fetus would have inherited the Rb suscepti-
bility gene. Such a fetus almost certainly
would develop retinoblastoma and be at
much higher risk to have other malignan-
cies, particularly osteosarcoma, in later years
if the pregnancy reaches term. The cDNA
probe could also allow one to identify some
of the estimated 15% of individuals who
have unilateral sporadic Rb but who unfor-
tunately have the hereditary form of the
disease.
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Genetic Analysis of the Human Malaria Parasite

Plasmodium falciparum

DAvVID WALLIKER,* ISABELLA A. QUAKYI, THOMAS E. WELLEMS,
THOMAS F. McCUTCHAN, ANA SZARFMAN, WILLIAM T. LONDON,
LYNN M. CorcoOrAN, THOMAS R. BURKOT, RICHARD CARTER¥*

Malaria parasites are haploid for most of their life cycle, with zygote formation and
meiosis occurring during the mosquito phase of development. The parasites can be
analyzed genetically by transmitting mixtures of cloned parasites through mosquitoes
to permit cross-fertilization of gametes to occur. A cross was made between two clones
of Plasmodinm falciparum differing in enzymes, drug sensitivity, antigens, and chromo-
some patterns. Parasites showing recombination between the parent clone markers
were detected at a high frequency. Novel forms of certain chromosomes, detected by
pulsed-field gradient gel electrophoresis, were produced readily, showing that exten-
sive rearrangements occur in the parasite genome after cross-fertilization. Since
patients are frequently infected with mixtures of genetically distinct parasites, mosqui-
to transmission is likely to provide the principal mechanisms for generating parasites

with novel genotypes.

EW METHODS ARE NEEDED FOR
treating and controlling Plasmods-
um falciparum, the most pathogen-
ic species of malaria parasite infecting hu-
mans. Control by chemotherapy has been
complicated by the emergence of drug-re-
sistant forms (). Several antigens have been
identified as candidates for vaccines but may
exhibit considerable diversity in the parasite
population (2). There is thus a risk that if
vaccines based on such antigens are put into
widespread use, new or alternative forms of
the parasite will be selected and replace
previously existing forms.
Few studies have been made on the basic
genetics of malaria parasites by conventional
strain hybridization techniques. This is
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mainly because the organisms undergo a
complex life cycle in which asexual multipli-
cation and gametocyte development occur
in the vertebrate host, while fertilization
between gametes takes place in the mosqui-
to vector. Crossing experiments have been
possible to date only with species that infect
rodents (P. yoelii and P. chabaudi) (3), be-
cause the complete life cycle of these para-
sites can be maintained in the laboratory
more easily than most other malaria species.
Crosses between rodent parasites have been
made by feeding mosquitoes on mixtures of
two cloned lines to allow cross-fertilization
to occur and then infecting rodents with the
resulting sporozoites. The blood forms de-
veloping in these animals are then examined

for the presence of forms exhibiting recom-
bination between parent clone markers.
These studies show that (i) the parasites
appear to undergo a normal Mendelian pat-
tern of inheritance of genetically determined
characters; (ii) the blood forms are haploid,
meiosis probably occurring during early di-
vision of the zygote (4); (iii) resistance to
drugs such as pyrimethamine and chloro-
quine is due to gene mutations (5); and (iv)
recombination between genes determining
characters such as enzymes, antigens, and
drug sensitivity occurs readily after cross-
fertilization between clones (3).

The asexual erythrocytic forms (6) and
gametocytes (7) of P. falciparum can be
maintained in culture in vitro. Cultured
gametocytes are infective to mosquitoes (7),
and the resulting sporozoites infective to
primates (8). Blood forms of P. falciparum
can be cloned by limiting dilution (9) or
micromanipulation (10), so that genetically
pure lines can be obtained. Here we report
successful crossing of two cloned lines of P.
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Table 1. Characteristics of parent clones. Pyri-
methamine response was tested by the method of
Thaithong and Beale (13), ADA typing was done
by agarose gel electrophoresis (14), and antigen
typing was done by immunofluorescence (15).

Characters 3D7 HB3
Origin Netherlands Honduras
Pyrimethamine Sensitive Resistant

response
ADA form ADA-1 ADA-2
Antigen type

195-kD

Mab 7.3 - +

Mab 9.2 + -
40-kD

Mab 12.3 + -

falciparum by infecting a chimpanzee with
sporozoites from mosquitoes fed on a mix-
ture of gametocytes of each clone. We show
that genetic recombination occurs at a high
frequency, resulting in the production of
parasites with new genotypes. The term
“genetic recombination” is used here to
denote the appearance of forms exhibiting
nonparental combinations of characters after
the cross, which may be due to random
assortment of chromosomes during meiosis
or to physical exchange of genetic markers
on homologous chromosomes.

The clones used as parent lines for the
cross were 3D7, which was derived from
isolate NF54 from the Netherlands (11) by
limiting dilution, and HB3, derived from
isolate H1 from Honduras by microscopic
selection (12). The clones differed from one
another in pyrimethamine sensitivity (13),
in electrophoretic forms of the enzyme
adenosine deaminase (ADA) (I4), and in
epitopes of two blood-form antigens, one of
195 kD having epitopes recognized by two
monoclonal antibodies (Mabs) denoted 7.3

Clone Clone
3D7A HB3A

Gametocytes Gametocytes

\

Mixture
Mosquitoes Mosquitoes Mosquitoes
A. freeborni A. freeborni A. freeborni
Chimpanzee Chimpanzee Chimpanzee
CH/3D7 CH/X CH/HB3
Culture 3D7B Culture X Culture HB3B
(Progeny of cross)
Ve AN
Cloning Pyrimethamine
X1 treatment
X2
and so on Culture XP
Cloning
XP1
XP2
and so on

Fig. 1. Procedure used for crossing P. falciparum
clones 3D7A and HB3A.
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and 9.2, and one of 40 kD recognized by a
Mab denoted 12.3 (15) (Table 1). They
differed additionally in patterns of hybrid-
ization of a repetitive DNA probe (16), in
certain proteins detected by two-dimension-
al polyacrylamide gel electrophoresis (2D-
PAGE) (17), and in chromosome sizes as
revealed by pulsed-field gradient (PFG) gel
electrophoresis (18-20).

Cultures of each clone, denoted 3D7A
and HB3A, were established in flasks, in
conditions permitting development of ga-
metocytes infective to mosquitoes (21) (Fig.
1). Fifteen days after initiating the cultures,
when mature gametocytes were present,
each culture was centrifuged (500g for 5
minutes), and the pellet of parasitized eryth-
rocytes was resuspended in human serum at
50% hematocrit, at 37°C. Equal quantities
of 3D7A and HB3A were mixed together
and placed in a mosquito membrane-feeding
apparatus. Approximately 1500 Anopheles
freeborni were fed on the mixture. As con-
trols, equivalent numbers of A. freeborni
were fed on gametocytes of 3D7A and
HB3A separately. After 7 days, 15 mosqui-
toes of each group were examined for oocyst
development. In the mosquitoes fed on the
mixture, an average of 17 oocysts per mid-
gut was found; in 3D7A and HB3A, aver-
ages of 29 and 37 oocysts, respectively, per
midgut were seen.

Sixteen days after the mosquitoes were
fed on gametocytes, sporozoites were de-
tected in their salivary glands. Sporozoites
from each batch of mosquitoes were then
used to infect splenectomized chimpanzees.
One animal, denoted CH/X, received sporo-
zoites from mosquitoes fed on the gameto-
cyte mixture. Two additional animals, de-
noted CH/3D7 and CH/HB3, received spo-
rozoites from mosquitoes fed on each re-
spective parent line. Each chimpanzee re-
ceived sporozoites from (i) the bite of infected
mosquitoes and (ii) preparations of sporozo-
ites isolated from mosquitoes and injected
intravenously by syringe. For (i), approxi-
mately 500 mosquitoes of each batch were
permitted to feed on each chimpanzee, which
had been lightly anesthetized with ketamine.
For (i), sporozoites were extracted from mos-
quitoes by the method of Ozaki ez al. (22)
and suspended in Grace’s insect medium
(Gibco) containing 10% human serum, type
AB. For chimpanzees CH/X and CH/3D7,
the inocula each contained approximately
4 x 10° sporozoites, and for CH/HB3, ap-
proximately 2 X 10° sporozoites.

Parasites appeared in the blood of each
chimpanzee on day 10 after sporozoite in-
fection. Cultures of parasites from each ani-
mal were then established in human erythro-
cytes in flasks (21) and denoted X, 3D7B,
and HB3B, respectively. The presence of

Table 2. Characters of parent clones and un-
cloned progeny of cross before and after pyri-
methamine treatment. For methods of character-
ization, see (13-15).

. 195-kD 40-kD
Pyri- antigen antigen
methamine  ADA
treatment Mab Mab Mab
7.3 9.2 12.3
Parasites 3D7B
Untreated 1 - + +
Treated - - -
Parasites HB3B
Untreated 2 + - -
Treated 2 + - -
Parasites X
Untreated 1,2 + + +
Treated 1,2 + + +

recombinant forms among the progeny of
the cross was tested in two ways: (i) by
treating the uncloned progeny (X) with
pyrimethamine and examining surviving
parasites for enzyme and antigen markers,
and (ii) by isolating clones from the progeny
and characterizing them for parent line
markers.

Cultures of the uncloned progeny X were
first treated with 10™%M pyrimethamine for
3 days; this treatment was shown to kill
3D7B, but not HB3B parasites. X parasites
were found to survive pyrimethamine treat-
ment, and these were used to establish new
cultures denoted XP. X and XP, together
with 3D7B and HB3B, were examined for
ADA type and antigen markers (Fig. 2 and
Table 2). In XP as well as X, both ADA-1
and -2 and antigens recognized by all three
Mabs 7.3, 9.2, and 12.3 were present.
Recombinant-type parasites, characterized
by pyrimethamine resistance, ADA-1, and
antigens positive for antibodies 9.2 and 12.3
were thus present among the uncloned
progeny; these enzyme and antigen charac-
ters were not present in HB3B parasites that
had survived pyrimethamine treatment, nor
were they present in the cultures of 3D7B

i

1o

- ~2

)

TRy  PUEES VT IS e |

Fig. 2. Electrophoretic forms of adenosine deami-
nase (ADA) in parents and uncloned progeny of
cross. Numerals 1 and 2 indicate positions of
ADA-1 and ADA-2, respectively. O indicates
origin; (a) 3D7B, (b) 3D7B pyrimethamine treat-
ed, (c) X, (d) pyrimethamine-treated X, (¢)
HB3B, (f) pyrimethamine-treated HB3B.
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that had been drug-treated and in which
some debris of dead parasites could be de-
tected (Table 2).

Recombination between the antigenic
markers was shown by immunofluorescence
assays (IFAs) on the uncloned progeny.
Preparations of X and XP containing schi-
zonts were made on multispot slides on days
11 and 36 after cultures were established
from the chimpanzee. The slides were incu-
bated with either a mixture of Mabs 7.3
(isotype IgG2a) and 12.3 (IgGl), or a
mixture of Mabs 7.3 (IgG2a) and 9.2
(IgGl). Each preparation was then stained
with a mixture of two fluorescent reagents: a
fluorescein-conjugated antibody that recog-
nizes IgG2a, and a rhodamine-conjugated
antibody that recognizes IgG1. The prepa-
rations were then examined by ultraviolet
microscopy.

Preparations incubated with Mabs 7.3
and 12.3 showed three types of fluorescent
organisms: those that stained only with flu-
orescein (7.3+, 12.3—); those that stained
only with rhodamine (7.3—, 12.3+); and
those that stained with both reagents (7.3 +,
12.3+) (Fig. 3). Control preparations of
each parent line stained by the same proce-
dure showed only fluorescein-stained forms
in HB3A and B, and only rhodamine-
stained forms in 3D7A and B. The 7.3+,
12.3+ forms seen in X and XP were thus
recombinants for the two antigens involved.
Counts of the proportions of each type of
fluorescent parasite in these preparations are

Table 3. Changes in proportion of antigcnically distinct parasites during cultures of untreated (X) and

pyrimethamine-treated (XP) progeny of cross.

Paras Day of Number of HB3-typc_ 3127-typc Recombinant
arasites culture parasites 7.3+, 12.3 7.3—,12.3+ 7.3+, 12.3+
counted (%) (%) (%)
X 11 305 35.7 29.8 345
36 168 81.5 10.8 7.7
Xp 11 220 32.7 28.7 38.6
36 215 83.3 6.0 10.7

shown in Table 3. Preparations of X and XP
that were incubated with mixed Mabs 7.3
and 9.2 showed only two types of parasite,
those that stained only with fluorescein and
those that stained only with rhodamine.
Thus, no recombination between these
markers was detected.

Clones were established from X and XP
on day 32 after cultures were set up from the
chimpanzee. Each culture was diluted into
aliquots of 0.1 ml, each containing an esti-
mated 0.5 parasite, which were placed in
wells of microtiter plates. After 14 days of
culture, parasites were seen in 13 out of 40
wells set up from X, and in 19 out of 40
wells set up from XP. Each positive culture,
denoted X1, X2, XP1, XP2, and so on, was
grown in flasks to provide quantities suffi-
cient for genetic characterization. Fourteen
cultures were examined for pyrimethamine
response, ADA type, and antigens (Table
4), and for chromosomes by PFG gel elec-
trophoresis (23) (Figs. 4 and 5).

In cloning by dilution, it is expected that a
minority of cultures will be initiated from
more than one parasitized cell, or from cells
containing more than one parasite. On the
basis of an average of 0.5 parasite per well, it
can be predicted from the Poisson distribu-
tion that approximately 77% of the positive
cultures will be derived from single para-
sites, and the remainder from two or more
parasites. Since the blood forms of malaria
parasites are haploid, one can presume that
cultures in which two forms of a given gene
product are present are parasite mixtures.
Cultures X1 and X9, which exhibited two
forms of ADA, were thus most probably not
clones. The remaining 12 cultures appeared
to be pure clones, because they were charac-
terized by only single forms of ADA, anti-
gens, and other proteins detected by 2D-
PAGE (17).

Five progeny clones (X4, XP1, XP6, XP7,
and XP9) had pyrimethamine-response, en-
zyme, and antigen characteristics that were

Fig. 3. Ultraviolet (UV) microscopy of uncloned progeny of cross incubated with Mabs 7.3 and 12.3, and stained with fluorescent reagents Spcciﬁc for each
Mab. Pictures of the same microscope field show (left) fluorescein-stained schizonts (7.3+) and (right) rhodamine-stained schizonts (12.3+). Parasites
numbered (1) are stained with fluorescein only (7.3+), those numbered (2) with rhodamine only (12.3+), and those numbered (3) with both reagents
(7.3+, 12.3+).
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PFG gel electrophoresis.

Chromosome numbering is according to that of Kemp ez al. (19). Sizing studies of these chromosomes
with bacneric‘)ﬂlagc concatemers have shown that they range in size from 800 kb for chromosome 1 to
1500 kb for chromosome 4. (A) Ethidium bromide—stained gel. (B) Autoradiogram after hybridization

of CSP gene probe (26) to Southern blot of gel

. After hybridization, the blot was washed at moderate

stringency [0.2X standard saline citrate (SSC) and 0.1% SDS, 50°C, 1 hour]. Note hybridization of

probe to chromosome 3.

the same as HB3, and one (X8) had the
same characteristics as 3D7. The other
clones were recombinant for at least two
parent-line markers. Thus X2 and X6
showed recombination between the two
antigen markers, 7.3+, 12.3+ and 7.3-,
12.3—, respectively. Clones X5, XP2, XP4,
and XP5 showed HB3-type drug-response
and antigen characters, and 3D7-type ADA.

The patterns of recombination and segrega-
tion of these characters were consistent with
the view that P. falciparum, like the rodent
malaria species, is haploid in the blood
stages. With the exceptions of clones X1 and
X9, only single forms of ADA (types 1 or 2)
and of the 195-kD antigen (7.3+, 9.2— or
7.3—, 9.2+) were seen. This result estab-
lishes that the variant forms of ADA and of
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the 195-kD antigen are determined by allelic
variation of each respective gene. There is
evidence that the gene for the 195-kD anti-
gen is present in the genome as only a single
copy (24), which reinforces the view that
polymorphism of this antigen is due to
allelic variation.

The PFG gel technique distinguished
clearly four chromosomal DNA bands in
each clone, which we consider are equivalent
to bands 1 to 4 described by Kemp et al.
(19) (Figs. 4 and 5). In the top region of the
gel, the “compression region,” individual
chromosomes could not be distinguished;
although by using different electrophoretic
conditions, at least ten additional chromo-
somes could be resolved (25).

Chromosomes 1 and 2 of the parent
clones 3D7 and HB3 migrated to similar
positions on the gel. Chromosomes 3 and 4,
however, were larger in 3D7 than in HB3.
The chromosome patterns of each parent
were the same in 3D7A and B and in HB3A
and B, respectively, indicating that their
genomes had not undergone any major
changes after mosquito transmission. Proge-
ny clone X8 possessed a chromosome pat-
tern similar to 3D7, and clones X4, X6,
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Fig. 5. (A and D) Chromosomes of parent and tProgcny clones. Ethidium bromide—stained PFG gels. (B, C, E, and F) Autoradiograms after hybridizations of

total chromosome probes to Southern blots of

hour) and autoradiographed (B and E). Blots were then washed at high strin

gels. After hybridization the blots were washed at moderate stringency (0.2x SSC and 0.1% SDS, 50°C, 1
cy (0.1x SSC and 0.1% SDS, 65°C, 1 hour) and autoradiographed again (C

and F). Autoradiograms (B) and (C) are of blots of gel (A) hybridized with chromosome 2 probe. Autoradiograms (E) and (F) are of blots of gel (D) hybrid-

ized with chromosome 4 probe.
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Table 4. Characteristics of parent clones and cultures of progeny. For methods of characterization, see
(13-15). The pyrimethamine response is shown as S (sensitive) or R (resistant).

Pyrimethamine
response

Clones ADA

40-kD
antigen

Mab 12.3

195-kD antigen

Mab 7.3 Mab 9.2

Parents
3D7A
3D7B
HB3A
HB3R

Progeny
X1

X2
X4
X5
X6
X8
X9
XP1
XP2
XP4
XP5
XP6
XP7
XP9
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XP1, and XP6 were similar to HB3. In the
other clones, however, nonparental-type
chromosomes were observed. In X5, XP2,
and XP4, chromosome 2 appeared larger
than in either parent, whereas in XP9 it was
slightly smaller. Chromosome 4 in clones
X2, XP5, XP7, and XP9 appeared interme-
diate in size between that of either parent.
The chromosome patterns of parent and
progeny clones were examined at intervals
during 3 months’ culture and appeared un-
changed during this period.

To investigate the relation between chro-
mosomes of each clone, we used three chro-
mosome-specific probes in hybridizations
with Southern blots of PFG gels. Chromo-
some 3 specificity was identified with a
pUCS8 clone containing the gene for the
circumsporozoite antigen (CSP) of P. falci-
parum (20) (Fig. 4). Probes for chromo-
somes 2 and 4 were prepared by excising the
respective bands from a preparative gel of
X2 and extracting the DNA (27). The total
DNA was then nick-translated and hybrid-
ized to PFG blots (Fig. 5). Autoradiography
after moderately stringent washes showed
hybridization of both probes to all chromo-
somes, presumably because of cross-hybrid-
ization of repetitive DNA or A-T rich se-
quences throughout the genome. Highly
stringent washes removed most of the cross-
hybridization, and each probe then showed
a high degree of specificity for the homolo-
gous chromosome. The results of the hy-
bridization experiments show that despite
changes in size the chromosomes have re-
tained their identity among the progenv
clones. The relative order of chromosomes 1
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to 4 is the same in all clones that have been
examined.

Chromosome polymorphism in different
isolates of P. falciparum has been reported
previously. Corcoran et al. (20) showed that
a small-sized chromosome 2 in two P. falci-
parum lines was correlated with the absence
of the gene for a blood-form antigen from
this chromosome. Pologe and Ravetch (28)
showed that a reduction in the size of chro-
mosome 2 in certain parasite lines was due
to deletions involving segments of a knob-
associated histidine-rich protein gene. It is
not known whether the size variations seen
in chromosomes 3 and 4 in 3D7 and HB3
involve coding or noncoding DNA, and the
genetic mechanisms involved in generating
the novel-sized chromosomes among the
cross progeny are not understood. Unequal
crossing-over events, reciprocal transloca-
tions, or gene conversion during pairing at
meiosis could have produced chromosomes
of new size.

The proportion of nonparental forms in
the progeny of the cross is higher than
expected. Whereas 6 of the 12 progeny
clones examined had parent-type enzyme,
drug sensitivity, and antigen markers, two of
these (XP7 and XP9) were characterized by
nonparental chromosome patterns. Assum-
ing that gametes undergo random fertiliza-
tion, it would be expected that half the
progeny would result in parent-type zy-
gotes, and half in hybrids. At least 50% of
the progeny clones, therefore, would be
predicted to be parental types. The reasons
for the excessive numbers of recombinants
are not understood. It is possible that cross-

fertilization between the clones was favored
in the mosquito host, even.though self-
fertilization could undoubtedly occur as
shown by the parent line controls. There
could also be selection in favor of certain
genotypes during development of the prog-
ény in mosquitoes, in the chimpanzee host,
or during culture. When uncloned P. faici-
pavum isolates containing several genetically
distinct parasites are kept in culture for
prolonged periods, variations in the propor-
tions of each form are seen (17). In the
present study, parasites characterized by
HB3-type antigens appeared to outgrow
other forms between days 11 and 36 of
culture (Table 3). The X and XP clones,
isolated on day 32, reflect the preponder-
ance of these types of parasites (Table 4). An
excess in the number of pyrimethamine-
resistant forms was also apparent, even
among the X clones that had not been drug-
selected. Had cloning been carried out earli-
er during the culture, a greater proportion
of parasites having 3D7-type antigens
would probably have been isolated.

This work has shown that two genetically
distinct clones of P. falciparum can readily
undergo mating during mosquito transmis-
sion. It is not known whether the recombi-
nation between the genetic markers was due
to simple reassortment of unlinked genes on
separate chromosomes or whether crossing-
over between genes on the same chromo-
some occurred. However, the chromosomal
size changes suggest that rearrangements of
the genetic material occur frequently in Plas-
modium. In natural populations of P. falci-
parum, considerable diversity occurs in anti-
gens and drug sensitivity, and patients are
frequently infected with mixtures of geneti-
cally distinct parasites (29). This study has
shown that mosquito transmission of such
mixtures provides an efficient means of gen-
erating parasites with novel genotypes, a
finding that has important implications for
measures designed to control the parasite by
chemotherapy or vaccination.
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A Promoter with an Internal Re

gulatory Domain

Is Part of the Origin of Replication in BPV-1

ARNE STENLUND, GARY L. BREAM, MICHAEL R. BOTCHAN

Extrachromosomal elements that are stably maintained at a constant copy number
through cell doublings are a good model system for the study of the regulation of DNA
replication in higher eukaryotes. Previous studies have defined both cis and trans
functions required for the regulated plasmid replication of the bovine papilloma virus
in stably transformed cells. Here, a sequence known to be a cis-dominant element of
the replication origin of the plasmid is shown to contain a promoter for transcription.
Both in vitro and in vivo assays have been used to define this promoter and show that a
sequence located just 3’ to the transcriptional start site is required for activity. This
DNA sequence element, which has been defined through deletions, coincides with a
binding site for a cellular factor and is also required for a functional origin of
replication. Possible models for how a transcription factor may play a role in the
regulation of DNA replication are discussed.

HE MECHANISMS BY WHICH THE

eukaryotic DNA replication process

is regulated are unknown (1). In
particular, the structural features of a func-
tional origin of DNA replication in higher
eukaryotes and the nature of the factors that
govern its activity have not been explored.
However, the process of DNA replication is
probably regulated at several different levels
since it is a central part of the events in the
cell cycle that commit the cell to divide. At
present, virtually everything that is known
about the process and the requirements for
initiation of replication stems from studies
of viral systems (2). Chromosomes from
latent viruses that replicate as nuclear plas-
mids provide a model system in that their
DNA synthesis must be regulated in order
to maintain a constant copy number per
nucleus. We are studying the regulation of

bovine papilloma virus (BPV) DNA replica-
tion since this replicon appears to be intri-
cately regulated to ensure orderly replication
(3, 4). The viral components required for
replication of BPV have been identified
genetically (§). Two viral genes encoded in
part by a single open reading frame (ORF)
are required in the replication events (6).
The R gene, which is encoded from the 3’
part of the E1 ORF acts in a positive way on
replication, while the M gene, which is
encoded by the 5’ part of the E1 ORF,
serves as a negative regulator of DNA repli-
cation (4, 6, 7). It has been suggested that
the activity of the M gene is what ensures
the regulated and stable copy number of the
DNA in transformed cells (4, 7).
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