After washing each oocyst
was rupturec using a sharp tungsten neecle and the sporozoite
suspension injectea intravenously into a stock mouse., Control
nice received the wvash only. Doth the appearaunce of each oocyst
(mature or immature) and the ease with which the suspension were

injected were moted. A Uhird group of mice received larger
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RESULTS

1

Selection for Drug ilesistance llutants

In this section the details of the selection experiments
viienselves have been precedec hy base line drug response data
of the wild type lines whiclk were the ultimate ancestors of all
the mutent lines, In classifying e line as resistant tuerefore,
it was recuired to exhibit a drug respouse significantly
adifferent from that of the porent line uncergoing selection,

The characteristics of these so called resistant lines have Leen
oresented in the results section together with their frecuency
among all types of recrudescent parasites and the experimental
details of the selection experiments themselves.

The ratiomale of clessification has been explained in each
case in the discussion section,

In some cases lines which Lad been made resistant by one
treatuent vere subjected to a further bout of selection to create
doubly resistont mutants. In one case a putative triple mutant
was selected, but this was not tested genmetically. To help in
Tollowing these rutuer confusing lines of ancestry a genealogy
of all these types of line together with the main examples of

each type has been pregented in the appendix in Table &9,

a. Wile Type Baseline Datae

(A1l cata refer to experiments performed using the standard
. . _ N | .
rat cake diet and PABA supplement of 0.5gl ) unless otherwise

stated,

(i) PABA supplement: Vhereas the CR line of P,petteri

exhihited a shallow response curve to PADL restriction (ii. Carter



unpublished results, confirmed by the present author) koth the
AJ and A5 lines of P.chabaudi exbiibited a sharp decline in
growth at regtrictive PABA levels, Iowever before January
1975, bolh the wild lines of these parasites were able to grow
in the absence of any PADA supplement hut after this date the
reguirenent for peak growth (symbolised by "+" in the text) he
. e ' — e
increased to 0.085gl . At zero PABA no growth (sywbolised by
"_ in the text) was possible. (For all lines used in this

3 - 2 - A ,A._,; . e — ].
study supplements stepped on the series mero, 0,025, 0.080gl 7,
enabled all or none growth whereas supplements between these
stens gave variable grouwth responses and data from these have

therefore been omitted. Cousistent growth responses at these

PiBA steps were exhibited by all lines within the two time zones:

bkefore; or after Jan. 1975). Daseline wild type PABA responses
for these two time gones hiave been summerised in Table 1, and a
summary of growth responses for all lines has been presented in

Takle 28 in the discussion.

TABLE 1 - on accompanying page

43
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TABLE 1

Wild type lines: all or nome growth responses (+ or —) at
normal and ciognostic levels of PABA supplementation kefore
and ofter Jan, 1978,

PADA Supplement

-~

p——— 1
Wild Before/After Solid Frednigone (1" )

Line Jan. 1975 viet  (40mg.l )& 0.5 0.056° 0.025 Zero
As Before liat Calke Not Given + -+ +
L“xJ T i 4] ] 11 o+ o+ + -+
AS 1 " " Given + o+ - -+
le n " " i - + -+ -+
AS After n " Hot Given + + “f =
AJ 1" i i I m 4= -+ —
AS " Wilk Diet v L + = -
-‘I'IliJ i 1 n n i 4 -+ + T

¥ administered for ot least 7 days prior to inoculation.

Thus, while the minimum PABA growth supslement for wild type
lines irrespective of diet was Zero hefore Jan. 1975 it rose
to 0.025g1~" afterwards, The reason for this change has been
considered in the discussion,

The prednisone data have been included for convenience
of comperison and were obbteainec as formal control data for the
selection experiments conducted using bhis compound as an
imumunosunpressive agent., There was no evidence that prednisone
affected PADA dependence,




(ii) wild type responses 40 Sulphadiazine: EDOO estimates
o

+ 1 stancard error range have been presented in Table 2. lilere-
as the estimates obtained before Jan. 1975 refer to responses
without a PADA supplement those after that date were obtained
with the standard supplement as neither wild line was able to

grow in the absence of PAGA,

TABLE 2

Wild type lines: responses to Sulphadiazine (EDQD)

Wild Defore/After PABA Supplement itesponse to
Suljphadiazine
. =1 =1
Line Jan.1975 (g1 ) (mg.kg ')

BD .,
er) ng raige

AJ Before zero 0.054(0.049-0.059)
AS i n 0.061(0.,047-0.074)
AJ After 0.5 80.5 (51.8 - 126 )
AS " 0.5 61.0 (52.5 - 70.8)

(iii) Wild type responses to Pyrimethamine: EDgU estimates
+ IsE rauge have been presented in Table 3. All the estimates

were obtained with the standard rat cake diet whether before or

after Jan, 18975.

TAULE 3 - on accompanying page
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TABLE 3

wild  Before/After  PADA  Prednisone Response to Pyrimethamine

Line Jan. 1975 ;?i?zi 40 mg.l_‘ Ebgo(mg.kg_l) + ISE
AJ Before Zero ot Given 0.116 (0.096 — 0.141)
AT " 0,08 1" 1" 0.85 (0.48 - 1.89 )
AJ L 0.50 t n 0.87 (0.58 =~ 1.41 )
AJ " 1.00 " n 0.90 (0.59 =~ 1.47 )
AJ " 0.50 Given 1.03 (0.81 - 1.50 )
Ad After 0.50 Not Given 0.98 (0.87 - 1.10 )
AS b 0.50 " u 0.58 (0.98 - 0.89 )

The variations between these estimates except in the case of the
Zero PABA supplement were not significant arising from random
errors und ueasurement errors.

The relctionship hetveen response of a wild type line to
Pyrimethamine und the level of ‘the PABA supplement has been

expressed graphically in Fig, 8§,

G, 5

AJ wild type: Pyrimethamine sensitivity at 4 levels of PADA
supplementation (data obtained before Jan. 1975)

1+
0.54
ED ..
g0
(mg.kg.)
0.1
ZEro .uo UL 0 1.0

PR -‘-1‘
PABA supplement (gl )
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e wild Type Lines: Seléétion Experiments

£oay - - - p -
(1) tyrimethamine: Duta concerning the frequency of

recrucescent infections after pyrimethamine selection at various
doses ait cose rates and with or without PADA supplementation,
are presentec in Table 4., Dote on the effects of immuno—
suppression by splenectomy or by acministration of prednisone in
the arinking water (40 mg.l—l} Love alsgo been included,

A summary of the churacteristics of a selection of these
recrudescences — based on imitial drug test and PADA tést data
ig presented in Tuble & aloang with comporable wild type and
esistant line data. (The resistent line was selected Lr., I,
Wialliker of this laboratory) by exposing a growing infection of
the AD wild type line of P.chabaudi to 4 consecutive daily
coses of pyrimethamine (50 mg.kg_l) and called AS I EWJ

liore comprehensive data (obtained after cloning) have been
pregentec for a selection of these lines in Table 6. These
included both some apparently "resistani' lines as well as those
lines which could mot be classified with reasomable certainty
after the initial tesis - i.e. so called anomalous lines. The
initial classificabtion was baseda on the test cata in Table 8
revisea if necessary after more comprehensive tests {see Table §).
In all but & dubious cases the comprelheunsive tests performec on a

sample of lines {n = 1&2) agreed with the initial classificution,

T4aBLE 4 - on accompanying page
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TABLE 5

VWild type lines: pyrimethowine selection,
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Lesults of initial

tegles performed on lines derived from reerudescent infections.
(Comparable cdata on wild type and pyrimethewine resistant lines

included)

Ref, Ho. Selection Lhesponse to Growth Initial Fate
expt. %1 Pyrime— on 2 3 ¥
olitained thawine Zero class—
frou ref. (% countrol) PABAR ifica—
no. (see (% tion
Table 4) control)
AJ wild (€0.24(2.5) + 200 = -
type - (€0.82( 5 )mg.kg
ASPY (W) - (163 (2.5) -40.40 N =
(1860 ( 5 )
4081 402 0.3 +104 w.type abandoned
4922 402 €0.5 - 58 1T .
4023 402 a8 ~-£0.4 resis. "
4024 402 S0 —(u.ll L i
4025 402 133 - LS. T i n
4026 408 76 —-K0.17 M n
4027 402 1ol -4£0,006 n retested
4028 408 56 -<U. 16 4 "
4029 402 359 —€0.35 n "
4041 454 {u.24 + 22 w,bype abandoned
4042 494 <U.13 + 76 H H
4043 404 {0.54 + 48 & b
4044 404 {G.30 +{0.50 anom, retested
(sensitive)
4051 438 CU.30 + &16 w.type abandoned
4062 205 €0.51 + 17 " n
4068 408 {0.75 + 49 " 1
4054 408 no data + 98 L i
40868 408 lsa + 88 anom, retested
(sensitive)
40566 “05 160 no data resis, i
4001 400 15 -{G.13 & 1
408 408 L + 169 Webype abundoned
40382 408 {0,228 + 165 f n
40038 408 1.5 1o cata n u
4084 408 <0.11 + 25 n L
4101 410 1sé ~{0.30 resis, t
4102 410 54 -0, 17 " n
4103 410 59 —(0.14 " "
4104 410 ga -{0.14 n n
41086 410 4.9 —{2.& 1" L
4106 416 24 —{U.32 L "
4107 410 119 —-¢U.51 " 1"
4108 410 122 —-€U.19 1 retested

/Cont
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TABLE 5 continued:

def, No. selection Lesponse to Growth Initial Bate
expt, *1 Pyrime- on 2 ¥ 3 *
obtained Lhamine Zero class—
from ref. (% control) PADA ifica—
no. (see (% tion
Table 4) control)
4109 410 100 -0, 54 resis. retested
4121 412 41 -(u. 12 i abanconed
4122 41 188 —-4{0.5& i "
4123 412 71 —-{U.58 " "
4124 412 ol -{0,.41 M = H
4185 412 108 -<0.,17 i retested
<126 412 158 + 100G I10iile lost
4151 413 0.158 + 41 w.type abandoned
<1352 413 {0.48 + 129 t 1
4188 418 €1,37 + 169 L N
4134 413 (1.00 + 48 " L
4138 413 {0.69 + 1o i H
41506 413 {5.28 + 1386 L Al
4137 413 {0.10 + 164 L L
4138 418 254 ~{0.61 resis. retested
4139 413 22,6 + 127 anom, -
(sulphba-
diazine
resistant)
*1 4021-4034 received 4 doses of b mg.kg—il
:4101-4159 " 4 n of 2.5 mg.kg
¥2 + = reached peak; - = failed to grow
¥S The resistant class includes all those resembling
ASpR DV
w, bype = wild type
resis, = resistant
al10m, = anomalous
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TADLE 6

Wild type lines: pyrimethamine selection: Results of furiher
tests performed on selected lines obtuined from recrudescent
infections. (Comparison data on a wild btype line and on a
resistant line (ASpli DW) included).

nef Pyrimethamine % Growth on Zero Classification
: ELQ (renge + PABA (range + W.r,t,
Number IsSE ISE) (pre Jan. pyrimethamine
1875) -

wild type 0.87(0.53/1.41) 51.4(19.4/156) sensitive( )
ASPELY 19.5 (18.38/26.9) €0.26 re&1stunt(2LK )
AJ 4027 18.2 (1 0/25.7) €0.21 resistant(21X )
AJ 4028 7.8 ( 8.6/16., 7) <0.32 " (9.0X)
AJ 4029 21.8 (lu 3/85. {0.22 L (28K )
AJ 4044 1.10 (0.64/1.89) 57.5(28.2/117) sensitivc(l 3%)
AJ 4055 0.82 (0.14/0.74) 128 (38.6/429) " (0.87X)
AJ 4056 24.5 (15 0/41.8) {0.95 resistant (28X
AJ 4061 22.5 u.d/dd 4) $0.40 " (a6x )
AJ 4108 12.2 (8.60/17.4) {0.25 " (14x )
AJ 4109 17.8 (13.0/25.1) $90.51 1" (20x )
AJ 4125 18.5 (12.9/26.9) (0.24 " (21X )
AJ 4188 10.9 ( 6.4/19.1) $0.14 " (18x )
AJ 4159% 2.14 (1.56/2.95) 122(48/310) anom, (2.5%)

or sensitive

¥ for data concerning the response of this line to
sulphadiazine — see Table 8.

It was concluded that the lines classed as resistant resembled
Bl*bu both in the level of pyrimethamine resistance acquired
an¢ in the concomitant PABDA dependence, The basis for the
classification has been consicdered in more cetail in the
discussion along with estimates of the acquistion rates. The
anomalous line AJ 4189 was later classified as resembling
sulphadiazine resistant lines obtained by direct exposure to
the drug or following PADA resuriction and has been discussed
along with these.
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SR T AR . L 4 2 = 2 ) <
(ii) uild Pype Lines: gSelection with sulphediazine (pre

Jen. 1975) and by restriction of dietary PaBA (post Jan. 1975).
The direct drug pressure selection experiments were
cdmgleteu prior to the PABA shift in Jen., 1975 but drug testing
of vhe recrucescent lines was not completed until after that
dove. Conseyuently all lines still aveilable were retested
uncer tihe new PABA regime and only these duta are presented.
Loth the PABA resiriction experiment and the testing of the re-
crucescent lines obtained after gelection in this way were
carriec oub uncer thie new PABA regime after Jon. 19786. All
experiments were performed using the AJ vwild type parasite line.
Data concerning the freguency anc characteristics of
recrudescent lines obtained after dirvect drug pressure or after
inGcirect selection by PABA restriction are presented in Table 7.
Sulphadiszine and Pyrimethamine response dota for some of these
lines are presented in Table & together with cata on one of the
anomalous lines obtained after pyrimethamine selection by
- 3 - o -1 . —
exposure to a constant dose of Z.95 mg.lkg pyrimethamine,

Comparison date on a wild type line and on a member of the

predominant class of pyrimethanmine resistant lines (AS ¥ DLW)

have been included.

All the direct drug selection experiments were performed

ot
-
-
=

no PALA supplement belng given.

Taipldt 7 — on accompanying page
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Characteristically the lines classed as sulphadiazine resistant
were all PADA incependent after Jen, 1975 and shoved a
continuously variable cross-resistence to pyrimethamine also,
thus resembling the anomalous line AJ 4139 obtained after
exposure o pyrimethamine., There seemed to be no correlation
petween the mode of selection (direct or indirect) and the
puenotypes procuced, Although sensitive recrudescences were
cetected (follouwing direct exposure to drug pressure only) no
intermediate vypes were identified. These are further éxplained

in the text.

C. lutant Lines — Selection fxperiments

The medin aim of the selections performed on thie wild lines
vas to obtain on estimebe of the range of basic genetic
varigtion evaeileble by inference from the range and freguency
of the cdifferent resistunce phenotypes produced, Having obtained
these it was planned to demomstrate their combination hy genetic
peans-as shown in Cross &.

Un the other hend selections were performed on mutant lines
with & view to investigating the case with which single gene
mutants could be combined by selection and later dissected hy
genetic means-as shown in Cross 4.

It was hoped thal the coubiuzation of these two approaches
could be used to investigate to what extent simple mencelien
genes could be invoked to explain the inheritunce of multiple
drug resisvance,

Sections (i) end (ii; deal with the case where single gene
pubunts which hed been made resistant either Lo pyrimethamine or
to sulphadiazine by cirect drug exposure were subjected to

secondury bouts of selectiou designed to induce resistance to
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the alternative drug also: thus both wmay be considered as
alternative routes Lo the same genetic endpoint.

In section (iii) this double mutant was exposed vo a third
bout of selection (by PADA restriction) to create a presumed
triple mutant - though this line was not tested genetically.,

In adaition the selection experiments involving PABA
restriction of lines in which this substance was reguired as a
growbu supplement following the acquisition of pyrimethamine
registance vere used vo detect any back mutabions to pyrime—
thomine sensitivity. (PABA independence aue to bhe acqguisition
of sulphediazine resistance would be distinguishable from that
cue to ack mutation as in the former case no loss of pyrime-—

thanine resistance would be expected.)

(i) Pyrimethamine resistant PABA dependent lines -

s

secondary selection by PABA restriction: be minimum level of

PABA supplement required for normal growth by these lines rose
5 S =1 N -1 i 5 3 :
from 0,0&3 gl to 0.0E0 gl after Jan. 1976, However degpite

this increwse all the PABA restriction experiments involved the

total withdrawgl of the PABA supplement. Since the sguppressive
effect of this restriction was not immediately apparent the PABA
was removed at wodel parasitaemias between 0.1 und 1.0%.
Typically this mecnt that the mean meximum parasiitaemias of lines
uncergoing selection were between & and 1Sf. These uaxima were
used in calculating the nuwmber of parasites which had undergone
selection,

Dete on the freguency and characteristics of recrudescent
lines following selection have heen presentec in Tuble 9 along
with cata on the effects of the acministration of precdnisone as

; , ~1. e Eremeer
an immunosuppressive (40 ug 1 in the drinking water.) The
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TABLE 10

Pyrimethomine resistant PiBa depencdent lines PADA restriction
selection experiments, Growth of recrudescent lines in the
ahsence of PADA und after pyrimethamine therapy (4 x 20 mW.tg"l)
— hoth expressec as a percentage of the untreated control.
Comparison cata included. All data obteined before Jan. 1975.

. How Selected: All or Home & % Growth After
Line i . o : S N
Ref. No. Summary of % Growth On Pyrimethamnine ‘

Treatment Zero PADA (4 x 20mg.kg
AS I bW 4x50ng,.kg Pyrimeth. - <U.26 9.5
AJ 4027 4x50ug. kg Pyrimeth. - {0,281 7:8
AT wild (eliminated at
type not selected + 5l1.4 CBug kg ox 4)
- ’ N T
AS 90101 %! PABA vestriction + 48 49
A5 90102 ¥ " " + Te8 8
AS E0108 ¥ i 1 + 250 50
AS 901064 i H + b 143
AS 80105 1l A + 5.4 27
A3 ©0106 i 1" A+ a8 76
As 90107 i n + 3.0 188
AS G0103 i " + 480 173
AS 90109 " o + 613 &0
AS 80110 i " + 100 56
AS 90111 i " + 06 28
AS 90lle Y " + 45 Not tested
A3 90118 i " + 121 u H
A5 90114 T H + a2 it y
AS 0115 i L + 190 n "
AS 90116 L 5 + O06 & .
A3 B0LL7 " I + 5.5 N .
AS QU118 y i + 1201 & L
AS 80119 4 L % 67 " "
AS 80120 n " + 118 " o
As 90121 n 1 + 549 1 1
AS ©0122 " T - 17 " "
A5 90188 L . + 45 H "
AS 90124 n n + 44 " 3]
A5 901&5 " i + 116 n n
AB 801a6 * i u + 131 2.6
AS SUSLLIN PabA rest. & damuil. -+ ol 73
AB 9050z " L + 108 17
A5 BUB0S o wow R + LT 89
A3 YUsL4 d o uom + Llo L]
A ©UBUL t i H " + 39 Not tested

1
L

. b . o B }i 1
¥iretest data presented in Table 11 K & of AT & LW
iukun, = ilumunosuppression
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briel classilication of these recrudescence included in Table
9 uave keen obktained from results of the preliminery tests
sumparised in Table 10 and from the more detailed tests, the

results of which have lLeen summorised in Table 11.
TAGLE 11

Pyrimethamine resistant PABA dependent lines: secoundary selection
oy PADA vestriction. Response to pyrimethamine (1Dgg {mg.kg"{i
I54 range) and growth in the alsence of PABA (results of repeated
tests) of a selection of recrudescent infections. Comparison
coto on the eanceslral liane included, (All data obtainec nefore
Jan, 1975.)

. . lesponse to
411 or None and & 1; ezh -
o ~ PR, ryrimeitiaanil
Lef, No, & Growbth on ¥1 T? f?i_.
Zero PABA MLQO‘mg'J% )
+ L5 range

Increase of
Fyrimeth.* S
resigtance

AS P LU - {uot retested 19.5(18.5-26.9) -
prev, est,
< 0.86)
A5 90101 + 113(41,9-303) 40,9(27.4-01.0) 2.1 X
AS 90102 + 78.5(4&.2-146) 88.8{26.6-45.0) 1.7 X
AS 90108 + 82.9(47.1-146) '89.7{26.7-59.9) g.0 X
AS 90126 + 45.1(20.1-71.1) 16.8(11.9-88.7) 0.86 X
A3 90207 + 107 (datae 58.2(19.4-76.7) 2,0 X
X & insufficient
for SE
determnination
As 90818 + 69.4(43.6-99.4) 22.5(14.9~-55.6) 1.2 X
¥ 2
AS 50307 + 18.8(6.68-50.1) 55,5(84,5-85.5) 2.7 X
¥1 4 = reached peak - = failed to grow

*¥ 2 both these lines were selected by PABA restriction
also, but details have not heen included in the
tex

£3 +the mezn value for increase of resistance = 1,7 X

wihile PaBA restriction had restored the FADA iidenendence of all

these recrudescent lines in no case was Uthe resistounce to
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pyrimethamine ocbolisbhed eitiher following the preliminery or
& 1 ¥y

the (uontitative drug tests where these were performed., Um

vlie countrary, there was o wean increase of pyrimethamine

registance of 1.7 X.

(ii) sulphadiazine resistant lines: continued selection

with pyrimethamine: (see previous section) AJ 7082 which had

been mede resigvont to Sulphadiazine by cirect exposure Lo the
arug (4 x 5 ug.kg) was also cross resistant to Pyrimethamine

{(EDy, = 2,19 ng WY 6. ahous tie fold compare "’*h-"l’
Bbhgs o el ) 1.€. & W compareu witvh vila
type lines, A second boul of selection was imposed by direct
exposure to pyrimethamine administered conbtinuously until
recrucescences appecred for up to 20 days following commencement
of drugy treatment, ilice receivea the normel PABL supplement of

= 1—1

U.3g . betails of the freyuency and characteristics of

recrudescences bave been summarised in Table 1& and their
respouses bo pyrimethawmine and PADA have been summarised in
Table 18. (ALl experiments anc tests were perforumed after Jan.
1975.)

See the text for a further discussion together with
acquisition freguency estimates and aa interpretation of the
results, Line 435 90401 was later used in & cross with a wild
btype line (Cross 4} and in anobher selection experiment. (See

results, Section le (iii)).

TABLS 12 — onm accompanying page
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TAULE 12

sulphe
Pyrimethamine. Iffects of verying dose on the frequency
anc characteristics of recrudescent lines. (After Jan, 1975H)

ciazine resistunt lines: seconcary selection with

Ilecrucescences

ll?e ezfu. pyrimetbu., totel 20, Pyrime th. A
uncer—  ref, cose treated Tesigte Tenend.,
going 1o, (nmg.kg 7) paras. aice

i L 1c h
select, (x107) vl, tst., Tach, 1iler.  unch  1nc
AJTUGE a0l 40 Lu.U U 9] U g 0 J
AdT0sE 1202 2y Ua0 153 ] u S 0 o
AdtVsE 1200 14 4. Y S U U b 0 3
Key: tl. = total tst, = tested unc. = unchanged

T
iuer. = lncreased
paras. = poarasiies

TABLS 18

Sulplisdiazine resigtant lines: secondary sclection with
Pyrimethamine. Growth (% control) aitver pyrimethamine itreatuent
(& x &0 mg.kg" and in the absence ol & PAua supplement, (Data

Naa

after Jan. 1875j., Comparison data on AJ 70862 included.

% Growbth after 5 Growth without

line ret, selin., expt. pyrimetihamine a PABA

no. ref. no, treatment supplement *1
AJ 7032 708 <0.25 + ( 37)
AJ le021¥ 2 1202 111 - (< 0.87)
AJ 12022 1202 17.8 - {(<0.19)
AJ 12088 1202 30 - (€0.75)
AJ 12024 £02 61 - (¢ 0.40)
AJ 12085 1202 236 - (€0.28)
AJ 12026 1202 100 - { & 8.8 )
AJ 12027 1202 56 - (<0.95)
AJ 12028 1202 59 - (¢ 0.89)
AJ 12081 1208 4 - (<€ 0.18)

AJ 12082 1208 657 -~ (¢ 1.0)
AJ 120883 1208 267 - {<l.2)
K + = reached peak ¥'(Eh90) pyrimethanine was later
1 < = failed to grow g Found to be 51.02 ng kg™

ISE range 28.44 — 42,60 mg.kg™ )
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It was concluded that the secondary selection by exposure
to pyrimethamine had significantly increased the resistance to
this c¢rug in all the recrudescences tested. Although only one
guantitetive measurement of this increase was obtoined, there
was no reason Lo suppose tiis to be atypical., This line AJ
120&1 resembled closely the double mutvant lines obtained by
PABA restriction of pyrimethamine resistant lines which required
this growbh supplemeant. In effect both were thought to
constitute altersative routes to the same end. (This has been
further discussea in the text together with estimates of the

acquisition rates.)

(iii) AS 90801 double mutants: tertiary selection by

PABA restriction: AS 20501 which had been isolated after two

selection steps: firstly by direct exposure to pyrimethamine
(4 x 50 mg.kgul) followed by PABA withdrawal was able to grow
in the absence of PABA Lefore Jan. 18785 but reguired a supplement
of J.025 gl"l after that date., Conseguently the line was
alloved to undergo a second round of PaBA restriction after
that date., kice with growing infections of A3 $0301 parasites
had their PADA supplement removec entirely and the maximum
number of parasites was estimated to have reached 4.2 x 1010.
Subsequently 4 recrudescent lines were cetectec¢ anc preliminery
tests indicated that all of these had become PADA indepencent.
After cloning measurements were macde of their responses to
pyrimethamine and PABA growth requirements, These data have

heen summarised in Table 14,

TABLE 14 - on accompanying page
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A3 90001: characterisation of 4 recrudescent lines isolated
after a second step of PADA restriction along with
cuaracteristics of the original line thet underwent selection.,
(411 data obtained after Jan., 1975.)

Pyrimethamine PABA

Ref. Humber o o ; ;
Lﬂgb(mg.kg“')i-ISb win, Growth suppl.

range to reach peak{gl™')
AS 90501(original line) 34.5 (25.7-4G.8) 0.025
AS 90801141 42,4 (52.4-55.6) Zero
AS 90801142 ) recrud- 84.8 (24.0-45.5) Zero
AS 90501148 ) escent no data Zero
AS 90801144 ) lines 28,3 (25.1-82.0) Zero

This second rounc of PABA restriction hed resulted in a
reburn to PADA indepencence in all the recrudescences tested.
Tuere was no evideiice of any significant change in pyrimethamine
resistonce though it wos inferrec that sulphadiezine resistaounce

ud been increased., The significance of these data have heen

ciscussed in the text.

(iv) Conclusions: Data from the PABA restriction
experiments in (i) and (iii) showed no loss of pyrimethamine
resistance folloving selection ana therefore no evidence of back
mutation,

The mutant phenotypes described in sections (i) and (ii)
appeared inaistinguishable on phenotypic grounds and vere
presumed to have resulted from the combination of two single gene
mutants conferring resistance to pyrimethamine and sulphediazine

respectively.



64

The mutent vescribed in section (iii) wus presumed to
be a uvriple consisting of one pyrimethamine mutent and two
sulphauiszine resistance mutants. Its existence demonstrated
that more than ome bype of mutant conferring sulphadiazine
resistance was available - o finding possibly relevant to the
rather wide range of pyrimetihamine cross resistances observed
folloving selection for sulvhadiazine resistance e,g. in
section {i). (This point has been considered in more deteil in

the Giscussion.)
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Selection for nat Acantation in P,chabeudi

In order to obtain a selective marker unconunected with drug
resistance intended for use'in more detailed analyses of the
genetics of drug resistance, a ratv adapted line was obtained by
selection,

bata on the mean peak percentoge parasitaemias in male C57
mice and in unewly weanec and & week old norway wistar male rats
reached by the wild type AJ line hefore and after selection and
after 4 mouse and 1 mosguito passage after selection are presented
in Table 135, Data on the regponses Lo pyrimethamine and PABA

depencence before selection and after selection and mouse/

mosguito pussage have been included (Post Jan. 1975). All
: ] G
inoculum sizes = 107,

TADLE 185 - on accompanying page

During the initial development of the rat acaptec line, large
numbers of male and female gametocytes were observed following
o

inoculation with more than 10° parasites or so, Vith these
lurge inocula non adapted parasite infections peakec at belween
4 gnd ¢ days in splenectomised rats and gamebocyles could he
observed frowm iaitial appearance at about & days through a peak
at vetween 4 and 7 days and remained visible for up to between
14 and 28 days after inoculation,

Doata on peak levels of infection and gametvocyte production
for three lines in the different hosts used in this study are

presented in Table 106.
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The data in Table 15 show that not only had selection
rendered the surviving parasites capable of growing to a higher
purasitaemia in splenectomisea rats than wild types, hut also
bad given thenm the novel ability to grow in intact rats; and
although deta bhave not been presented, this extended to
infections initiated with clonal inocula, Growth in mice seemed
maffected by ral adaption as were PABA dependence and pyrime-—
thamine resistance, Lat adaptetion appeared to be stable also,

On the other hand the duta in Talile 16 show that rat

[#]

viapbution seemed to have significantly reduced the phenomenon
of abundant gamevocytogenesis obgerved in wilc type infection of
rabs — suggesting bthat this phenomenon was symptomavic of growvth
in nostile or almormal conditions.

All these phenomena have been discussed in the text, How-
ever, the technicue of selection by repeated passege prohibited
the caleulation of the rate of acquisition of rat adepitation.

The rot adapted line was later crossed with a sulphaciazine
resistent line with a view bto eluecidating the mode of

inheritance of the former character  (@ee Cross 6},
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3

Cross esults

Apart from the Dresumptive triple mutunt type all the
mein types of mutant and mutent combination described in the
present work were used im Crosses.

Crosses 1 and &2 concern the inheritance of pyrimethamine
resisvance and Cross 8 dewals wilh sulphadiazine resistance.

The mein type of question posed in these crossing experiments
is to whatl extenit the inberitance of these characters aﬁa their
correiated effects can he attributed to mendelian single gene
matations — the simplest possible model,

Crosses 4 and &6 deal with the combined inheritance of
resistunce to these two drugs with special emphasis on the
ocecurrence of recombination between them. Included also in
Cross 4 is a Wrief description of an unsuccessful attempt tvo
anaiyse this cross by the analysis of clones ontainec from
single oocyst infections.

Cross 6 was intended as a necessary preliminary investigation
into the nature of rat adaptovion prior to the use of this
marker as a seclective tool in the screening of crosses with
drug resistance murkers, and olthough this marker was shown to
be unsuiteble the datva have been included and discussed andc
illustrate some of the problems atvencant upon o genebic anulysis
of mutonts with complex modes of inkeritance.

In each cross, the results have included o briefl rationale
followed by a description of the parents and the cross products
and end with a short conclusion. Bach cross has been discussed
in cetail in the text. The ciscussion ends with general

conclusions regarding the noture of the inberitance of drug



resistonce droawi bobh from the selection experiments and from

the crosses tlhemselves.,

R T _ _ _ i
Cross 1 — a5 ¥~ (bW) (pyrimethamine resistance, PABA dependent

obtuined by direct exposure to the drug in e single step) x id

wila type:

further analysis to detect recombination hetween

primery resistunce (o pyrimethamine and the concomitantly

cevelopecw increased dependcence on PABA and thereby test for

pleiotrony.

‘e analysis of this cross by clone analysis has been

reported elseviere (Valliker et al, 1975).

He lkindly alloved

me Lo perform the further analysis using blood sumples

preserved from the origiasel cross,

(i) Description of purental phenotypes:

The responses to

pyrimethamine ond minimum PABA rec

presenved in Table 17,

wwirements (pre Jan. 1975) are

TABLE 17
Cross 1: A5 P’ LW x AJ wild type. lesponses to pyrimethamine,
minimum PABA supplements required for growth (Lata pre Jan.

1875) aund enzyme markers.,

esponse to Pyrime—

Min, PAUDA suppl.

70

Parent . - i CI% YIIC
s thamine (¥Dgg + ISE for growth to JRE
lines : G ;oo variant
range) mg.kes peak (g1™")
' Ll uidGD
AJ wila type  0.87 (0.58-1.41) Zero g 5
AS P ouw 19.5 (15.8-26.9) 0.0e5 3 2
(ii) Zxperimental deteils: Valliker et al. (1975) showed

free recombination between variants of bthe tvwo enzyme morkers LI

and UPGD anc the gualitative character pair pyrimethamine

resistance/sensitivity,

it remained uncertain hovever whether or



not pyriwmethamine resistaunce and PilA depencence segregated
vogether. To choose hetween these alternntives a test system
was set up Lo find eny purasites in whieh pyrimethanine
resistence bad lost its accomvonying high PALUA depeudence,

The procecure woas onalogous to a 4 day drug test. Two
grouus of mice were inoculated with 10 aliguots derived from a
cross procuct perasite slubilate preservew in tae iaboravory.
T S e g el . T — .
Une group receivea S ug.ky pyrimethamine intraperitoneally
¢ hours latver anc on bthe § days following, The other groun wus
treated as o control und received corboxymetiyl cellulosc only.
(n tike fourth cay after inoculation parasite counis were performed
on hoth groups of mice and these sgreed closely, doubtless due 1o
the presence of resgistont parasites in the drugged group,

5]

Aliquovs of 10 paresites were then obuainew from hoth groups of
mice and enchh sel used to inoculate a group of mice which had heen
meintoined without a PABL supplement and a group of control mice

v iz 3 - - . v -1 3.2 2 2 : =
receiving the standard supplement of U.5 gl =~ muking 4 groups in

5] \ :
&ll, (The choice of 10 parasites was mace as & compromise between
running the risk of selecting a mutent or a parentel survivor by
veight of numbers anc risking the exclusion of rare recomuinant
bypes) Animals in ell groups except those which had received both
¢rug and PABA restriction became patent. These onimals were still
clear after 20 tays.( Iiad parocsites been okserved, ws well as
veing drug and PADA tested, the experiment would have been repeated
i S

using smaller aliquots then 10 and 10 J

This mgative result was taken to cemongtrate the shsence of
pyrimethanine resistent PAD. independent parasites among the

orocucts of the cross, supporting the conclusion tuat the

increvsed level of Pibh dependence found in pyrimethemine



T2

resistont lines resulted from a pleiotropic effect induced by
the primary genetic change.

Crosses 2a: 2b: 2c — AS P DU x AJ 4027; AS P° Uu x AJ 4028;

:
M

AJ 4027 = AJ 4028, All these vwere of the type: pyrimethenine
resistunt, PABA dependent. While hoth parents in each of these
turee crosses uac wore or less indistinguishable phenotypes,
they uac been obtained inueendently anc Lad possibly uwrisen cue
to mutations abt cifferent loci. 1t was the purpose of these
crosses.debect any recombination between these possible ioci?

Ly tihe use of a screeuiny btechaique.

(i) Origin of parents: 4ll three lines used in bhese crosses

vere moce resistant to pyrimethewine by single step selection and
B e 3 3 s R | e
ued becoume concomitantly depeudent on PABA. AS o L, as
mentioned previously, hacd been selected by br. L. Walliker of

e : N T
this dejartment using 4 doses of pyrimethamine (B0 mg.kg ); AJ
447 and AJ 4028 wec been selected using 4 doses of pyrimethamine
; . ~1i ; P ) i x .
(80 mg.lkg ~). A sumsary of the perentel phenotypes hLus leen

Jregsented in Teble 18

TADLE 16

Crosses Za: 2b: 2c: parental phenotypes. Iliesponses to
wgrimeth&mine, depeuncence on PABA (pre Jan., 14785) and ennyue
moarkers .

ssponse o Pyrime-  Min, PABA suppl.
Line thawine (ELgg + IsB  for growth
ronge ) u&.ké-' \bl*')

engyne
voariant

Lk 6HGD

B

Ry praeey
AS ¥ v

19.5 (18,8-26.9) 0,085
AJ 4027 13.2

oo
o

(
(¥3.0-95.7) 0,025 2 3
AJ 4028 7.8 ( 8.6-16.7) 0.025 2 3
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(ii) Bxperimental detuils: & pair wise crosses were

Y

> i = . - ) A TAY oy % e
performed, the first of these (A3 F~ LV x AJ 4087) was perforued
buice usmin ot tlic atnndard o i 5 3 o
tuvice uping both the standard crossing procedure and the
mouified procecure using splenectomised rots as o rodent
cerrier. The other two crosses were performed using the modified
procecure only. BGporozoites were harvested as previously
sescriked.

Cross procuct bloods were examined electrophoretically in
crosses e wnd 2h ane poarental co-transmission confirmed in hoth
cases following tiue modified creossing procedure, but not in
cross Za Tollowing the stancard procedure and this bloow was
discarded. DPare.tal electrophoretic icentity in the cose of
cross &c prevented this checlt being made,

—— - ’ U 4 . g ; = s

Serial dilutions of 107, 10 and 107 parasites per 0.1 ml
were preparec from each of the remeining bloods end cliguots
used te inoculste groups of & or £ wice (&{?057) whiclh tad
received no Pabl supclement for at least 7 deys. llice receiving
. B . -1 . e 2
the full Pila supplement of 0.5 gl = were inoculated with 10
porasite wliguots as viability controls. A further group of 2

b4
zero Pulia mice were inoculeted witih 10 parasite inocula
obtained from the AJ wilc type line as @& check on PABA depencence,
iice were checlked for puotent infections after & days and
ey e o ol - 5 £y o = y t... - o 3 = T-‘bl
suhse uently; the results of these tests are presentec in Table

19,

TABLE 19 — on accompanying page



Crosses 2a:

mice receiving

e) &
ail: ey

TABLI

e

19

grouth of ecross product
no PABA supplement,

parasites in

(pre Jan. 1975)

T4

Composition of size of mice inoculated No, mice with
inoculun inoculum o, TADA . .pat?nt
supplement infections
& ; 2 o |
Za cross— rods 10 2 0.5 gl 21
&b cross—-procs H 2] H &
&C CroSsS—DIoes n 2 " g
ga cross-prods " g ZEro 0
&h cross—prods u 2] u V]
e cross—prods i & u J
&% CroSs—procs 104 2 u 0
2h cross-proas n 2 o O
EC Cross—yrocs t & ¥ U
a2 crosa—rocs 10G 4 i 0
&b cross—prods L 4 U 0
ZC Cross—procs I 4 4 o
o
Ad wild type 10° a i O

The failure of cross product parasites

1o induce potent

infections in mice receiving no PABA supplement was tulen to

incicate the whbsence of Paba independent parasites amongst them.

Thus tltere was no c¢viceunce of recombination wvetween these

indepencently selected mutants suggesting that these loeci

residec im the same or adjacent genes.

This was teken as

in support of the view thet the phenotypic homogeneity of

class of matant resided in their genetic homogeneity.

Cross 3:

main purpose of this cross was to verify that

AS wild type x AJ T031 (Sulphaciazine resistant).

3

evideice

this

The

the sulphadiazine
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resistunce moriker segregoted in a mendelian fashion as a single

genetic faevor,

F e N p - . - % . . -~ w - . 1
(1) Origin ond choracteristics of puremt: The AS wild

type line closely resemblec its AJ counterport in its response
to pyrimethamine (see Tuble 3), in its PABA dependence (see
Table 1) and in its response to sulphadiazine (see Table 2);

but wiffered from the AJ line in its electrophoretic variants
of Ol end Loil, The AJ line used in this cross, 7081, ad been
umete resistont to sulphadiazine after receiving 4 coses of the
erug (& mg.kghlj. It bad acquired a two fold eross resistance
to pyrimetianine also and grew to peal vithout PALA
supplementation unlike its wild type mate in the cross. (All
cata post Jaun. 1975). The phenotypes of the porents have been

summerised in Table 20.

TABLE 20 ~ on accompanying page

(ii) BLxperimentul detuils: The cross was performec using

the modified crossing procedure with newly weaned

splenectomised rats as rodent carriers. Zach ret was inoculated
intrevenously with about 0,5 ml of peak infectec blood composed
of 2 parts ad TuSl perasites to 1 purt AS parasitves. Tuis
ratio being chosen to purtially compensave for the appurently
greater fertility of AS purasites in this host  (see Table 10).
after 5 cays exflagellation was observed and starved mosguitoes
allowved Lo feed on the rats.

Sporozoites were hurvested 14 days later as previously

Gegeribed and¢ used to inoculate § CB7 mice intravenously. All
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of tuese mice wecane petently infected within § deys indicabing
the originnl sporozoite ianfection to hove Licen a ueavy one,
vorental co-transmission was confirued electrophoretically
wid porasitves from 2 of tlhe three mice cloned uy cilutionm (0,88
sarasites per imoculum). Of 108 mice so inoculated 14 hecame
gubently infected and 12 of these clones were tested for their
regpoases to pyrimetlbowine wnd sulphouiezine and for their
ekility to prov in the absence of any PABL supplement along with
samples from the parents acking 14 in &ll. Control amimels from
each vest were louter sacrificec ané the Liloods hurvestec for
electronhoresic, 11 €87 meule mice were used in each testv there

. o & a i 5 Z -1 %
seing: & controls; 8 wosed with sulphadisgzine (1060 mg.ig ~ x 4)

v e 5 i . . -1 5 : G i3
cad § cosed with pyrimethwmine (1.25 mg.lg — % 4). All of these

receivec the normal PADL: supplement of 0,85 gl_l. In acdition
tuere were two eunivcls which had received no PABA supplement for
at least 7 cays beforehanc, Ctuerwise this 4 duy test wes
corcuctel os previously descrived. Growth expressed os 2

;

sercentage of the controls wus culculated for both crug coses

ond PABA restriction. The results have Leon presented in Teble

o

1.

]

Two clones (CX £04 ané CEX 809) vhose responses to
sulpbaciczine remdered then difficult to classify were retested

using the seme dose (160 ng.lkg b x 4) of this drug,
mice were useG in each trectment group.

After retesting the growth after drug treciment (expressed
as & pnercentoge of the control) was 7.08 (4.08 - 12.21) for
clone CX &04 and $4.5 (£8.4 - 160 for CI ©09.

Using these retest dutba the mean percent growth after crug

trectment with sulvhadiaszine (4 x 160 mg.ly 7 woas 1245 for

T
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those clones which grew in the absence of PABA and 1.80% for
the mon-growers. The figures for pyrimethamine (4 x 1.85 ng.
kg) were 50.0% for growers and 1.22% for non growvers,

This enabled the 12 clones to be dichotomised: clones
CX 601 40 308 all exhihited wild type responses to sulphadiazine
ant Lo pyrimethomine and in respect of their PABA grouth
reguirements; on the other hand, clones CX $09 to 312 resemblec
the resistant purent both in respect of their responses to
sulphodiazine and in their PABA growth requirements. uhilé on
averuge the lotter clones appeared more resistant Lo pyrime—
thamine there was some overlap in respect of the meusurements of
this character and this has heen considerec in the discussion,.

Both sulphediazine resistance and PABA independence
appeared to segregote together, Although this was probably true
of cross resistance to pyrimethamine also the evidence was less
clear cut. This suggested a pleiotropic origin for the
correloted churacters.

There appewred to be free recombination with koth the

enzyme markers O6LGL and LLH.

Cross 4: AJ wild type x A5 90801 (pyrimethamine resistant, PADA
dependence wild type): detection of non parental phenotypes
among cross products as evidence for recombination between
merkers conferring resistaunce to pyrimethamine and to

sulphadiazine,

(i) Origin and chorocteristics of parents: Line AJ wild

type bas been described previously (see Tables 1-3). Line AS
90501 was obtained by selection in two steps: AS wild type was

maae 20 times resistent to pyrimethamine by direct exposure to
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the drug (4 x &0 mg.kghl) in a single step (Walliker et al.,
1975); wnc this line which was PABA dependent was selected by
PABA restriction (Tables 9-11) — rhis.constituting the second
step of sclection., After the second step of selection which had
increased the level of PABA resistence to between 35 and 61
(range of estimates, mean = 46) times that of the vild type AJ
line used in the crossg, the line was no longer PABA dependent
before Jan, 1875 but reguired U.025 gl_l for normal growth ofter
that cdate. Thus its PABA devencence (and sulphadiazine
sensitivity) was iudistinguischle from that of the wild type
line in the cross. These phenotypes have been summarised in

Tebhle 22,

TABLE 22

Cross 4: AJ wild type x AS 00301: Parental phenotypes:
responses Lo pyrimethamine ana to sulphediazine and PADA
growth recuirements hefore and after Jan. 1975.

1 “= ) e -1
Barert Response to: (LDgp + ISE) mg.lg 5ﬁ3ﬁtl
Lin Before Pyripe- Sulphadiazine growia
= Aft:; / thamine ; TequaL e~
Jan. 175 (05qC") PaBa (0SgU) PADA Zero PABA ’Ezill‘;,)
1. . 4. 2 :
( before ~0.87(1.41) no data  0.054(.059) Zero
( (0.53) (.049)
AJ wild (
type { 1 3
( after 0.96(1.10) °80.8(12.6) no data 0.025
( (v.87) (51.8)
‘E' " -
{ Thefore 755,5(85.5 no data 0.060(.081) Zero
( (84.8 {.045)
AB90801 (
( 1 3 2 Y = .
( after 34.5(46.38) 67.2{87.1j no <ata U.0825
{ (25.7) (51.9)
1, not sig. ciff. 2, not sig. «iff.

3) n ] ] 4. i " "

=}
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(ii) sxperimentel details: The cross and prelininary

analysis were curriec ouv before Jun, 1975, [Hovever the detailed
cuosracterisation of clones vaus performed after that date and this
bos ween iucicatew elsewhere as appropriate.

The cross was performed using the modified crossing
procecure with newly weaned synlenectomised ruts as rodent carriers
of thie biparental Llood mixture which was acjusted to contain
eqgual nuabvers of parasites from each parent line,

The mixed parental blood meal was permitteu to take place on
the fifth day after these rot inoculations and sporozoite
infections were induced by nctural trausmission., Cross product
bloods were split into samples for cryopreservation and immediwie
analysis. The originel biparental blood mixture vas also
preserved anc usec as a hybridisation control.

Inzyme electrophoresis confirmec parental co-trensmission.

Dilutions containing 10 parasites per ml were prepurec from
both cross product auc control samples. Aliguots (0.1 ml) from
each sample were then used to inoculate two groups of mice
{C87 wele) receiving no PABA supplement: the first group received
1.25 mg.kg_l sulphadiozine and on the following & days; and the
other group was inoculated with Ne CllC only as a growth control.

Uncrugged control mice inoculated with both blood samples
became patent after J cdays. Drugged mice inoculated with cross
product hlood parasites became patent hetween 2 and 3 days later
wiereas bhose which had been inoculatew with the control mixture
remained clear of infection even aflter 1U days, suggesting that
all the parasites had been eliminated. These datu reve@led the
oresence of & mon parental class of parasites wmoungst the

products of the cross: inferentially these were probably
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Tiablil 28

Cross 4: AJ wild type x A5 90301. Charccteristics of 80 cross
product cloues oné preliminery clessification. (Data azfs& Jai.
1576 '

snzyme Lesponse to (UNT., Jjo Growth
Variant control) Zero PA Initial
BA (% Clasgifi—
® Fyrimeth. @ Sulphad, Full cation

LU O¥GD 4y, 50, kg™ 4x1.25mg.kg PABA

& 2 7.8 - <0,20 + 46.4 )
3 P24 4648 - < d,.ul + T4.4 )sulphaciazine
S & 4.6 -<9.18 + 101 )sens., PABA
5 g 41,9 - ¢D.45 + 068  )iIndependent
& b 171 - < 0.48 +  80.7 )l}'l"l;n"tl‘lf_ll’.llﬂe
8 - 122 ~ ¢0,86 + 80.2 )Res.
3 g 53.4 - 0,17 + 104  }{Parental
S g £4,5 - ¢0,88 + 87.0 ) Type 1)
& g 56,6 ~< 0,22 + 52,1 )
& 2 211 -Cu.24 3+ &6,8 )
5 S 116 = 081 + 88.6 )
3 8 216 - 0.86 + 99.8 )
5 8 54,7 - 0,10 + 15.2 )
Ambi. & 48.8 ~ {0,428 + 4B.4 )

<16 & & 213 G - ~< 0,66 )Sulph. Seus.

416 S & 1.0 @ - - <01l )i

417 O & 12.5 @ - -<0.15 jLepencent

416 3 2 G01 @ - ~-¢ 1,05 )¥yrimeth.

419 3 8 16.8 @ - ~¢0.86 )ies, (llom

420 3 8 £28 ® - ~<8,1 )Parentul Type

421 2 3 119 £3) e ~Co.21 ) 2)

4eg 2 S < 0.66 - € 0.48 4 48 )Sulphac, Sens,

485 2 s ¢ 1,61 ~& 0,41 + 141 )PABA Incepenc.

484 g 5 1.78 o & G B + 817  jPyrimeth,

1 4 ey IRl 8 (o i Loy g ey

428 2 3 { 1,89 -¢1,89 + 184 }gen:g.\‘ arental

426 g S ¢ 0.16 o P + 14,2 )Type 2)

487 g 3 < 0,28 -4 J.22 + 3187

458 2 8 ¢ 1.28 - 40,88 + 8.0 )

42 2 8 £6.9 + .74 + 154 jSulphed, iles.
Frd R W . L “

450 2 5 2.9 + 51.7 + 404 JPABA Independ.

Vuriahle

iwesn, Lo

Pyrimeth,

{ifon Purental
Yype 1)

/!C ont
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TABLI £8

TINUATI O
dnzyae Lesponse to (%UNT % Growth
Voriant Countrol) Zero Pi initial
DA (% Clasgsifi-
i Giap © Pyrimeth. @Sulphad. gyl cation
Y 4x8 . Bmg.hkgTt 4x1. 2858 paipa

AS90501 & 2 124 - 0.48 + 68 First Parent
Ad Wld
Type & o 0.39 - 9.91 + 90 See. Parent

1 -!-@)@

®

norual PABA supplement
normal Pibh supplement
reached peak

fuiled to grow

quantitative drug response presented in Table 24
clones 415-421 fuiled to grow on zero paba which
was usew a8 o conbrol for these estimates there-
fore no estimates of % growth was possible

kecause of Gouble enzyme type this line was recloned
and retested(Iili 2 6XGD 8F



sulpbacdiazine resistont onc had arisen as a result of genetic
recombinagtion.

00 dilution clones were then established over a period of
time frow the cross products and each of these bested for its
respouses bto pyrimetuamine (4 x 2.5 ug VL. weE al PABA); b

Bponses Pryrin H = cew iagl.lig , Dnorma alih 3 Lo

1sbhodingsin 4 x 1.25 meor _""1 TR 2B T -
sulpuadiazine (4 x 1.25 wmg.kg =, zero PABA); and for their
ability to grow in the wusence of a PABA supplement. Untreated
control mice were latler sacrificed and their bloods freeze dried
anc enzyue tested (LUl and 6PGL). The results of these tests
uave been sunuarised in Table 23,

Tollowing cousideration of the data a 4 way clussification
was ecounstructed comprising & poreutal types and 2 non parental
types, In orcer to furtvher test the velidity of this
clasuilication, 7 clones were retestved after Jan. 1976 and their

gy o = o ¥ ReL . " A ek LA L . - 2 v b B o - .
guantitotive responses Lo sulphadiazine, Lo pyrimethamine and
vheir PuBi growth responses estimated: 1 clone represenving each
purental cabegory, 2 clones represenbing each non parenval

m

cotegory and CX 414 the presgumpvive double clone. These data
vogether with relevant comparison data heve been summarised in
Table &4,

These data (in Table 24) were talken to confirm the
generation of two nom éareutul clesses of parasite plhienotype
among the products of the cross. These seemec vo most closely
regsemble the two classes of mutant previously obtained by single
step selection using pyfimethamine and sulphadiazine {or PABA
witudrawel) — respectively.

Oxploiting the rise in PADA dependencies after Jan. 1875 a

series of reconstruction experiments was undertulken whose

Purpose was bo measure the relative freyuency of recombinant

rerasites among the products of the cross and tihereby edtimate
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TALLY 24

Cross 4: AJ wild type x A8 YUSUL (Pyrimethamine resistant).
heggonges to Pyrigethomine and pulphediazine (U.5 gt PAUA
supplement) amnd growth in the absence of Papi. (Deve obtained
afver Jan., 1975). Compurison dava 1included,

liesponse to {uﬁ.du + IBE range urowth in the
Line/ _ {,né,"‘ absence of
Uescripuion any PabA
Fyrimethenine Sulphadiazine supplement
Ad wild type  0.98 (V.8T=1.10}) 0.8 (57.8-1206) -
AS 90801 84,5 (£6.7-46.8) 87.2 (51,9-87.1) -
AJ 7082 2,18 (1.58-2,91) 851 (872 ~1947) 4
AS P o 19.1 (15.8-26.8) 8.35 (2.76-4.12) -
CX 414 0.68 (0.47-0.86) 065.8 (52.5-77.62) -
CX 401 45,4 (55.1-62.4) B7.5 (48.9-67.6) -
CX 420 20.4 (18.5-50.9) 3.04 (&.82-4.70) -
X 421 o 17.2 (12.6-25.4) 8.50 (2.75-4.44) FE
CX 42z 0.40 (0,£8-0.57) 7.6 (52.5-87.1) -
CX 429 1.41 (0.97-2,04) 204 (174 - £40) +
CX 430 2,75 (1,81-5.96) 197 (104 - 372) ©
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the frequency of recombination between the genes pronosed to
confer primary resistance to pyrimethamine and sulphauiazine.

To achieve this aim a series of dilutions was preparec
from the products of the cross and aliguots from these used to
inoculate £ series of mice (C57 &%) receiving the full PABA

; e —].\' o &

supplement (0.5 gl™ "), and no supplement., Control inocula were
prepered from porasites obtained from the biparental mixture.

The results of these tests are presented in Tahle &£5.

TABLE 25

Cross 4: AJ wild type x AS 90801: Infectivity of 1 and 10
parasite inocula in the absence of PABA supplement. (Data
post Jan., 1975)

mean no. PABA No. do, sub- Poisson
Line parasites per gupple. mice  seq, Lxpect—
inoculum inocul, paotently ation
inTected
:; f -1 Iy 'S
Cross 4 prods. 1 0.5g1 290 1 2.9
" ]_0 " n 13 15
i l.Ub il 2 2
n 1 Zero 249] 9 12,6
" 10 " 2! 18 &0
g 109 " 2 2
|
biparental mixt. 1 0.5g1 4 - 2
it 1t
I " Zero 1] 1

Comparison of tlie number of patently infected animals in vhe
test groups with those expected on the basis of the Poisson

distribution (assuuing 1£.5% of cross product purasites to be
PABA indepencent),showed no significant departures from that

expectation, This suggested thal luere was no cvetectable linkage
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between the geunes proposec to control resistance to sulphadiazine

anw o pyrimethamine.

(iii) Analysis by exeminotion of single oocysts obtained

by microcdissecuion: The parent lines used in Cross 4 proved to

be fertile despite multi blood passage (AS 90801 produced abundant
gametocytes and vigorous exflagellation even after some 100 serial
passages ). This and the fact Cross 4 had heen analysec in tlhe
greatest detuil of wll the crosses cescribed in this study, lecd

to its choice for analysis by examination of single oocysﬁso

Bloods from both parents were horvested from splenectomised
rats on the fifth dey after inoculation and the mixture adjusted
to contain egual number of exflagellating gametocytes from each
parent,

The mixed bloods were fed to cuges of starved mosquitoes
using the membrane feecing apparatus alreacy described.
liosguitoes were dissected on or before the sixteenth day after
Teeding and guts with ruptured oocysts discarded.

The remzining guts were then torn with sharpenec tungsten
needles to yield fragmenlts conteining 1 or 2 oocysts: hani-
pulation was comtinued until isolated oocysts remained. ERach of
biese was removed in a pasteur pipetie or on the end of a
tungsten needle to the first of the tiwree depressions on the
vater cooled slide and washed. After a second wesh each oocyst
vwags ruptured in the thirda of these depressions and the resultant
sporozoite suspeusion injected into a stock mouse by the intra—
venous route, Doth the apperent maturity of the oocyst and the
easse with which the suspension was injected were noted, Control
mice were inoculated with the bulk of the second ococyst wash.

Out of 60 single oocysts injections, 1S were considered to

Le 'good!' injections of muture oocysis.
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Unly 1 mouse inoculated with o siugle oocyst subsequently
became patently infected and that witer 128 days. None of the
control mice wecame pabently infected,

Enzyme electrophoresis showed this infection to possess
the variants peculiar to the seansilive parent omly: (LDH 2
LEGD 8). lHowever subsequent tests showed this infection to
contain parasites able to grow in the absence of a PADA
supplement, and so in all probability derived from a hybrid
oocyst., Nevertheless, in view of the time taken for the infection
to become patent and wmore imporbantly, oi the grounds of enzyme
monomorpiuism, vae parasites were nolt furtbher analysed,

The probable reason for the failure of this cross has been
briefly statec in the text of the discussion.

Cross 5: AJ 7082 (Sulpbadiazine resistant) x AS }; LW
(Pyrimethamine resistant), Cross conductew and analysed after
Jan. 1975, ‘ihis cross, the reverse of cross 4, was performed to
suow tiat multiple drug resistance may be gemerated by recombin-

ation as well as being broken up by it,

(i) Origin of larents: Doth purent lines have been cescribed

previocusly (AJ 7052, Teble 8: AS F' LW Valliker et al., 1975): a

summary of their phenotypes has been included in Table 27.

(ii) Sxperimental detoils: The cross wos performed after

Jan, 1976 by the modified crossing procecure using splenectomised
rats as rodent ecarriers of bthe mixed parental hlood infection and
sturved mosquitboes were permiited vo feew on these rals on lLlie
sixth cay of iunfection: i.e. when the gametocytogenesis uad
reached a maximum, These moscuitoss were sbtarved a second time

15 days after the blood weal und allowed to feed on stock mice
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two days later. Patently infected mice were sacrificed and
exsanguinated and the bloods used to prepare semples for
elecirophoresis. The presence of hoth varental enzyme types
confirmed the trouasmission of both parents, 14 clones were
obtained from the products of the cross by dilution (0.25
parasites/inoculum). Bach of these was tested for its ability
to grow at two Pabi levels (0.025 glﬂl and gzero PiBA) and at

two Goses of pyrimethamine (4 x 1.25 mg.kg_l and 4 x 40 ag.kg—l}.
Dloocs harvested from control mice were subsejuently used to
provide sumples for eleclrophoresis, The results of tuese tests
have been summarised in Table 26. (Anomalous clones CX 507 and
513 were retested and these data used for classification). Two
clones CX &l& ana CE 514 appesred to be non parental aiter the
Qreliminary tests anc these clones were tested agaein and their
guantitevive responses to pyrimethamine and sulpheadiazine
estimnted. These dote together with relevant comparison data
hove been summerised in Table 27, (The pyrimethamine response
of clone CX 512 was re—estimated after o second series of tests

anG this figure is also included).

TADLE &0 — on accompanying page
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TABLE 26

0
Cross 5: AJ 7082 x A5 ¥° LW: Growth (expressed as a percent
of the control) of cross—product clones at tuwo restrictive
aBA tests and et 2 pyriwethamine dose levels., (Datu after
Jai. 196} Coupurison parental and matant line awta included)

% Growth

line/ PABA supplement fg;%g;tia@%ne Clone
clone Classification
.045ug. kg Zero 1.25 40
clone CX501 + 38£.7 + 14.7 28.0 ¢0.26 pr.(res.adJ7052)
no X502 + 102 + 15.8 11.6 (0.11 " n
" CX508 + 87.9 + 6.9 1.51  ( 066 " "
" CX504 4+ 286 + 177 11,8  (0.45 " u
" CX505 + 44.2 + £.80 15.6 € 0.20 " n
"o CX506 + 528 + 12,6 55.7 £ 0.86 " n
noCKBOTT + 254+ 197 107 ¢ 0.46 "
" CX508 -¢0.14 ~-¢0.14 48,5  0.91 " (res.ASP Dy
n CX509 -<¢0.11 -<0.11 205 0.117  n "
"o CX510 - (0.12 = (0,12 288 0.44 " "
0 CX511 —<€0.056 -<0,056 47.8 0.076 ™ "
" CX512 + 88.6 -{0.88 65.0 54,8 npr.(res.A500801)
nCXB1ST 4 94.9  —(0.27 116 26,9 m Y
Mo CXE14 + 188 ~-€0.22 1.10 <0.22 " (res.Ad w.byp)
AJ  T082 + T6.8 + 62.8 5.59 (0,16 = =
as o €018 ~ ROTLE 45,2 1.78 - -
AS 90501 + 5.02 -¢0.20 108 17.9 =~ o
AJ w.typ. + 185 - €0.27 8,68 (0.27 = a
* after feﬁésting pr. = parental
+ grouth/no growth npr = non parental

res. = resembled W, byp. = wilce type
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TALLE 27

Cross 5: AJ 7082 x AS 7" bW: Clones CX 512 and 514 responses
Lo »nyrimethamine wnc sulpboadiazine, Couparison dota obtained
from both purents and A5 90601 and AJ wila type included.
(beta after Jan. 19752 (A1l mice received the full PABA
supplement of 0.5 gl™ )

clone CX 6512 22,0 (17.4-27.7) 31.6 (15.1-66.1)
CX 514 1,04 (0.81-1,82) 55.5 (68.1-80.4)
CX 512 retest. &8.5 (80.5-48.4) - -

AJ  T082 £.18 (1.58-2,91) 851 (872 -1947)

AS FROLW 19.1 (13,8-806.8) 8,85 (2.76-4.12)

AS 90501 54,5 (25.7-46,8) 67.2 (51.9-87.1)

AJ wild type 0,98 (0.87-1.10) 80.56 (51.8-126

[+

growth/no growth

These data were tulien to demonstrate that genetic recombinetion
neu generated hoth double mutant and wild type resembling

. . CR R} S 5. W o \ " |
parasites and tbus mimiced the reverse of the process thought
Lo have occurred in the case of Cross 4,

This cross Las been further discussed in the text,
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Cross 6: AJ TOu& (sulphacdiazine resistent) x AJ rot adapted.

~
("N
—

Origin end churacteristics of Parents: Doth lines

have been described previously: AJ 7002 (see Table 3 oo 64

L

aJ rat adepted (see p 06 Table 15),

The aim of Lhe eross was to establish the suitebility oi
U8 YO Lo Weliier Ioi use selecoively in crosses with drug
resistonce mutoatsy whetlier the inheritence of this charscter

wes nencelion and if so whether polygenetic or nobt, An ideanl

selective marker would have heen inheritec by a single gene,

(ii) Experimentel details: This cross wes performed alter

an, 1786 by tuhe wodificd hnique using sple vomised rats as
Jan., 1876 by tue wmodified technique using splenectomised rats as
roaent carriers of the biparental mized bloods, It was wiso
repected using the menbrane feeding apparatus with a hlood

mixture conteining peresites obtoined from mice on or arounc the

tenth day of infection in the case of both parents, n both
coses the bloow mixvures were awjusted to contain eg numbers

of gametocytes from each parent.

5 -

n both crosses sporozoites were harvesied by alloving

4

to Tfeed on stock mice, Porassites from tucse

1

infected mosquitoes
mice were used to subinoculcte both adult iuntact ruts and mice
receiving no PABA supslement. DBobl: groups of enimel became

petently infected and this was talten to confirm biparenta

ik

tronspission in the case of the cross performed using splenecto-
mised rats as rodent carriers, but in the case of Uthe cross
performed using the membrene feeding apparaius no rot wcsdted
perasites were detected.

In the successful cross a screening technicue was employed

to cetect recombination between the pgenetic elements controlling
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sulphediszine registonce anc wuaptation te growth in rats, 8

zevly weened intect rols receiving no PADA suppleuent vere ewnch

; 2.5 G . P . 3
inoculater. wibh 107 narcsites obtuined from the cross product

uloods. Control cnimals, CE7 mice receiving no PALA supplement

onc unevly weoned inbtecet rets receiving the normel PADA

sunplenent, received the saue inoculum. Only the control

cinimels become infected.

Lest the rots provided o cifferent PADA environment fyom

mice althougl preliminary evidence seemed to militate against
: 41

this the screen was repeatved in o modified form. Thus porasites

uurvested from the control mice in the firet screen were used to

inoculate intect rats receiving o full PLBA supolement, Lifferent

groups of these rabs were inoculctel with o range of sliguots

€4 £ 6
. - =] - - . = LY
conteining 107, 10 wnd 107 porasites. Noge of these lLecame

patently infected.

[
pute

Thuis negabive result wus open to ambiguou nteroretations

enc these Lhave been considered critically in the discussion

section V, cross G.
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L. Daseline Data:

leference to Table 1 which summarises the effects of
Gifferent PADA levels on the growth of wild type lines under
different concitions botlh before and after Jan, 1975, allous
two mein conclusions to be drawn. HNeither the supplementation

of the crinking water with prednigsone (40 mg.l~1} nor the
substitution of & milk cdiet for the nsturel solid rat cake had
any discernible effects on the PABA requirements of the wilc
type parasites. Vhile bhe first of these two tests was merely

& formal contrel for some of the selection experiments in which
precnisone was used as an immunosuppressive ogent, the lotter
suggests that at least after Jan. 1978 there were very few PABA
relatec compounds conveined in the rat ceke available for
porasite utilisation since it was lmown thet milk diets are
teficient. in these (Havking, 1955). This is specially relevant
in view of the wajor evicence summerised in Table 1 which
suggests that both wild type lines used in the present study

(45 and AJ) needed a PABA supplement of 0.0&5 gl—l to reach peak
porasitaeniss efter Jan. 19756 wvhereas prior to that date no such
supplement was necessary. Thaet this finding was just as
aprlicable to the othier lines used in this study for which data

are wvailable con be seen from Table 28.

TADLE £8 - on accompanying page
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TABLE 28

Levels of minimum PAUA supplements required for growth to peal
levels by wild type and resistant lines of P,chabeudi heflore
and after Jan. 1975. (A4ll mice fed om rat cuke).

minimum PABA supplementlfor growth to
peak (gl™ )

line
Before Jan., 1975 after Jan. 1975
A5 wild type Zero 0.025
AJ wild type " 1
AS B (0w) 0.025 0.050
AJ 4027 " o
AJ 4028 H it
AJ 7081 zZero %Zer o
AS 90cUl " g,.,085

The sulphadiazine resistant line (4J 7081) was evidently un—
affected by the change whatever its cause — but this was only
to be expected in view of the association betveen PADA independ-
ence anc sulpheciazine resistance: the line maybke viewed as
being so resistant as to be imimune from minor fluctations in the
availability of PAUA relatved compouncs, liad curves of PADA
cependence ageinst cate of estimeate been plottec for each of these
lines these would have all Lheen flat with a step-up during the
period around Jan, 1975 - excepting ithe case of AJ TUG1 whose plot
would have remained Tlat the whole time,

Since this upward guantum jump in PABA reguirements affected
all lines to about the same extent - leaving aside AJ TOSl as a

special case — a common explanatvion was sought. Unzyme electro-
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phoresis ruled out the possilility of a mistake hoving occurred
it fresh and old supplies of PABA gave ideutical results. Lulti
passaged lines and lines which bed recently been mosquito
vassagec exbibited ideuntical PABA requirements so parasite ageing
vas ruled out also ond anyvey this was not o common explanation.

The most plausible explanation wes btuet the nenulfacturers
kad lmowingly or unwittingly allowed the composition of the rat
ciulie to have been changed - although cirect enquiry was unable to
§8liciti confirmation of this., Comparisons of the mnev rat calke
with millc ciets were unable to deteci any differences in the
ability to sustein parasite growth at a range of PABA levels
(Table 1). This suggested that the guantity of PADA related
compounds in the new rat ceke was very low since milk diets are
known to be deficient in these (Hawking, 1955). Uufortunately
none of the old rai cake had remained for compuarison, nor had
milis diet studies heen carried out prior to Jan., 1975, Thus no
direct evicdence of the hypothesis wes avoilable,

4ll estimates of sulphadiaszine resistance obtained before
endg ofter Jan, 19785 used mice receiving no PAUA supplement,
since after this date only sulphediazine resistent lines wvere
able to grow under these conditions direct comparisons of the
responses of these lines only were possible, Thus, vhile the

3

e % : 3 -1 . .
ﬂDﬂO for sulpheodiazine wos estimated to be 1.85 mg.kg mefore

1

Jan, 1975, the estimate obtained ofter that dete had droppec to
0.085 mg.kg'l in the case of AJ 7081, The cuentitative nature
of the antagonism with sulplhadiazine bas been investigated by
Tourston (1954) end given this, the difference Letween these
tiwo estimates would seem indirectly to have suguested that the

aaount of PADA relatec compounds available to the perasites had
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ciminished betlween the dates of the estimotes.

Although the Luseline responses of wild lines to
sulphadiazine (Table £) agreed closely with thogse of Peters
(1967 ) the similarity was probably fortuitous in view of PABA
antagonism and the difficulty in standarising the level of PABA
supplementation between laboratories., The dramstic increase in
buseline estimutes of sulphadiazine resistence after Jan. 1975
merely reflected the increased level of PADA supplementation
occasioned by the inakility of most lines to grow in the absence
of this comgound,

Leference to the baseline pyrimethemine response data
summorised in Table S shous thal bere too, resistance seemed 1o
be reluted to the size of the PallA supplement but the relation-
ship would seem to hLiave been less straighiforwardly competitvive
than vhat reportea by Thursvou for sulphediazine. It has been
suown graphicolly in the case of an AJ wild type line in Fig. 5.
Thus vhile raising the PABA supplement from zero to O.Gﬁgl—l
effectively increased the resgistance of lhis line some sixfoid
further increases in the level of the PABA supplemenc up bo
l.Ogl_1 had no efiect or sensitivity. (This type of satburation
curve was algo found in the case of A5 20601, the doukly
resistant mutant line,).

It is possible that the discrepancy in base line sensitivity
estimates in P,chabavdi betveen those of the present suthor and
those of Peters (1967 j (his line wes souwe 186 times more
sensitive) mey to some extent Le accounted for by the routine
uge of rather high levels of PiBa supplement in this laboratory.
This may not be such a bad thing since it follows from the fore-

goiug discussion that more reproducible estimates of drug
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resistonce will be obtainew in the region of PADA levels
encompassed by the lat pert of the pyrimethamine response/PABA
level curve since these will he less labile to minor fluctuations
in PABA supply such as might be expected between hatehes of rat
calee anc further aggraveted by the tendency of animals to vary
thieir intele of food and water., (Another reason for meinteining
animals on high level PABA regimes is to avoid unvanted
selections for sulphadingzine resistance,) On bthe otuer hand it
is clearly preferable to obtain estimates of sulphadiazine
sensitivity without any PABA supplement since total restriction
probably offers the best mecuns of mainteining a constant supply
of this substunce that is, if the porasites will grow under these
conditions.,

The close correspondence hetween egtimates of pyrimethamine
sensitivity obtained before and after Jan, 1975 (Table 3) is un—
remarkable, From consideration of the pyrimetbamine senﬁitivity/
PADA level curve it follows thav the removal of 0,028 gl_l
equivalent-PiBA (the probakle size of the PillA deficit im the
new rat cale) would not shift the amount of residual PABA off
the flat part of the curve and vould therefore be unlikely to
affect pyrimethanmine sensitivity,

Iinally, the cdate in Table 3 demomstrate thet the AS and AJ
wild type lines were indistinguisable on the kasis of their
responses to sulphadiazine and to pyrimethamine: i.e. tlhere was
no evidence of wild resistance to these drugs or thot either had
acguired resistance inadvertently such as by PABA restriction.
This wos a subbtly important result since it impliec genetic
uniformity — a vital factor if these lines were bto be used in

crosses together or to be compared in selection experiments.
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Se Selection Dxperinents:

Table 4 summerises the results of the pyrimethamine
selection experimente all of which were carried out before the
PABA shift in Jan. 1975,

Two {types of experiment were performed as judged by the
intensity and prolongation of drug pressure; expefiments 401
to 407 inolved the use of short-term, high-dose tuerapy whereas
in those numbered 409 to 415 o lower dose was used anc tierapy
mainteined till the emergence of recrudescent lines or &0 uays
whichever was sooner, (Control studies showed that no
recrucescent lines emerged wfter this time suggesting the
complete elimination of parasites.) Dxperiment 408,intermeciate
in cheructer betueen tuese two classes, was designed bo facilitate
comparisons between tiem. The results of the preliminary tests
performed on recrudescent lines following seleclion have been
sreseunted in Table 5. llore rigorous guantitive drug regpounses

end PalA cependences hove been summarised for some of these lines
in Table G. Vhile the latter cate were used in drawving up the
basis of a eclassification bthe preliainary data in Table & were
used in classifying these lines where no furthier tests were
performed., Taus the numbers of lines scored were enlargew for
stotistical reasons when caleculating frequency estimates. (This
procedure nas heen folloved in all the selection experimeunts in
this study.)

Decrudescent lines following pyrimethanine selection were
divided into two main classes on the basis of tliese responses:

i ; ;

resigtant lines which resembled AS ¥ bLV; ond sensitive lines
which were indistinguisbable from wild types. The line AJ 4139

was copsidered to be amnomalous i.e, fitiing into neither of these
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categories. onince further tests revealed this line to be
sulphaciozine resistant (see Table 8) it Las been discussed
wlony with the other sulphadiagine resistant lines later on in
this section, The sensitive lines were cousidered to comsist
of wild purasites which had survived selection for any reason
and were not further investigatec.

A1l the so—culled pyrimethamine resistant lines were
obtained following cirect exposure to the drug. They were
characteristically about 19 times resistant to pyrimethamine:
bhe mean LD (n = 9) was 16.41 (+ ISE range 14.61 to 18.45 ug.
kg 7). They were about U.04 times resistant to sulphadiazine

=L . —
(U.bgl PABA supplement, after Jan. 1975) though too few
estimetes were made to atbach & range to this figure. A4ll of
these lines reguired a dietary PABA supplement to reach peak
growtli: the supplements being 3.025g1_1 before Jun., 1875 and
0.08gl ~ after this date. In this last respect they may be said
to hove resembled the lines descriked by Jacobs {1964) in
P.berghei; and in P.yoelii by Morgan (1974) which she termed
17 x #iI. Thus the resistent lines formed a fairly homogencous
group and this phenotypic similarity wase tlalken Lo be suggestive
of genotypic similerity. although it is tempting to invoke the
absence of lines intermediate in cheracter between these
resistant lines aud¢ the sensitives as strong evidence that a
point—mutation was respounsible for conferring pyrimetlhamine
resistance both the imprecision of drug tests wnc the possibility
that the modes of selection imposed a "procrustean hed" on the
types surviving drug pressure, cennob be rulec out, Iowever
such genetic evidence as wus available (see crosses 1 and 2) was

e&lso in favour of the single gene hypothesis aunw for the purpose of
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caleuluting acquisition rutes this Lypothesis was taken as given.
As drug cosage incressed while the frequency of
recrucescence cecreased, bhe proportion of resistant lines
wmong bthem increased (see Yable 4). This was expected and leacs
to the notion of an optisum selection pressure for cstimeting
acguisition rutes, In the case of the short-term, high-dose
experipents this ideal wus mosmt closely approached in those
experiments vwhere 4 doses of 5O mg.kg_l were administered; and
in the case of the continuous dose experiments by tlhose in which

[

-1 Frrh . N
5 or 10 mg.kg were auministered, By counfin ing frequency
: L1 — a1l .
estimates to these regimes this was found to be 1,066 x 10 in
the case of the short-term, high-dose experimeanls - ogreeing
_ o i & —-11 " ;

very closely with the figureof 1.59 x 10 obtained by liorgan
(1974). Uowever the esvimate obtuined from the continuous cose

. ! . . 5 = -10
experiments was some six times more freguent at 1.06 x 10 .

The reason for this discrepeancy probkably lay in the use of
such high dose repgimes themselves under which even resistant
parasites were probably not imaune from damege and thatl
sustained just at tie time when numerically they were most
susceptible to chance elimination (see Mertin and. Arnold 15868).
In contrast the continuous dose regimes can be plausibly
pictured as impesing a drug pressure wiaich, vwhile sufficient vo
gracually eliminote seusitive parasites, would huve imposed
only the widdest of restraints om the multiplication of
resistent parasites.

Moving on to the experiments in which pyrimetbamine uus
adiministered to wnimals receiving no PiBA supplement {Table 4,
expts. 408 and 411) it may be seen that no purasites of any

rmg.

sort survived such treabment. These results were not unexpected
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in view of the pyrimethamine Lypersensitivity incuced by PABA
restriction (sec Table § and Fig. 5) and the inability of
pyrimetbanine resistant lines to grow in the ahsence of PADi.

In expts, 408 wnc 404 it had heen hoped Lo accelerate the
cevelopuent of resistance to pyrinethamine by imuunosuppression
either using the steroid predanisone auvministered in the drinking
vater or by splenectomy. (Care uad to be exercised in the choice

£

of mice for these experiments siace it was found that other than

SPP mice tenced to become gick after exposare to prednisone
presumakily on account of the conseguent liberation of subpatent
non pathogenic infections by organisms of unknown origin.) In
fact o result opposite to that hoped for was obtained and only
one resigtunt line was thus obtuinec corresponding to a rate of
= '—12 Y o+ L 3 E = i Fok
5.7 x 10 . On the other hand many more sensitives seemed o
survive arug btreatment than had been the case withoul imsuno—

0—11

suppression (5.1 x 1 (c¢ata from splemectomy and prednisone

treatment pooled) as opposed to 0.47 x 10_11 (no iumuno-
suppression) ). Thais wus talen to support the view that drug
treatment may act in comncert with host immunity in elininating
paragites during selection. 3Since the response of parasites to
pyrimethamine seemed unaffected by the presence of preduisone
(Takle 3) the wmost likely explanation for its effect of re-
versing the rotio of sensitives to resistunts when used in
selection experiments is thoet this co-operation belween the

drug and the hosts immune system is synergistic, Thus, while

normally we may picture the hosts immunc system picking out the
more damoged sensitive purasites, bubl unable Lo affect the less

canaged resistant ones ufter lLieavy drug trewbment, no such

diseriuminatory mechanism woula be operable uncer
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i.amnosuppression bthus alloving time for these sensitive para—
sites to convalesce. This is really equivelent to stating than
in che present cuse imuunosuppression defeated its own purpose.

Alternctively, though perhaps less plausibly, one might
explain the apporent ceficieucy of resistont parssites by stating
that taeir appeuraice had been wmerely masked by a majority of
seusitive parasites. There aure two main objections to this
proposal however. Firstly, such evidence as was available from
crug tests suggested that such a numerical superiority would have
bhad to hove heen overwhelming (in the order of akout 10 to 1) to
cisguise ohe presence of resisvant parasites., Secondly, such an
expleration woula have Gad to have tltaken into sccount the
wessumed coincident recrudescence of senmsitive parasites and the
resistant parasites supposedly wmasked by them.

ITmaunosuppression has been used o promote the acguisition
of drug resisbauce in Trypanosomes, Following the piouneer

efforts of Jansco and Jansco {1954}, Scunitzer et al, (1946)

obtained a bigher rate of ‘~rosaniline resistumce in T.egui percun

after splenectomising the rodeunt hosts. Iiore recently, Hawking
end his co-workers (Ilevking, 1966, IHawking and Gemage, 19067)
obtained resistance to chloroguine iﬁ Y.hergbel folloving
immunosuppression effected by injections of ethyl pulumitale;
aovever their data were insufficient Lo say uliether this rate was
any higher than would have been the case without iummucosuppression,
The cdetails of bthe sulphadinzine selection experiments have
been summarised in Table 7 und the characteristics of the
registant lines so obtained, Lave been swmerised in Table 3.

For ease of comparison only the response deota ovtained after Jan.

1875 bhove been included. Lines 7061 to 705G were obtained by
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cirect exposure vo tue drug before Jan, 1975 =nd lines 8015 to
SULT by PABA witbdrawel olbver that dete when it had Lecome an
alsolute requirement for the growth of wild type liunes. 1t
was impossibile o identil'y the mode of selection used to obtein
resistunt tines eatlier on the Lissis of their responses to
sulpliaciazine or to pyrimethamine os boti of these characters
appesrred bo vory countinuously, Yo what extent this was nmerely
cue to the imprecisions of the tests used, remains unknown.
Thus pooling all data the sulphadiazine resistant lines
(n = 8) were 3,80 times resistunt to sulphadiazine: ED”J = Jub.1
a
e = GaEAd v L X . '“"'-i- - A Y TaAT 9

(+ LD range, 284.2 vo $66.1 mg.kg ). HNone reguired PaBia for
growth eituer lLefore or after Jan. 1975, Line AJ 41359, the so
called anomalious line obtainec after exposure bo pyrimethamine

& B _1 L= . B ) X ] ) 8 e | 3
(2.5 mg.kg continuously) hac a siwmilar response to sulphadiao-

= % s = GITA 4 10 -1 el e L.
zines BD,. = 478 (+ I3E ronge £74 vo 619 mg.kg ~) and necded no

o =

PABA supplement either. 1tis EDQO for pyriwethemine of 2.48 (+

)

IsE range 1.01 Lo ¢.b9 mg.kg—l} while significantly higher than
vhat of semsitive lines was indistinguisheble from those oif the
sulphadiazine resistunt lines uhose mean EUUO was L.68 (+ LSm
range L.48 to 1,91 mg.kgwl}. Though as a group this wug just
significantly Ligher than that of the wild itypes, individuals
were in some instences not so distinguishable. lorgan (1974)
also reported an instance where a sulphadiazine resistant line
cad been selected indirectly in this way. There seemec vo he
1o greater cross resistuunce to pyrimetihamine exuibitel by lines
obtained Ly direct exposure to the drug than those obitained by
PABA restriction wvwhich contrasts with the findings of Howell

(1970, 167&) in the cuse oif f.bergaei, Nor wus tuere any

evidence that cross-resistance o pyrimethamine had maniiesvea
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itsell prior to the expression of the primary resistance itself
(Bisuop and icConnuciie, 1980c) though the experimental
conditiong were not really comducive to recognising such a
phenomenon.

Although it was iuwpossible to further classify the
sulpuadiazine resistant lines on the basis of their responses
to pyrimethemine, it was for less certein than in the case of
the pyrimethamine resgistant lines that they formed a Lomogenecous

category; and althougl the acquisition freguency estimates hoave

ignored such o possible heterogeneity this caveat should he horane
in winc., (In fuet, evidence presented in the next section om
selection experiments using wmutont lines would appear Lo support
the novion of at leuwst two classes of sulphadiazine resistant
mutant. )

Anong the sulpbociezine selection experiments descriked in
Takle T, the ontima {for obtaining acy ition frequency esvimates

vere jucged to he found in the case of the short term, high cose

-
1

Z.5 Or O ug.Ug were

g

experiments in those in which 4 doses of
aduinisterec, The pooled aecuisition estiuwve Irom these was

. 11 S . .
3.5 x 10 . Phe PiBA withdrewal experiments yielidew & rate of

& 10 55 5 . P ¢ o o
.94 =z 10 waich rose without stutisticel significance to 2,08

x 1olu when precnisgone was adainistverec in the drinldag wuter wos
oo immpunosujpressive.

in short therefore, all tuese varievics of sclective
trecbuent Lod succeeded in oroducing only tve clasges of
resistent parasite: oyrimethomine resistent with an increesed
depencence on PADA; and sulphaciszine resisvent with a reduced
dependence on this compound, In adaition it was found that

conbinuous selection pressure mainteined until the emergence of
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recrucescent lines was the most efficient wmeans of producing
resistant lines of parasite. The significance of this in
culeulating true mutation rates will be considered in the

general discussion.

S Selection Bxperiments Using Mutant Lines:

In Tables 9 - 12 are summerised the results of selection
experiments involving the withdrawal of PABA from PABA depencent
oyrimethemine resistent lines. Lxpts. 901 and 202 were performed
before Jan, 1975 and expt., 904 wes perioraed after that date,

As uas alrveady heen noted, the PABA recuirement of pyrimethamine
resisvant lines doubled from 0,025 mg.kg—l to 0,05 mg.kg after
Jon. 1975 and the selection pressure imposed by removal of PADA
may be regarced as having been correspondingly intensified,

Thus the feiliure to obbtain recrudescent lines after that date was
not unexpected, In the experiments performed prior to the
increase in PABA reguivements, all recrudescent lines tested
proved to have regeincd independence from PADA without loss of
pyrimethamine resistance (n = 44). It had been hoped to isolate
wild type revertunt purasites in this way and their absence from
among those recrudescent lines characterised suggested that the
reversion rate for pyrimethamine resistunce was very low.

On the conbrory PABA independence had heen accompanied by a
further increacse of pyrimethamine resistance amounting to some
1.7 Limes that of the line subjected to continued selection

(vith a range from 0.86 to 2.74). The mean Eﬁgo for the seven

z L X a9 00 '—1 GO aan 335 B EAET . EALY  pempw _-1
dines tested was 32.98 mg.kg (i_Igm range 28,45 - 58.26 mg.kg ).
This continuumoleross resistance closely paralleled that observed

amone the recrudescent lines isolated after PiBi withérawal and
=
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sulphoaiazine selection of wild type lines. It seemed likely
tuerefore that the result of PABA withdrawal had heen to
superimpose o second genetic change which on its own would have
conferred sulphaciazine resistance, [owever the pre-existing
PABA independence had so to speak concelled out this
sulphadiazine resistance, In Tact,. when the responses to
sulphadioazine of one of these lines (A5 90801) was compured with
those of a wild type line, very little difference wus to he
ohserved (see Table £2&) and this supposition was later confirmed
penetically (see crosses 4 and 5).

The rate of acguisition of this resistance as obtained Irom
expb., 901 was 1.9 x 10—10 agreeing closely with the rate obgerved

with tiie wild genetic bacliground, The rate after immuno-

. . 5SS 5 ak A= 10 .
suppression wes nob significently altered at 1.85 % 10 , agoin
resembling the result obtained from bthe wild type selection
experiments., iHowever these results co not necesserily prove that
there were no immune factors operative which might bhave reduced
the observed rate of resistance acquisition to kelow bthat of true
mutation rete, TIMurthermore, though w«ll the recrudescent lines
were homogeneous with regerd to their responses to sulphadiazine
or PaBA, this does not necessarily imply genetic homogeneity.

The extent of the range of cross resistances to pyrimethamine was
b By

some threefold and random errvors might bave uisguised the

oresence of two or more classes of mutant.

In Tahles 12 and 13 are summarised the resulis of selection
experiments corried out after Jan., 1875 in which AJ 7052 which
had already been made resistant to sulphadiazine by direct

" v 4 =] - _'1 LS | i 4
exposure to the arug (4 x 5 ag.kg with no Pibi supplement -

wefore Jan. 1975) was subjected to continuous pyrimethamine
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el foos 6y 1 " -1
Lherapy for up to 20 doys ut doses of 10, 20 or 40 mg.lg .
This line had ascquired a twofold cross resistance to pyrimetnamine
nha ey 3 ‘_]‘ - > 1, T = a1
(LDQO = 2,19 mg.kg ) simulteneously with being made
sulphediazine resistunt and was of course PABA independent hoth
hefore end after Jun, 1975,
ilecrudescent infeclions were only detectved in the animals
PR, T i 3 3 ¥ o F -'1 ] O * - '
vhich received 10 or £0 mg.kg of pyrimetiuamine, These arose
o 4. o 1 -'_10 el 3 -
ot raves of 1.0 x 10 at both levels of drug pressure i.e. not
significontly different from the rates of recrudescence when
wild parasitves were subjected to continuous drug pressure with
pyrimethamine at the correspondingly lower doses of 10U and 5
ag.ikg. 'Thus as wes bhe case with the acguisition of sulphadiazine
resistance following PALA restriction the presence of the
allele conferring resistance to the other drug cid not appear to
have any effect on the rate at which resistance was acquired,
Classification of recrudescences was based on the
gualitative information obtained from abbrevinted 4 day tests
* = 1 = 371 T -1 k. g ai TR
using pyrimethamine (4 x 20 mg.kg ) o dose sufficient to

suppress infections of 4J 7082 (the line which originally under—

went selection) and from PADA tests, All the recrudescent lines
produced patent infections at that dose of pyrimethamine — but
none were able to grow in the absence of PiBi whereas the
ancestrel line could.

As w cross check ome line (AJ 120&1) wus retested and its
quantitetive response to pyrimethamine estimated: (EHQO =
cl.62 mg.kg_l + ISE ronge 25.44 - 4£.606 mg.kgnl}. Tuus both
in the respects of pyrimethamine resistance anc of PLDA

dependence it closely resembled the series of limes obtained

from AS P Dv after PaBi restriction., It was concluded that
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both types of selection had led to the superimposition of
pyrimetucmine and sulphudiazine resigtance, These had inter—
wcted in oredictable though interesting ways: firstly, it bad
appeared bhat the rather hkigh levels of pyrimethamine resistunce
xhibivec by these double mutant lines were the result of the
peometric summation of primary pyrimethomine resistance and the
cross resistance to pyrimethamine concomitant with primary
sulphaciazine resistance, Conversely the increased PABA
cependence following primary resistance to pyrimethanine appeared
to have been cancelled out by the acyuisition of sulphadiazine
resistance so that these double mutunt lines were indistinguish—
able from wild btypes om this criterion alone,

Although, as hos already been mentioned, it had heen hoped
to use cross resistence vo pyrimethamine as & ciagnostic
character:in the clessification of sulphadiazine resistant lines,
the rother wide spreat of these made this impossible witix the
vests available. (fThe stunderd errors abbached to these
estimates routinely encompassec a twofold range of resistance
alone,) If the significant differences between the extreme
limits of resistance were real rather than due Lo error then this
mennt that sulpiadiazine resistance mubtents were heverogeineous
and might be superimposed by reveated selection. Certlainly, the
levels of sulphadiazine resislance observed in the oresent soudy
runging from 2 to twelve-fold hac lheen greatly excecded by
Joswent Singh et al. (1964), suggesting that continued selection
might be successful, If continued selection increasec the level
of sulphadiazine resistance this would show that tuese mutants
were indeed heterogencous unlike the case observed with

pyrimethamine resistant lines,
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This selection experiment was facilitated by the increase
in P.BA depencencies ofter Jan. 1975 since Gouble mutant lines
suclh as A5 90001 were unable to grow without o ADBA supplement
witer bLhwi Cate and could therefore be selected using PABA
restriction, This turned out to be o case of killing two biras
with ome svome: the attempt described previously to isolate
wild type revertents (i.e. baci wmutents) from single step
pyrimetuamine resisgtonce mutents by PADA restricbion lhad heen
foiled by ithe intervention of superimposed sulphadiszine
resistance, piunce tihe couble mubtant already had one of these
sulphadiazgine resistance mubunts, only the aveilobility of more
of thuse could allow the ablempt to fuil again,

e result of the experiment coniirmed tue heterogeneity

3%

bypotuesis and bas been summarised in Teble 14, wll 4
recrudescent lines wivuougu now Faba invepencent and therefore
presumakly sulphodiazine registont, hod experienced no
perceptible alterebion in the level of their responces to

. 11 . s B 6 1 -1 23 L i - I -
pyrimethomine: mean QBQD = Su.0 umg.kg (the estimetes ronging

. : -1 . BE. & ~1 5
to 4.4 mg.kg ) compured to 84.5 nmg.kg for the

(o)

from £8.
ancestral line.

The rote at which this resistance was weguired was 1.8 x

=1 T ; %3 & 3 o
10 ¥ not gignifiecontly different from cuy of the other

estimates oktwined after PBADA restriction -~ though the nunbers

were low,

These data were taken to sbhow thot at least twvo different

types of mutunt conferring sulphadiazine resisltunce existed hut

Tailed to demonstrate the occurrence of "baclk-mutation."
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4, Lat acaptation:

Following Coombs and Gutteridge (1978) rat adaptution was
effected Ly repeatled pussw.e in spleuectomised and intact, unewly
weaned rubs,

Toble 15 summarises the growth characteristics of wild and
rut adapbec lines in rats snd mice o8 well as their orincinal
arug responses hefore und alter selection.

AS was expected neither pyrimeths

ne resistance nor YibA
aepencence wis significantly altered by rat acaptation and these
tests were performed as formel controls simee it hod been planned
te use the rat acapted line in erosses.

(although in o thorough study of rat adaptation it would uhave
ween cesgirable, no sumples vere retaiuned from infections
observe. during the courge of thke selective nassapges, Has this
veen done o gruph of rat growth could have heen nlotied agoinst
nugkber of rat passuges,., However since the aein aiwm of tae
research wos the stuay of drug resistance the obtention of a rat

acapbed liue was regarded ws peripierei,)

HEL blilei”

vild P.chabouci iines used in the present
study were able to grow in intact rats whetber newly weaned or
adult, Growth of these lines in newly weaned splenecloumised
rots was erratic bal it appeared that the AJ line had the edge
over iJ in this respect. (45 ulso reached higher peak
neresituenics and wes more virulent tuon AJd in mice as tie date
in Taeble 18 show,) It wus felt thatl in view of its slightly
poorer growth in rebs AJ wues w bebler haseline from which o
coinzence selection end all the rat adaptetion experiments used

tuis line.

The priancipal conseguence of selection was o permit the
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growth of this AJ line in imtcet rats and to show vhis
ability was stable alfter mouse and mosguito pussoge. Albhough
porasitoemics rarely exceecec 10% in adult (8 weelks) rots,
figures of 20 to &0i were common usmoug those newly wewned.
These were therefore somevhat lower than the figure of 385G
which Coombs et al.(1975) mentioned in comnection with their
line, They wlco noted the loss of tihe ability to procduce
gaumetocytes after cacpbabtion but Cid not say how meny passages
their line Lo« undergone so it wes impossible to say vhetler
this was o coumseguence of acapboation or multi-passage., In bhe
present study no such votal lossof gametocytogenesis was observed
end although the adapted line was no less fertile in rats then &
wvile line in mice would have becen many fewer gametocytes were
procuced then in a vilc line in intact or splenectomised rats.
Thus, if looked at it this way, during sdaptetion & gradual
cecline in gometvocyte mroducing potential hac taken place,
Thus waile & wild line growing in splenectomised rats (or
subsisting in young intact rats after a lurge inoculum) would
routinely produce an infection comprising about S0 gumetocytes

thie adupbed line rarely exceeded. 10% in uny hLost.

observed among non-adapted lines was exploited to facilitate
crossing.)
Although this host specificity might Lave resembled the
n

case of Buffy untige?s in prevenbting the invasion of erylurocytes

by P..Knowlesi (Miller et QAJ,IQTS) this fails to account for

tie enhancement of gametbocytogemesis in wilc lines. PABA
ceficiency hac Leen rulcd oub as a cause of the latier phenomenon

gince the administration of excess quantities of PABA failed %o
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affect tie process. Nor hod the adminisiration of sulvhadinzine
been sboun to incrense gametocytogensis unlike the ecnse reported
by Bishop (1054a). Whitever the mecuanism it appeared to
operate es o positive stimulus since selection fuvouring the
survival of gametocytes could nobt alone account for btheir
ahundence piven the numbers of trophozoites and schizonts
observed during the cycles of these infections.,

Thus the most plausible explanction was thot host immmnity
hod been respoansibile both for the enhanced goumetocybogenesis in
wild lines and for the mnechbanism of host specificity in ruts,
Certeinly the effects of splemectomy in encouraging the growth
of wilc perusites in ruls wos consistent withh this hypotlhesis,
but wnfortunately attempts to investigate the effects of host
immunity andé erythrocybe barrier mechanisms foiled due to
techmicel reasons but the recent development of & successful

semi-in—vitro technicue for the continuous culture of plusmodia

(Trager et al., 1976; liaynes et al., 1976) offers some
encouragement in this direction,

Vhetlier or nob an immune trigger is necessary for gaueto-
cytogenesis remoins douktful: although the process occurs late
in P.chabaudi in mice — after the time of peak fertility - the

opposite is true in Z,yoelii.

If the lhost specificity could be shown vo reside in host
immunity rot adapted lines could provide an interesting example
of antigenic variation in plasmodia. The correlation of the
degree of adapbabion with sueh uypothebtical variants would be

specially amenable to genetic enalysis augumented by the use of

tlie combinuous culture techmigues referred to above,
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9. Ihe Crosses:
Cross 1 — Walliker et &l.(1975) demonstratec free re—

conbii

tion between murkers conferring resistance to pyrime—
thamine and variants of the enzymes LDI and 61GD. Lr. Walliker
was linG enough to permit further analysis of the procucts of
this cross with @ view to fiuding oul whebther any segregotlion
hat tuken plece hetween the pyrimethamine resistunce morker he
use¢ and the PADA cdepencence whick had accompanied its original

PR 2 " i ; " e
selection by cirect exposure to the drug (4 x 50 mg.ke ). A
screcning technicue was used rather than the nmormel method of
scoring clomes since the latter method was unsuitable for
detecting rare events,

Although the precise number of ooeysts contributing
sporozoites to vhe imiticbion of the cross product blood
infection remeined unkmown, in view of the abundunce of ooeysts
observed on the mosguito guts of that cross (Ur. U, Walliker
pers. comm.) these probably numbered severwl hundreds, liore—
over the frequency of recombinanl clones reportec in that cross
(Valliker et wl., 1975) wes not sigunificantly different from
that expected to have arisen from an oocyst population of which
50% hed been hybrid - the meximum possible frecuency obtaining
if the original blood mixture hed includec equal nuwbers of
gametocytes from each product. (See Fig. 4 sgaliln for a
graphical explanation of this point, if necessary.)

Uouble selection, by exposure to pyrimethawmine Lo remove
the sensitive purent and by withdrawal of PiABL to remove the
resistant parent, failed bo reveal the presence of any parusites
belonging to the hypothetical non-parental closs in waich

resistonce to pyrimethamine was accompanied by a normel wild type
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PaBA cdepencdence. (As the cross was performed kefore Jan. 19786
this dependence wus zero) Tuus recombination hac fuiled to
split pyrimethanine registance from its concomitont LibA
cepencence wnd it seemed much more likely that pleiotropy had
been responsible for this association of choracters, This
conclusion wus also consistent with the predominance of this
cless of pyrimethawine reéistant motent in this study (see Table
5 ) and in that of iorgan (1974) hkoth following single step
selection, It was unlilely that these two characters should
hove been so consistently found togetbier if seporately imbierited
unless the mode of selection had keen conducive to this. Toaere
was no okvious reason why this shoulc be so and oa the contravy,
the single step method was judged to fauvour the selection of
woint mutations, In short, this pleiotropic phenotype was
considered bhe expression of a genetic "elementary purticle" of
pyrimethamine resistonce though not necessarily the only one.

If this were so then tie 9 pyrimethamine resistant lines
vhose detuiled characterigation had revealed an iuncreased level
of PADA depeadence (see Talble G) hac¢ arisen as a result of
mubotion in vhe same gene, In OrGer @0 test this proposition,
the series of crosses presented under the ueading 'cross &" were
carried out (see results). The tlwee possible types of peirwise
cross were performed between the three iundependenitly isolated
lines, AJ 4087, AJ 4U&8 and AS }ﬁ By described in Table 13,

(The last of these lines had been used in the cross reported by

. . wip - R . 1 e el ¥ : Y
Lr. . Walliker (Walliker et al,, 1975) and had been selected by
him, All had¢ been made resistant to pyrimethamine by direct

exposure to the drug in o single step and were unekle to grow in

the absence of PABA when the experiwment vas periormed hefore Jan.
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The analysis of tlese crosses again made use of a

screening technigue Lo detect rere recombinants, This consisted
of passaging the three pairs of crossproduct bhloods through mice
receiving no PiBA supplements., DBven the lergest inoculum size
use¢ (107) faile¢ to induce patent varasitaenias in PABA free
mice., (Lurger inocula were not used for two reasons; firstly,
thiese might uwave permitted spontuneous mutants to bhe scored as
putative recombinauts; also it wos considered rather pointless
in view of the probable sizes of the 3 Lybrid cocyst sopulations

wihich had combtributed to the cross product blood parwsites.

These were unlikely to have each exceeded 104; end 10° wes
recltonec to be the most likely figure for the number of hybrid
oocysts as judged from examination of moscuito guts and from
congideration of the ltime delay Letlween sporozoite inoculation
and the appearance of putent blood infections.)

The foilure of thiesze crosses to produce YPABA independent
parasites wos teken vo suggest that the mutations in each of
these parental resistant lines were very closely linked inceed.
The upper limit of recombinetion freguencies in any of the
pairwise crosses was seb at 0.8%. This, together with the
phenotypic similarity between these lines suggested in each case
the mutation conferring resistance had probably occurred within
the same gene,

Had ¥ABA indepencent poerasites been cetectew the most
orobable explanation for their appearunce would hLave been as a
conseguence of a genetic recompinatvion event generating wild

type paragites, This process bhas been illustrated in Pig, 7.
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#IG, 7

lodel of recombination to generate wild types from cross hebween
2 pyrimethomine resistent lines,

-+ ml first + 4+ wild
parent recombinant

C lr omosome [R—_

= second i e couble mutant
- i parent 1 a8 reconbinant
da - i i p
{not deteect—

region of able)

recombination

ml = mubtation in first parent
me mutation in second parent
+ = wild allele

Leciprocal genebtic exchange would alsgo in this case have
been expeeted to generate a completely new genotype with both
the mutant alleles from the narents., (Tae phenotype of this
recombinant woule have heen & maltter for conjecture and it
remained a possibility that the combinction of both mutant alleles
would have been lethal and therefore uncetectuble.)

It was not possible to pursue the analysis of tue

inkeritance of sulphadiazine resistonce as far as nad

achieved in the cuse of pyrimetunmine resigtance, The main
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reason for this lay

technigues anc prompted the cevelopment of otlier screening

techniques utilising the selective warker conferring rat adaptation,

Cross & (see results) was analagous to the cross reported hy
VWalliker et al,, (1975) with the substitution of sulphadiazine
resistance for resistance to pyrimethamine, This sulplhediazine

resistant line was crossed with: a wild type line,
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As the cross was carried out and analysed after Jan, 1975,
only the sulphadiazine resistont parent could grov in the
ahksence of a PADA supplement, Consecuently, growth in the
absence of PiBa was used as the primary diognostic cheracter
in the cicbotomous clussification of the cross—product clones,
Tie cetails of Ulhese PiDA tests have been summerised in Table
2l1. In wddition abbreviated 4 day tests were used to estimate
the growti perceatage of each clone ufter sulphadiczine
treatment (4 x 160 mg,kg“l} and pyrinethemine treatment (4 x

1.585 o’ ,\.—1‘ hoth ¢ N TP <IN . S . 5l o R
.20 mg.hsg ) — both drugs keing administered to mice receiving

the normel PABA supplement of 0.5 gl-l.

The dicuotomous classification based on the all or none
YALA test dote waes substantially confirmed in the case of the
regponges to sulplhadiazine which with a mean growth percentage
of 184.4% (+ IS8 1u8 — 1560) for grovers were significantly Ligher
then the mean percentoge for non-growers of 1.80% (+ ISk 1.84 -
£.08) with no overlap. On the other hand there wus a slight
overlap vwhen growth after pyrimethamine therapy was measured -
but the zero paba growers mean percentage of §0.0 (+ ISE 20.8 -
98.4) was still significently higher than that of the non-
grovers at 1.28u., The overlap in pyrimethamine resistance Low-
ever was expected in the light of the ratber swall difference in
resistence between the parents - the resistant parent being
only aboul twice as resistant as the sensitive parent alb the
ﬁbgo level, In fact it was surprising tbat the overlap hac not
een greater,

As Walliker et al. (18575) had reported in the case of
pyrimethamine resistance there appeared (o he free recombination

between the marier conferring resistance to sulphadiazine and
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the tuo enzyme maoriers (LD wnd G6EGD).

Althouglh there wus no evidence that the marker conferring
sulphaciazine resislunce had segreguted polygenicelly, cautvion
Las bo be observed in interpreting this result, Lue to the
crosging system which permitted incestuous metings to take place
between micro and macrogametes within each purental line, at
least anc probably about 0% of all clones would not uave been
given the opporvunity to undergo recombination anc would there-
Tere uave exhibited their porental phenotypes anyway. The
scoring bias bthus incurred would have had the teundency to pull
the meen growbh percentuges towards their respecuvive parental
means ana possibly cisguised ony evidence of polygenic
segregatbtion, The number of clones scored was too few Lo hove
permitted an adequate stabtistical correction of this bias.
Hevertheless, given this caveat the evidence from the clomne
characlterisctions was not inconsistent with @ single gene model,
The evidence was as goot us could have keen hoped for in the
circumstences. Althousgh it vas not the main purpose of the
experiment to test the hypothesis, the data showed no evidence
of independent segregation of the primery resistance to
sulphadiazine and the pyrimethamine cross resistance. Again
the cuveat mentioned above should ke noted in this commnection.

in Cross 4 (Tables 28-25) a wild type iJ line wuas crossed
vith the presumptive couble mutant AS 905601 whiech Lad received
two bouts of selection: firstly by direct exposure Lo pyrime—
thamine (4 x 50 mg.kg_lg Valliker et al., 1875) and then by
PABA restriction (both Lefore Jan. 1975).

30 clones were brieflly characterised wefore Jan. 1875 and

a further more detailed characlerisation were performed on seven
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of thiese lines, thoughit to represent the 4 resistance phenotypic
classes encountered in the cross, after that date.

In the preliuninary tests as well as in the enzyume typing
(LUH and 6PGL) three characters were measured for each of these
60 clones: growth in the absence of a PABA supplement; growth
after sulphadiazine treatment (4 x 1.25 mg.kg_l, vithout o PADL
supplement); ownd growth wfter pyrimethamine treatment (4 x &.5
mg.kgul, vith the morial PABA supplement of 0,5 glhlj. Growth
in these btesls wus messured in two ways: both as a percentage
of the unvreated control and gualitatively - whetiher or not
setent parasiteemiaes were oubserved in the group experimental
mice receiving ewach treatment, Due to bthe rabther large
variations in the guantitetive measurements of pyrimethamine
resistance the classificacvion into 4 types was in the main based
on the regponses to sulpbadiaszine and on the mewsurementvs of PADA
Gepencence,

Thae 4 phenotypes observed were as follows (see Talle &5):

1. Growth unaffected Ly pyrimethamine; growibh abolised
by sulphaciaszine ane growvh unaffected by withdrawl of PABA.

(Clones CX401 — 414: parental btype 1j.

2, Growth unauffected by pyrimethamine; growlh abolished
by sulphadiasine and growth abolished by witharewal of PABA.
{(Clones CX415 - 421l: non—-purental type 2).

[

8. UGrowth abolished or nearly abolisbed by pyrimethamine;
grovth abolished by sulphadiazine and growth uwnaifected by

vithéraval of PaBA. (Clones CX422 — 428: parental type 2},

4, Growth veriebly effectec by pyrimethamine; growth

only sligltly affected by sulphadiazine and growth unaffected
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by the withdrawal of PABia. (Clones 429 ~ 480, non-parental

type 1).

Following the PADA shift in Jan. 1975 seveu clones were
tested in more detuil and their responses to sulphaciazine and
bo pyrimethamine have been summorised in Table 24 together with
their updated PABA growth respomses. Comparison of these
responses with those of tlie parents and the two single step
resistant lines AJ 7081 (sulphadiazine resisteut) and AS ﬁi Ry
{pyrimethamine resistont) permitted the following similarities
to he noticed: wetween AJ wild type and clones CX414 and Ci4&E;
between AS 90801 (the coukle mutent resistant parent) and clones
Ci401l; ‘Tetween AJ 7081 and clones CH440 and CX430 (non pareantal
class l)janc between A3 ¥ UW ond clomes CX420 and CX421 (non
parental class 2).

(Clone Ci414 bhad originally been classed wlong with clone
CX401 but following bthe discovery of a double LI band it was
recloned and reverted to & wild phemobype. This illustrated one
of the hazards of cloning by dilution wnd underlined the value
of enmyme bLyping in genetic studies of clone phenoiypes.
Iresumalbly, the original "clone" haG comprised two Lypes of
perasite: o pyrimetiamine resistant type as well as the wild
type later idewtified. Since drug resistance was "dominont" to
sensitivity the vild parusites were notl detected in the original
series of btests.)

The occurrence of non parentel parasites witlh phenotypes
resembling those of single step mutunts resistunt to either
pyrimethanine or sulphadiazine ciearly suggesved voat genetic
recombination had genernted these types. The proposed mechanisam

o

has been summarised in Fig. S.
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necombinwtion between o double mutent line and & wild type
line:

P +- non-parental

_— T .

A J‘" e
35 3
AT i
resist R
oo —————n
and X
parent 1Y 1
; i <
W1le — |
parent 54

+ 3 non-—swrental

clasgs 1L

i ; ; : .
P = pyrimethamine resigtent allele

+ = wild type alleiw
i i .
el = sulpbadiazine resistant allele

fue recomngoruction esxperiments summerised im Table 286
represeated an attenpt to estimate the freguency of class 1
recombinants (sulphadiazine resistont) among the cross—procduct
Lilood parasites., Altaouzh this could have been done by scoring
large numbers of clones this would have been laborious in the

xtreme consicering bthe expected freguency of the type of cliomne
and the numbers neecded to render tie estimate stutisbtically
‘o

significunt, However following the PaBi shift after Jan., 1975,

=

only this type of parasite could grow in the absence of a PADA
sunplement thus allowing use Lo be mude of the screening
technigue.

Un the face of it the results show that the infection of

1 and 10 purasite inocula of cross product porasites in mice

receiving no PABA supplement was cousistent wibth the freguency
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of PABa incependent parcsibes being egual to 12.5%. This
Tigure is tie theoreticel exvectution given ne linkage hetueen
the two genes proposed to control resistance (o pyrimethamine
sind to sulphadiazine, However, given the conditions of the
Cross it wes possible for lines to grow ot unecual rates so the
conclusion that there was no linkage between tiuese two genes
must e asccompunied hy thst caveatl,

(In orcer to resolve such ambiguities and also to study
more precisely the gemetic events following fertilisation, .it
was planned to extend the analysis of cross 4 by the characiver—
isation of the products of single Lybrid oocysts. iAs lhus been
steted elsevhere ( p-8&7 ) this cross feiled and it was thought
most lilkely that the reagon for this failure was the poor
infectivity of pre-rupture oocysts. Following Vancerberg (1978)
it was reasoned that sporozoites harvested from these early
oocysts had not metured sufficiently to have developed full
infectivity in mice,)

Hecent worl in this laborutory has confirmed that pre-
rupbure sporozoites in P.cusbaudi are of low inféctivity in mice
and further atbtempts are being made to improve the tecumigue.
(Paudua, pers, comm.)

Hac¢ the work been successful, it woulc have heen nossible
to look directly st single genetic events insbeac of by the
method of inference from scoring runcomly selected clones from
among & mixed population of nybrid ané purental oocysts. [urther—
more, as Valliker et al., (1975) have poinbed out such & study
might belp in the more precise location of the umeiotic recuction
division particularly in the light of the report thot such a

division might occur during oocyst development (dinden and
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]
Canning, 1 97)2{) .

Cross & (pp 38-91 ) mey be considered the reverse of
cross 4 with bhe two mon purental types generatec aimong bthe
products of the lotter used as poarents in the former cross.
Albhough it would have been possible to use as parents these
actunl recombinuubs themselves, it wus decided to use the single
matunts they most resembled, AJ T050Z and AS ¥R LW, in preference
since these had been siudied in greater detnil and their genetic
constitution better understooc. The eross wus conducted witler
Jan, 1975,

Characterisation of the 14 cross product clones (Table £6)
revealed only three with non parental phenotypes. (One of these
CX6138, wus clossified as non parental after retesting.) Agein
all or none growth at restrictive PADA levels proved a more
inforumative diagnostic aid in identifying non parental clones
than did growth after pyrimethamine treatment. (In fuct, the
lower pyrimethamine cose (4 x 1.85 mg,kg_l} vas bprobably too
low to completely cistinguish sensitivities from non sensitivities
end had the cross been repeated a slightly higher cdose, say
4 x 2.5 mf,mg_l, would have heen used in preference,) IHowever
PADA growth cltbhough most useful in distinguishing the non
parental clones did allow these to Le clussifiec¢ into the two
types expectec and in this case the pyrimethamine response data
were used.

Two of these threec presunpbive non parental clones were
agein tested and this time their guantitavive responses to
pyrimethamine and sulphoadiazine estimated. These duota have been
sumnarised in Table 27 along with comparison dota for the

porents and the wild vype and double mutant lines with which
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lost two limes it was proposed to iceuntify the non parental

clones. Clone CXG14 was clussiiied as resembling the wild

i e {301 ST LY 1), SN A 1 ."'1 { ) =

vhenobype (LD, pyrimethamine = 1.04 mg. kg (+ IbE runge

{ "_\1 1 LEEY. ayaie .,..—1"_ 3 el - s = {

V.8l — 1,82 mg.lgg ;) wnd clone CXB12 appeared to resemble the

1 il i LS QRS Ly . * - @ e -1

double mutant AS 90801 {mhno pyrimethamine = 8.5 ng.kg (+
S =

PEY oooiaolia epay g S A g "l o . \ mi

ISE range 6U.8 - 48,4 ng.kyg —, after retesting)). These

ciagnoses were supportec by their respective responses Lo

sulphadiazine — both being within the range expected of wild

tyve and couble wmutunt lines: (CX514 EDg,

N

o -1 Y- s -1 e
55,8 wg.kg =~ (+ ISE range = 88,1 - 80.4 ng.kg ) and CX512

=

sulphadinzine =-

ﬁDQO sulphadiazine = ¢l,6 mg,kg_l (+ ISE rouge = 16,1 ~ 66,1

ag.lg 7] — bouvh estimates obtained with the normal PADBA
. A By - Lo 1 %
supplement of 0.5 gl ".})
Accepting this hypothesis that genetic recombination had

generated a wild type and a Gouble mutent from two single mutant

parents we can visualise the cross thus: (Fig. 9)

"G. 9

Cross bhetween two singly resistent lines generating a double
wabent anc o wvild type:

N 2 8" recombinent
e s s P + C— W uhle mubant
oyrimethamine [ " q
regsistant X  ——
parent ) IS
5 e

15 Z 1 .
sulphadiagzine [ N e—
resistant

+ + recombinant
parent

wild type

i

= pyrimethamine resistunt allele
+ = wilc type allele
i

[}

o] = sulphadiazine resistant allele
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The evidence from both crosses 4 and 5 demonstrate that
penetic recombination can readily tuke place in ¥.chabaudi
between tiaese morkers conferring resistonce to sulphaciazine
ant pyrimethamine respectively und there is no reason to
suppose thot a similar process may not take nlace among human
walaries. It is perbaps interesting to note in this conmnection
that whew 2 single step mutants resistant to pyrimethamine and
sulphaviazine respectively appear in combination whether as a
result of genetic recombinabtion or following double selection,
vireir pyrimetbhamine resistance appenrs Lo sum geometrically,

Thus, for example {when measured at the BD_.. level) while AJ

90
7058 was estimeted to he twofold eross resgistunt to pyrimetbamine
and AS Iﬁ UW was some 18 times resistant to this drug the ifigure
for bie double mutent was estimated to be 87-fold — almost their
exact multiple, However tue errors in these compound indices of
resistance are of course comnsiderable, HNevertheless if such a
geometric combination of resistance were shown to be a general
rule this would have serious implications in the fielc of human
meluria chemotiherany.

Although cross 6 ( pp.92-92 ) fuiled it bas een reported
tere since it was felt that the failure was anol due to merely
technical causes, This cross was between two AJ lines: AJ T0s2
which was sulphuediozine resistant; and AJ rotv adapted which
could grow from clounal inocule in acult invoect rubs unlilke the
other P.chabaudi lines described in this study,

gince the cross was conuucted alter Jan, 1975 vihe presence
of PABA independent parasites among the products of the cross
wos toaken to show the truunsmission of the resisbtant parent., The

oresence of parasites able to grow in iatact rats was tuken to
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cemonsvrate the transmission oif the rat adapted parent,

The use of the couble screening technigues was originally
inteided werely to coufirm the presence of recombinents and a
positive result i,e, purasites still oresent after growth in
rutes receiving no PABA supplement would bave recuired more
rigorous confirumation from clone clharacterisation. ILiovever the
negative rewult that wes wvctbtually obtained did nob necessarily
mean cthat recombination had not oceurred. IV was possible the
rut adaptation (wiich had been suown to be stable through
mosyuito passage) if due to genetic mutation might have been
polygenic in origin: bthe selection proccdure used, repeated
Passege througa splenectomisec aud intuct rats, was conducive
Lo the accumuletion of point mubtations, Given this, recombin-
ation might uave "diluted" these point awtations so bhat none

of the eross products which but the sulphadiazine resistance

matetion and were cherefore akle to grow in the absence of a

el

Yila supplement had sufficient of the rat growth point mutations
to survive the couble selection, This model bas been summerised
in fig. 10, HB.g. given a three point model for rut adaptatvion
only one in sixteen Lybrid oocysts would have been expected to
generste recoumbinents cwsable of surviving couble selection and
as the number of bliese point mutations inereases so does the

varity of cetectable recombinants. In view of the rather low

fertility of tle rub adapbed line it wos not unlikely thnt such

to further reduece this

&
<

vas vue paucity of bybrid ococysots

figure, Although o semi-in vilro test of retl cdapbution wa

1 4

abbempbea this wus wsuccessful., with this test it bhau been

hoped to detect intermeciate levels of rut adwpiulion, Clearly

recent improvements in the conbinuvus culture of Plusmocia (Trager
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FIG. 10
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et al,, 1976) offer uhope in this field.

In addition to this lousihle theories

vere considerec. It was possible that the orocess of rat

wtaptubion had altered tue mabing preference of Lhe gametes

nitocucec by this line, Clearly o preiercncc ror incestuous

of L

mtings would correspondingly reduce tue

oocysts,
d

Alternctively dose linkuge betweon any of Lhe series of
elleles conferying vob adaptation and the allele conferring
sulplinciazine resistance would have reduced the frecuency of rat
aduepted PABA incependeni recombinants.

In conclusion the marker conferring rot acatation wos

g 33



ceepcd wnsuituble for use either as o selective wuriser or oe an

s
eecivional marker siuce its mode of inberibtonce remoined
uneluciceted and was vosgibly polygenic, In fact the phenomenon
of rotb wawplution probably deserveu o separate study, In such a
stucy the line underpgoing adaptotion should idewily Luve been
cloned between selective rot passages and tested for changes in
rab growth akility slony with controls, Lines exbibiting such
ciwuges could Uthen teve been analysed geuneticully. Such a
procecure would tend to minimise the cuances of selecting poly-
genic mutunts,
Clearly then the attenpt to awunlyse rabt wiaptation

genetically illusitrotew the cifficulby of handling polygenic

gubtents in ignorwnce of the cetoils of their selective Listories.
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Gallaial ulu{J\JUuI ]

Genetic mubtitions wre wicely believed to invelve

alterations in

of living orgonisus., Dby the Jrocesses

of trooscripbion and tronslotion these wmubsetions find their

vy invo the amino acid seguences of the protveins of polypeptidces
ercodet. Many byoses of matotion have been discovered from
sbwiies on micro-orguuisms: substitution of puriuse or

Pyrimicine boasce for one anoblier; inversion of wwo or more Lases
wnd deletions of ome or more base, These buse chunges con vary
in effecty irom the totul wholition of the funcvion of thotl gene
folloving wvhe monufvcture of o grossly defective protein or
polypentide chein .to swell slterutions appearing to have litile

or 1o effect on the efficiency of the encocded ensyme such os
these cuses of ensmyme polymorpiism in plasmodia revesled by she
wvork of Carter (1970, 1971, 1878). (Ior reviews of tlhese
mechonisms sec Woese (1967) and Stanl (1969)).

Although technical constraints huve mace it impossible to
cenonstrate these nrocegses in plasmodia with anytaing aporouching
bhe precision possible in other micro--orguonisms, notalkly certain
becterie and viruses (reviewed by Hayes, 1U69), some interesting
approuclhies ot the molecular level have been mece. In view of the

vicely accepted "mapoing!” of gemetic mututions onto enzymes Lhe

report (Ferone, 1069; ierome et al., 1070) of ciffereunces Letween

b
Bt
]

ciydrofolate reductases P,berpghei sensitive aad registvant to

pyrimetlionine are sibromg

Agn

.
ol

[ 41]

pportive evidence tuat at least in
thais case resistunce had eccurred os o result of wputations in the
LNA coding for tihis enzyme. Feromne's group lound differences

Lotk hetween bthe lkinetics auw between the pyrimetbeomine inbibition
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icients of lhese enzymes, They hac already shown (Ferone
et al,, 1900, buwt pyrimetimwine inhibited this engyme 1000
times more in Y,bergaei than in the host mice.

The seconc bype of evidence supporting the nutational
uypotuesis concerns vhe stability of resistance to such grugs
as pyrimetucmine and sulphediazine. The few cases of unstable
resisoence huve been attributed to PABDA deficiency (Peters,
1870 ) to which we may add the reluctance of certain authors to
use clonec lines., In the present study, and in that by Horgan
(1974}, no examples of loss of resistonce following serial or
cyclical passuges vere observed., The sudcenness and frecuency
of reusistunce to aantifolates and sulphonamides are hoth
congistent with Ghe mutational hypothesis and in this respect
the experience of the present suthior was no different from those

of other wuthors (Young, 1U57; Durgess and Young, 1059; Bishop,

[
C...'
-

2; wuipgens, 1970),
A1l the cvicence of genetic studies (Welliker et al,, 1U71,
1918, 15753 Horgan, 1974) bes shown pyrimethamine-resisbance to
segregabte as & single mendelian fuctor., This wos confirmed in
thre present stucy for both pyrimethomine and for sulphadiazine
resistunce., Durthermore £ll of these examples of drug resigsvance
were obtazined following single sten selection which probably
fuvours tlhie selection of single gene mutations.

Following on frowm this guestion it is reasonable to
enguire Lov closely dic the estimated rates of acquisition of
resistonce come bo true mutation rates. Ve cen probably ignore
estimatbes ohtoined from multi-possuge experiments due vo the
possibility of differeant mutations accumulating in succegsive

selective passages, We can also dismiss estimates obtained from
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single step selection experiments using short~tern, higi-dose
therapy since the rather Ligh coses used in these probably kill
some resisbunt parasites us well as sensitives, Single step

crug selection experiments using continuous dose therwpy while

an improvenent in the latiter respect could not have been

expected Lo guarunbee very constent selection pressures during
the course of seleetion: wveristions would have resulbed from the
mode of cruy wuwminigtration and from the complication of the
nost'!s speec of plaswa clewrunce of the drug in question, (The
importunce of o constant selection pressure is in maintaining
countditions wuich ensure the survival of all resistant parusites
wviaile ao the swme time fovouring the eliminavion of seusitive%)
In the pregent stucy, leese conuitions were most completely
fuifillec in the PABA restricvion experiments, particularly

those carried out wufter Jan, 1875 wiuen the rat ceke was assayed
to contein very little in the way of PADA related compounds.

It is reusonable to supoose that the host homeostutic mechanisms
g

6]

1

would have maintained the perasites in a fuirly constant PADA
CIVITOnment,

This leaves a complication comwon to all types of selection
particularly in the cuse of relapse technigues — the effect of
host immunity and its interaction with clhemotberapy which if
significant voule tend ﬁo leac bo the underestimatioan of itrue
mutatbion rates. ASs to the significance of this iwmmity whether
pussive or occuired we can only attempt a guess: ¢he cvidence
cutlinedin Table O that immunosuppression had no detectable
efiect on the number of recrudescences observed aiter continuous
selection would seem Lo argue against the imyorﬁunce of ilummunity

albhouglh the evicence pointed bthe other way in the case of
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relapge selection (see pp102-103 ), llowever, we have no
indepencent mewsureuent of the efficacy of this imuwunosujpression
other tasn the fucl that normally mild lines of P,chabauvdi were
extremely virulent in mice receiving prednisone in their drinking
wvuber, Thus, although there was no evidence of factors operwting
which would have led to the serious underestimabion of mubation
rutes in the PaBd resbriction experiments certainity about this
was impossible,

The application of continuous culture technicues (Tragef

ey al., 19706; iaymes et wl., 1976) in selection experiments

/]
fad
ck

should go o lony way Uowerds meeting many of the criticism

o

suould bhe possible to meintoin comstant selective concitions

semi-in vitro end the proklem of acyuired immunity should he

avoicable also.

A mejor assumption implicit in the equatvion of these
estimatec rotes of occquisition with true mutation rutes is vhat
thie resistant lines selected by any particular melhod wrose as &
result of mutetion(s) in the seme gene(s). The experiment in
vhich pairvise crosses hetween & independently acquired lines
resistant bo pyrimethamine (cross &) fuiled to detect
recombination Letween any of these lines suggests very vight

This added Lo the strong phenotypic resemilance noted

between all the pyrimethomine resistont lines obtuined in the
sresent study (they were all accompenied by increased PABA
cependence) suggests mutution within the same gene.

In the case of sulphadiazine resistance the position was
much less clear., There seemed to ke o spectrum of resistunce

from that accomvanied by no cross resistance to pyrimethamine to

that accompanied by a twofoléd or greater crogs resistance. AS
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bas een nobed the imurecision of the drug response estimates

mey have accountew for bthe fuilure to discern Giscrete levels of

cross resisbaunce. ilowever, btue ease with which sulphadiazine

(29

registunce could be ineressea by superimposition without any

detectable increwse in the already enhanced cross resistance

sugresbs tawb ot least two wistinet classes of resistance existe

=¥

snc thouga no evicence wus obnbainew regarding segregation between
viiese, btuhere is no rewson why this should not be tested,

In conclusion therefore wlthough any estimate of the true
mutation rute is viticted Ly the fuctors mentionmed in the fore—
going ciscussion it is belicved tue wcyuisition rates obtained
in the course of the present work constitute the closest approach
yet to such an estimabte in Plasmodia.

In view of the restriction of the present study to single
sten selection experiments at a nerrow range of drug doses uncer
cefined levels of PABA supplementation it is not very
surprising thot so few phenoiypes were observed anc although
there is no reason to suppose thub a complete range of pheno-
types wus cetected (wme therefore o complete range of the genes
imolicatec in registonce to antifolates or sulphonemides) it 1is
worbh peinting out that from tLiese tiree oroposed genes, no
iess than seven phenobtypes cun be generwbed following their

sz . . Ly - N Sl B = R
combinnbion in all the possikle permutations., O of these
i Ltoeined in the present study anc the pheno-
sermutations were obtoinea in the present study anc whe i
. IR = iines Lopeth wibh those expeclted on the hasis
bypes of these lines logether witi Luose ex; 1
i . L o o s " f 5 £y .k 4 t‘e
of the geometic summation of vhe resistances ol eacn 0x La
[
single mutetions proposec bo have comkined to form these double
2 a

. I ([ P (3%
e triple mutants beve been sumaarlsec 1n Table 206,
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TABLE 28

Gene combinations: observed anc expected levels of resistance.

Degree of Resistance to

Chserved Lxpected
YHL, SULEA, P, SULZIIA .

- DPyrimethamine resistent

iy 4o "

() 8x 1/20x - -
- Sulphaciazine "

with cross resistun¢%

to pyrimethamine (&) 2x 43 - -
— Sulphadiazine resistant

with no cross resissaice

. - i €3

to pyrimethamine (S%=) Ix X - -

A iV, i i i
- 7ot STx Ix 86x 1/6x

et} u.é:’. Py . o
- g 18z 1x 18x 1/5x%

4 Ta.53 -
~ ghl guie not obtained 2% 16x

) ) 60 ” ® x
o phe Shl Giba 36 (~ 4x) S6x 0.8x

¥ = as esvimoted from PaBA dependence

The point of all this is that given the fact of such
combinations wrising via the superimposition of such single
mubations porticularly following long term selection pressure,
& wide vuriety of types can be generateda. This acdec Lo the
failure of most workers to use clomned lines and bo control the
levels of PABA supplements (Peters, 1970 ) mey help to account
for some of the wice runge of resistence phenotypes reported in

the literature.
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The ewse, demonstruted in the present study, with which
recombinetion occurred between mariers conferring resistunce to
pyrimethemine and to sulphodiaezine has obvious significance in
understanéing the ways in which resistence to these drugs is
spread. In bthis context the date of Hosario (1976a,b) merit
consiceration: he showed that recombination occurred readily
between murkers conferring resistence to pyrimethamine and to
ciiloroguine in P.chabaudi. IHowever although this chloroguine
resistance was stable through uanselected serial ond cyclical
vassage it was considered a low level resistonce and after
further selection has been increased some l8-fold (Padua;
pers. comil, ), Thus whether or not the earlier example of
Chlor0quine resistance wags a suitakle model for cliloroguine

resisvence in P.foleciperum remcins to be seen, Iv mey trapnspire

that clinicel exanples of chloroguine resistance are inherited
by polygenic mechanisms.

The inberitance of drug resistance in baclteria hoas been
convincingly associsted with cytoplasmic factors or episomes
(Vatanabe and Fukasawa, 18061; anc Vatanabe, 1968); and while
erythromycin resistance in yeast (Thomas and VWilkie, 18638;

Cohen et al,, 1970) and in paramecium aurelia (Deale, 1909;

Beale et al., 1972) have been shown to be inherited mitochondrially
no comvincing examples of extrachromosomel inheritunce hove heen
demonstrated in Plosmodia. The descripntion by Yoeli et al,

(1869) of syunpholia has wlready been criticised on the grounds

that the technicue used to detect crug resistonce trunsfer

between P.vinckei and P.berghei was egually capable of inducing
resistance by selection (Uiggens, reported in Peters, 1870 ).

Although Ferone et al., {1970) claimed the presence of a dihjydro-
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folate reductuse in the recipient P.berghei which wus inter—
wediate in choracler between that of the donor resistent
F.vinckei andg that of a seusitive P.herghei was evicence in
favour of synpholia — it wus surely even better evidence that

ce novo selection had talken place.

Gene regulabory mechanisns in which the genes coding for
enzymnes involved in successive steps in & biochemical pothway
asre located togetlier on the chromosome (co-ordinate induction)
are well kmown., Tue most famous example of such mechanisms. is
the lac operom in B.Coli (Jacob and MHonod, 1961). Albhough both
antvifolates and sulphonamices have been implicutec in blocling
pyrimicine synthesis the absence of linkage ketveen markers
conferring resistance to bthese drugs demonstrated in the present
study, argues aguinst such a control mechaonisn in plasmodia.
liowever the relevunce of this pathway to the study of the
genevies of anc mechanism of resistance to these drugs is obvious
ané the pathway has been summerised in Fig. 12 (modifiec after
Juffe and Gutteddge, 1974).

It is helieved that in plasmodia cde novo synthesis of
pyrimidines (from curbamylphosphate and aspartate via orotate to
UliP} precominates over any salvage mechanisia since pyrimidines
are only reluctuntly incorporated into peorasite DNA (Gutteridge
and Trigg, 1970). UMP seems to be freely interconvertikle inteo
other pyrimidines and it is this conversion to dTLP which seems

to be affected by the action of sulplhonamides and antifolates,

dULP seems to bhe converted to dThP by the wetion of an cnzyme
first shown in P.lophurae by Walsh and Sherman (1968) and in
P.chabaudi hy Valter et al. (1970} and ky Welter ondé fonigk

i

(1871). This synthesis involves the Utransfer of o carbon group
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MG, 12

Pyrinicine synthesis end the sités of action of Pyrimethomine
sulphadiazine (adapted after Julfe and Gutieridge, 1974)

carbauyl
phosphate +

dibydro-orotate
orovabe
UNMP

¥y srTieTy
TP - UL

Hethylene Iil,

e s

4 serine

B = pyrimethamine
5 = sulphadiazine
Gr'\";
= dihydrofolate reductase
= gerine Lydroxymetnyl
trogasferase
DTS = dihyaropteroate

synthetase
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ane electrons from NSNIO - methylene tetrahydirofolate to the S
position of CUMP with the concomitent oxidution of tetrabydro-
folate to dihycrofolate, The reduction wuck to tetrauyurofolute
reguires the enzyme dibydrofolate reductuse which seems to he

blre prime turget for the action of pyrimethamine (Ferone et al,,
1969). The trunsfer of a 1C group back onto tetrahydrofolate

from serine seems to be sccowplished by serine hydroxymebhyl
lransferase (Platzer, 197Z;., Liuydrofolate the essential
co-factor recuired bo meintuin this cycle scems to he synthetised
de novo from GTP anu the condensstvion of pleridines such as

PabA. A key enzyme in vhis pathwey, dibydropleroate synvhetase
has been isolated (Konigk and Walter, 1978). liammals are able

to utilise preformec felates (unlike plasmodia) and the lack of
this pathway is the reuson for the clinical effecltiveness of
sulphbonamides in bacteriel and melarial infecltions,

From congideration of this pathway it is possible to
comstruct ad hoe wn explanation of the cross resistance patlerns
observed in this study. If vwe accept tvhat pyrimethamine
resistuant lines contuined saltered cibydrofolate reductasges then
vhe correlated Lypersensitivity bo sulphadiszine snd increuwsed
PADA dependence might have arisen as o result of such
alterwctions: the reduced affinity for pyrimethamine had reguired
some loss of the ensyme's efficiency in the conversion of Eﬁa.
If the FH& pool size Lhacd been increased following PADA
supplementation the effects of this sacrifice might have heen
minimised, On Gthe other hand PABA restriction would have
exposed the enzyme deficiency in umeintaining an adeguate supply
of E‘Ii4.

Some mubations affecting the synthesis of FH_ from bthe
[
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concdensabion of pteridines such as PADA are pictured in this
model s cousing sulphadiazine resistunce by increwsing the

size of tbiwe EHQ pool {for example following the Lreakdown of
Yeediock inbipition resulting in an oversyathesis of enzyue or
by cnother wmechanism). As well as causing sulphadiaziue
resistance such a process woulu reselt in a small inercose in
pyrimethamine resigtance following the increuwse of the Fﬂ2 pool,
ilutants which had coused sulphadiaziue resigtonee wvithout a
concomitunt increase in the throvghdput of Fﬁ2 would not Lave
been expected to have been accompanied by a cross resistance 40
Pyrimevhamine,

Proof of such speculations would depenc upon wccurately
mewsuring pool sizes of Fﬂg and I, in sensitive parasites anc
in those resisbunt {to eitlier pyrimethamine or sulphaciazine ati
different levels of PABA supplementation and ot different
concenvrations of the two drugs. Although idewlly such
experiments would reguire a true in vilro itechnigue of purasive
culbivetion using defined mecia — the recenl availability of a

semi-in vitro technicue (Trager et al,, 1875: iaynes et al.
% = 7 T 7

1976} offers some encouragement.,
However perhaps the main stiuwulus to & genevic study of
saluria parasites offerec hy these techmigues is the opportunity

chey offer to stucy the gemevics of drug resistance in human

plasmodia particularly in the case of P.faleiparum uncer

experimentel conditions; ond indeed such & stucy is under
progress in this laborwtory., After bthe initial tectnical
T 3 o T S e calads e maa #
difficulties are overcome (dmong these one might mention such

as that of transmission from semi~in vitro blood culture to

mosquitoves or that of measuring drug resistance ; the first
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1

bask aust be Lo repeat the pioneer work which Lhas heen under-—
buken using the rodent mocel. The muin differemce im approuch
will be that as well as experimentally indaced resistance
crossing experiments will Lave wvailable lines whose resistunce
nas been wequired in wiie wild and not under controllec conditions.
Martliermore such "wild" resistont lines will also uave unlmown
genetic uisvories, Thus the problem will bave additional

cegrees of couplexity.

Tuis is not 4o say thabt experiments using the rodemt model
are obsolete. The very fuct thalt one can be sure rodent lines
bave not heen tamperec with genetically diswllows that notion,
fiore pogitively bhe ready availavility of & feasgible technique
for the genetic study of rodent malaria parasites ams generuted
a momentun of ivs own ane several interesting liaes of
investigation are open and it will be wuile yet bvefore Semi—in
vitro specialists catch up. Thus for example Roswrio (1976e,b)
demonstrubed a case of mendelian inheritance of cihloroguine
resistance in P.chabaudi. However this was at a low level (8
ag.kp T ) — wbout a vwentieth thut volerated by the host, This
suggested two possibilities: either il was o basic genelic
builcing block of full chloroguine resgistance; or it was an
adventitious example., Only continued reseorch can provide the
answver.,

Another example is proviced in the present work by the
unsuccessful atlemnt to obtain infections from single oocysts
for cloning and characterisation. As vwell as coufirming the
reciprocal mechanisy 1Enheritunce of markers it had Leen hoped

this sludy would help in more precisely locating the stage of

the meiotic reduction division, Sinden and Canning (1973)
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reportec cytological observitions consistent with o reduction
civision in oocysts of P.yoelii, Since the feilure was possiluly
technicul in ovigin further investigations cre merited.

It seems lilkely thot purticulerly in the wake of chloroguine

resistent P.faleiporum much effort will Le employed in

developing suiteble vaceines — thus alloving chloroguine to be

ent in reserve for acute cases once the voccines have keen shown
to be effective. Given this it will be important to extend the
genetic study of molaria o include the response of parosites to
imaune mechanisms, It may be thot as with Trypanosomes the
process of antigenic variction tales place (Grey, 1968} and the
elucidation of its mode of inheritunce would be the most

interesting and useful achievement of protozoan gemetics to auve.
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Genealogy of mutant lines with examnles and wodes of selection
used: exch box conbuins w cifferent genotype.
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