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ABSTRACT 

Title of Dissertation: Developmentally controlled ribosomal RNA genes in Plasmodium 

vivax: Biological implications and practical applications 1 

Iun Li, Doctor of Philosophy, 1994 

Dissertation directed by: L. Lance Sholdt, Ph.D., Chief of Staff, Department of 

Preventive Medicine and Biometrics, USUHS 

Ribosomal RNA (rRNA) is an essential determinant of the structure and function 

of the ribosome, a ubiquitous apparatus for protein synthesis. In contrast to other 

eukaryotes, the rRNA genes in Plasmodium species are unique in terms of their genomic 

arrangement and transcriptional regulation during development; further investigation may 

elucidate the functional significance of the gene organization to parasite development and 

evolution. In this study, three structurally distinct rRNA genes, including one novel" 

type, have been characterized from the genomic DNA of the human malaria parasite, 

Plasmodium vivax. Comparison of the sequences coding for small subunit rRNA 

(SSUrRNA) indicates that the type A gene seems to be closely related to the type C gene 

with an overall similari ty of 85.5 %; while the type B gene, the novel type, appears more 

distantly related to either the A or C gene. It has an overall similarity to the A and C 

genes of 52% and 62%, respectively. The sequence differences are not randomly 

distributed but tend to cluster into several regions known to diverge rapidly in all 

eukaryotic SSUrRNAs. Comparative analysis of the secondary structures suggests that 

all three transcripts retain the essential conformation conserved in eukaryotic rRNAs. 

The structural differences occurring between the genes are localized to three predicted 

variable regions and appear to be characteristic of the gene type rather than the species 

of origin. This is also true in the corresponding genes from closely related species of 

the genus Plasmodium. The existence of these structurally distinct rRNAs within all 

1 The dissertation research was supervised by Dr. Thomas F. McCutchan, and performed 
in the Laboratory of Malaria Research, National Institute of Allergy and Infectious 
Disease, NIH. 
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Plasmodium species studied may indicate a functional significance to maintaining the 

multi-rRNA system. 

Transcription of the three distinct genes is differentially regulated during the 

discrete stages of P. vivax development. The A gene transcript is predominant during 

erythrocytic schizogony in the human host and disappears after 24 hours in engorged 

mOSQuitoes. The B gene transcript appears in mOSQuitoes as early as 48 hours after the 

infectious blood meal and remains during oocyst development. Transcription of the C 

gene starts at day 4 after mosquito engorgement and corresponds to the differentiation 

of sporozoite in maturing oocyte. The sequential expression of structurally distinct rRNA 

genes seems to correspond to the cytological phases of the parasite differentiation and 

development. In addition, this unique process suggests that the evolution of novel types 

of rRNA may have an important role in adoption of the complex parasitic life cycle for 

the genus Plasmodium. 

A reverse transcriptase mediated PCR was established for both qualitative and 

quantitative assessment of parasite development. The assay is based on identified rRNA 

structures and the changing pattern of rRNA transcription during discrete stages of the 

parasite's life cycle. The intrinsic design of the assay involves directly competitive 

amplification of distinct rRNAs using genus conserved primers in a manner that rdates 

the ratio of different rRNA transcripts to the stage of parasite development. This method 

can be used to determine average susceptibility of a vector population and the extent of 

multi-species infection. In addition, the high sensitivity of the method permits detection 

of parasites preserved on stained slides or in dried mosquitoes, thus allowing analysis of 

historical materials. Hence, this assay is not only useful to evaluate the effects of 

vaccines and antimalarial drugs in the laboratory but also can be applied in field 

epidemiological studies to determine the structure of the parasite population and the 

dynamics of parasite transmission. 
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ABBREVIATIONS 

The followings are abbreviations used in tbe text: 

rRNA - ribosomal ribonucleic acid 

rDNA - a segment of deoxyribonucleic acid sequence 

coding for rRNA or rRNA gene 

SSUrRNA - small subunit rRNA 

LSUrRNA - large subunit rRNA 

ITS - internal transcribed spacer in rRNA gene units 

peR - polymerase chain reaction 

RT - reverse transcriptase 

bp - base pair 

Kb - kilobase pair 
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INTRODUCTION 

Ribosomal RNA (rRNA) is an essential determinant of the structure and function 

of the ribosome, the central apparatus for protein synthesis [Woese et al., 1983]. As it 

has equivalent functions and conserved structures in all organisms, rRNA sequence 

analyses and comparisons are often used to establish relationships among organisms. The 

small subunit rRNA (SSUrRNA) sequence in particular is considered to be an important 

indicator of both phylogeny and population structure (Olsen et al., 1986; Woese, 1987]. 

This approach is extremely useful for distinguishing unicellular organisms, such as 

bacteria, fungi, and protozoa, since their simple morphology provides few clues for 

identification and further categorization. Application of this comparative analysis has 

been expanded by technological advances, especially DNA polymerase chain reaction 

(peR), molecular cloning and rapid nuc1eotide sequencing. These advances have allowed 

the study of a wide variety of organisms including those resistant to in vitro cultivation, 

such as Plasmodium vivax. 

Plasmodium species are unique among eukaryotic organisms in expression of 

structurally distinct rRNA genes during different stages of their life cycle [McCutchan, 

1986; Gunderson et a!., 1987; Waters et al. , 1989,]. This has stimulated an interest in 

understanding the correlation between rRNA gene expression and parasite development. 

The study described here is directed towards defining and understanding of this 

relationship and, in turn, using this information to gain insight into parasite biology and 

evolution. Furthermore, a detailed understanding of the structure of distinct rRNA genes 

and their regulation of transcription in malaria parasites should lead to innovative 

approaches for analyzing population genetics and antimalarial drug intervention. 

In the following parts of this introduction, the uniqueness of the ribosomal system 

in the Plasmodium species will be reviewed as fundamental information for the presented 

research. The cytological stages of malaria parasite development are described to 

facilitate the explanation of differential transcription of rRNA genes. The genomic 

organization and transcriptional regulation of both eukaryotic or prokaryotic rRNA genes 

are also described in a comparative manner so that the Plasmodium rRNA gene can be 



2 

appreciated as an exception to the standard rules. The deviations in the structural 

arrangement and transcriptional regulation of the Plasmodium rRNA genes may have, 

direct biological significance for parasite development and evolution. The mitochondrial 

and other extrachromosomal rRNA genes, which exist in most eukaryotic organisms as 

well as Plasmodium species [Feagin, et a1. , 1991; 1992; Gardner et a1., 1988; 1991; 

1993] , will not be discussed. 

1. Four reproductive phases in the Plasmodium lire cycle: 

Members of the genus Plasmodium, as unicellular eukaryotes and obligate 

intracellular parasites, exhibit a very complex life cycle [Gamham , 1966; Coatney et aI. , 

1971]. The parasite undergoes a dozen or more distinguishable stages of development 

as it travels between the invertebrate vector and the vertebrate host. The entire life cycle 

may be divided into four continuous but distinct reproductive phases, including three 

asexual and one sexual. Each phase exhibits a remarkable progression of differentiation 

and development (Fig. I). With human malaria parasites, the first asexual reproduction 

phase begins when the female anopheline mosquito inoculates the parasite (sporozOite) 

into the bloodstream of the human host during a blood meal. The sporozoite invades the 

Hver cells and initiates an exoerythrocytic schizogony. Over a period of 5-15 days 

depending on the parasite species, the sporozoite differentiates into the trophozoite and 

then the schizont, which contains as many as 30,000 liver-stage merozoites. The second 

asexual reproduction phase, erythrocytic schizogony, starts when the released merozoites 

enter the bloodstream and invade the red blood cells. The parasites proceed through 

three stages in the red blood cells, the ring form , the trophozoite, and the schizont. The 

mature schizont contains 8 to 24 merozoites depending on the species. The entire 

erythrocytic cycle takes 2 to 3 days. Once the infected erythrocyte ruptures, the 

merozoites are released into the plasma; attach to other erythrocytes and either repeat the 

cycle, or for reasons that are not clear, differentiate into sexual forms, the gametocytes 

(macrogametocyte and microgametocyte) . 

Sexual reproduction takes place In the midgut of the mosquito after the 

gametocytes are ingested during the blood meal. The gametocytes mature rapidly in the 
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Fig 1. Summary of the Plasmodium life cycle: Four reproductive phases 
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midgut and become extraceUular under the stilJ1ulation of the changes in temperature, 

oxygen and carbon dioxide concentrations, and pH. About eight male microgametes are 

released from one microgametocyte during exflagellation while only one female 

macrogamete differentiates from a macrogametocyte. Fertilization of the macrogamete 

occurs within a few minutes after the feeding. The diploid stage begins when a 

macrogamete fuses with a microgamete to form a zygote. In 12-18 hours, the zygote 

transforms into a motile organism called the ookinete, which possesses a invasive 

apparatus similar to that of the sporozoite and merowite [Sinden, 1978]. The ookinete 

migrates to the wall of the mosquito midgut , penetrates the peri trophic membrane and 

epithelium, rounds up on the external surface of the midgut, and develops into the 

oocyst. The time required for parasite sexual reproduction is 1 to 2 days. When the 

parasite returns to a haploid state is unclear, but this occurs in the later stage of the 

ookinete when the and the early stage of the oocyst. Differentiation of the sporozoite in 

the maturing oocyst is called sporogony. This is the only asexual reproductive phase in 

the mosquito vector. As many as 10,000 motile sporowite can be produced from one 

oocyst during a 9-15 day period. The actual number of sporozoite produced depends on 

the parasite species and the ambient temperature [Rosenberg and Rungsiwongse, 1991]. 

After the oocyst ruptures, the sporowite enter the mosquito hemolymph and invade the 

salivary glands, where they are ready for transmission to new human hosts. 

In summary, Plasmodium species are "termly" differentiated organisms; they 

have to adapt to different environments at various stages of the life cycle and undergo 

a multi-step development. The protein synthesis and other metabolic machinery may 

vary both quantitively and qual itatively during the different phases of the parasite's life 

cycle. The regulated expression of structurally and functionally distinct rRNA genes, 

which will be discussed in detail later, could be a coarse control for Plasmodium 

development. The evolution of the novel rRNA genes is presumably an important 

mechanism for the genus Plasmodium adopting' such a complex life cycle. 

2. Unique organization or Plasmodium rRNA genes: 

Knowledge of consistent features of the ribosome is necessary to understand why 
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the departures from the norm in Plasmodiwn species have such significance. The 

cytoplasmic ribosomes from various organisms have very similar architecture, in ",,:hich 

there are two major subunits, each with different ribosomal RNAs and numerous 

ribosomal proteins [Hillis and Dixon, 1991]. The small subunit contains a single type 

of rRNA (16-18S or SSUrRNA) and about 20 ribosomal proteins in prokaryotes or 30 

proteins in eukaryotes. The large subunit is more complex; in the prokaryote there are 

two types of rRNA (23S or LSUrRNA and 5S rRNA) and about 30 proteins, while in 

the eukaryote three types of rRNA (25-28S or LSUrRNA , 5.8S and 5S rRNA) and about 

40 proteins. The eukaryotic 5.8S rRNA, whose sequence is complementary to the region 

near the 5' end of the LSUrRNA, is a part of the 23S rRNA in prokaryotes [Cox and 

Kelly, 1981; Jacq, 1981]. 

As there are common features of ribosome architecture among organisms, there 

are also common features attributed to the genes that encode ribosomal RNA. The 

genomic organization of rRNA genes has been extensively studied in a wide variety of 

organisms [Hillis and Dixon, 1991; Neefs et al. , 1990; 1991]. In prokaryotic organisms, 

all three rRNA genes are organized as a single transcription unit, in which the 16S, 23S 

and 5S rRNAs are separated by two internal transcribed spacers (ITS I & 2) and linearly 

arranged from 5' to 3' ends (Fig.2). The entire unit is transcribed by RNA polymerase 

I as a single precursor molecule, which is later processed to yield the three mature 

transcripts. The prokaryotic rRNA gene units are usually distributed near the replication 

origin in the genome. This arrangement is thought to allow rRNA genes to be 

transcribed more efficiently during the rapid DNA replication. For example, the 

eubacteria, Escherichia coli, usually contains seven rRNA transcription units (rmA to 

rmG), which are all arranged around the origin of replication [Nomura et al .. 1977; 

Ingraham et al., 1983]. Compared with the prokaryotic rRNA gene, the rRNA 

transcription unit of the eukaryote retains both SSUrRNA and LSUrRNA genes. In 

addition a 5.8S gene, which is part of LSUrRNA gene in prokaryotes, is inserted in the· 

region between the two genes; while 5S rRNA tends to separate as an independent gene 

in both physical location and transcriptional regulation from the main transcriptional unit 

(Fig.2) . An apparent intermediate type is seen in the yeast, Saccharomyces cerevisiae 
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[Peters, 1979], in which the 5S rRNA gene, although arranged with the 18S, 5.8S and 

255 rRNA genes in one transcription unit, is transcribed by RNA polymerase III while 

the other genes are transcribed by RNA polymerase I from the opposite strand (Fig. 2). 

For most higher eukaryotes, the 5S gene is completely separated from other rRNA genes 

and becomes an independent transcription unit. Furthermore, rRNA transcription units 

of each type tend to cluster together forming tandem repeated arrays at diff~rent 

chromosome locations. The transcription of the two units by different RNA polymerases 

is still maintained. The reasons for eukaryotes adopting this tandem arrangement are not 

clear, although it may have the advantage of enhancing rRNA transcription and 

regulation by concentrating RNA polymerase and related co-factors and maintaining the 

sequence identity of this multi-copy gene family [Tartof, 1975; Lewin, 1980; Gonzalez 

and Schmickel, 1986]. 

In contrast to most eukaryotes, Plasmodium species exhibit a very limited number 

of rRNA genes, and the main transcription units do not appear to be linked in the 

genome. The arrangement of individual genes in the main unit is the same as that of 

other eukaryotes; the SSUrRNA gene is followed by the 5.8S and then the LSUrRNA 

gene (Fig.2). The studies on genomic DNA from rodent malaria, Plasmodium berghei 

[Dame and McCutchan , 1983a], avian malaria Plasmodium lophurae [Unnasch and 

Wirth, 1983a], and human malaria Plasmodium Jalciparum [Langsley et al., 1983] , 

suggest that the rRNA gene units are not tandernly arranged or clustered in a specific 

location of the genome. For example, none of the four main rRNA gene units, identified 

from P. berghei, are linked by restriction mapping within a range of 150 Kb of the 

genome. Further hybridization of rRNA probe to a chromosome blot reveals that distinct 

rRNA gene units of Plasmodium cynomolgi and P. Ja/ciparum are dispersed on numerous 

different chromosomes [Van der Ploeg et a!. , 1985; McCutchan, 1986; Langsley et al ., 

1987; Langsley and Ponnulurai, 1988; Sharkey et a!. , 1988; Weber, 1988]. However, 

the distribution pattern of the 5S rRNA genes is somewhat different. Restriction analysis 

of P. berghei genomic DNA indicates that the 5S rRNA genes, which are not associated 

with the main transcription unit, tend to be localized to a 1.5 Kb fragment of the genomic 

DNA [Dame and McCutchan, 1984]. A detailed Southern blots analysis suggests that 
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all three 5S rRNA genes identified from P. Jalciparum are clustered within a 2.86 Kb 

fragment of the genomic DNA [Shippen-Lentz and Vezu, 1988). In Plasmodium, the 

internal arrangement of the individual transcription units resembles those of eukaryotes, 

however the copy number and nontandem arrangement of the rRNA gene units in the 

genome is actually reminiscent of the eubacteria, for example E. coli. This unique 

organization of the rRNA genes may represent an intermediate evolutionary status or 

reflect a genetic solution responding to the complexities of translational control faced by 

this organism. 

3. Low copy number of the rRNA gene in Plasmodium: 

The rRNA genes (rONA) in all examined eukaryotes are present in a relatively 

high copy number to meet variable needs for ribosome biogenesis during different 

periods of development. Some organisms have only a single copy of the rRNA gene, 

but usually this copy can be amplified either chromosomally or extrachromosomally when 

dramatically increased amounts of rRNA are required [Long and Dawid, 1980]. The 

number of the rDNA copies within a given species is consistent, and the range in most 

eukaryotes is 50 to 10,000. Significant reduction of the gene number may affect the 

normal process of development and growth [fartof, 1975; Shermoen and Kiefer, 1975; 

Ritossa, 1976]. However, for Plasmodium species, the copy number of rRNA genes per 

haploid genome is relatively low and may represent a rate limiting event in development. 

The copy number estimation for various species of malaria parasites, including P. 

berghei [Dame and McCutchan, 1983a; b; Dame et aI ., 1984], P. lophurae [Unnasch and 

Wirth, 1983a; b), and P. Jalciparum [Langsley et aI., 1983; McCutchan et aI., 1988; 

Shippen-Lentz et aI., 1990), indicates that Plasmodium species contain only about 4 to 

8 copies per haploid genome. 

Furthermore, Plasmodium species do not appear to amplify their rRNA 

transcription units either chromosomally or extrachromosomally during development in 

either the vertebrate or the mosquito host [Dame and McCutchan, 1983b; McCutchan, 

1986; Cornelissen et aI., 1985]. This is unlike some protozoa which have few rRNA 

genes; the developmentally-controlled amplification of extrachromosomal rDNA units 
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occurs in these orgamsms when tremendous amounts of the rRNA transcripts are 

required for ribosome biogenesis [Hadjiolov, 1985]. For example, Tetrahymena, which 

has one extrachromosomal rRNA gene in a germinal micronucleus, amplifies its rRNA 

gene up to about 600 copies during growth [Engbert and Pearlman, 1972; Yao and Gall. 

1977]. Similar amplification also occurs in the amphibian, Xenopus laevis, and in the 

insect, Drosophila melanogaster, during oogenesis [Ritossa, 1976]. 

Considering the Jack of amplification, the absolute copy number of the rRNA 

gene seems low for Plasmodium species. The relative number of the genes in terms of 

total genome size appears not so unique, as the estimated number of rDNA units for 

P. berghei is 4 per 2-5 x 10' bp of haploid genome [Dame and McCutchan, 1983a; Dore 

et aI. , 1980] , about one rDNA unit per 5-12 x 10' bp of genomic DNA. This is close 

to higher eukaryotes, such as mice and humans, which have approximately one rONA 

per 1.6 x 10' bp of haploid genome. However, the proportion of the genome occupied 

by rONA genes of Plasmodium species is small compared to other lower organisms . . For 

example, Dictyosteliwn discoideum has one rDNA per 7.0 x 10' bp and Leishmania 

donovani has one rDNA unit per 3.3 x 10' bp [Lewin, 1980; Long and Dawid 1980] . 

The low proportion of rONA units is noted to be consistent with the early cytological 

observations that P/asmodiwn species lack a defined nucleolus [Aikawa et aI., 1969], 

a complex structure of chromatin consisting of rRNA gene clusters [Dagmar et at., 

1991]. 

The copy number of the 5S rRNA gene, examined from some Plasmodium 

species, also seems lower than those of other eukaryotes. For most eukaryotes, the 

number of 5S rRNA genes correlates with the abundance of the main rRNA transcription 

units. The ratio may vary with different organisms, ranging from one-half to many times 

the main unit number [Hadjiolov, 1985; Selker et aI., 1981]. Like the main rRNA 

transcription units, Plasmodial 5S rRNA genes are present in exceptionally low copy' 

number. Only three copies of 5S genes are identified from the genome of P. ja/ciparum, 

the lowest number reported for any organism [Shippen-Lentz and Yezza, 1988]. 

With regard to the developmental process for Plasmodium species, the estimation 

based on the assumption of a similar rRNA transcription rate as other eukaryotes suggests 
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that P. berghei requires only two active genes for producing rRNA during a 24-hour 

erythrocytic cycle, the most active stage for parasite mUltiplication [Dame and 

McCutchan , 1983a; McCutchan, 1986]. Malaria parasites are "termly" differentiated 

organisms; the development during many stages of the life cycle is slower than in the 

erythrocytic stage. Moreover, recent studies have indicated that the efficiency of rRNA 

transcription could be greatly modulated by the regulatory structure of the gene as 'well 

as various transcription factors, which are involved in the initiation, elongation and 

termination of transcription [Reeder, 1993). Thus, the low copy number of the rRNA 

genes may be an unique feature of Plasmodium species. 

4. Structurally distinct rRNA genes in Plasmodium: 

The internal arrangement of rRNA genes in individual transcription units for 

Plasmodium species resembles the structure of other eukaryotes; the SSUrRNA gene, the 

5.8S rRNA gene and LSUrRNA gene are linearly organized from 5' to 3' terminus with 

two internal transcribed spacers, ITS 1 and ITS2, separating the three coding genes 

[McCutchan, 1986]. The Coding region of rRNA genes in most eukaryotes is not 

interrupted by introns, but some insects and unicellular organisms contain intervening 

sequences, particularly in the coding region for LSUrRNA [Long and Dawid, 1980). 

For example the fruit fly, Drosophila melanogasler, has an intron in the LSUrRNA gene, 

though it is not transcribed; Tetrahymena, a unjcellular eukaryote, has a similar intron, 

which is transcribed in the precursor and spliced to yield the mature rRNA [Lewin, 

1980]. Some previous studies based on DNA restriction mapping and R-loop analysis 

indicated that both SSUrRNA and LSUrRNA genes of P. lophurae contained intron-like 

sequences [Unnasch and Wirth, 1983b; Unnasch et al., 1985]. Similar interruptions were 

also reported for P. Jalciparum [Langsley et al., 1983). However, further sequence 

analysis indicated that the P. lophurae SSUrRNA gene, which is actively expressed in 

the blood stage is not interrupted [Waters et al. 1989b). This holds true for the 

LSUrRNA gene from P. Jalciparum [McCutchan et al., unpublished data). It seems clear 

now that, like most eukaryotes, Plasmodium species probably have no introns in their 

rRNA genes. The intervening sequences proposed in earlier studies could have resUlted. 
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from the heterogeneity subsequently found between different transcriptional units, the 

unique feature as yet only found in Plasmodium. This could not have been expected at 

that time or predicted from the research on other eukaryotic rRNA genes. 

Mature rRNAs are remarkably conserved presumably because of their 

fundamental role in protein synthesis. The sequences of transcripts from a single 

organism are usually identical, although they are transcribed from many different rONA 

units. In contrast, structurally distinct transcription units are maintained by individual 

species in the Plasmodium genus. This is the only exception as yet found for the main 

rRNA gene units in all organisms examined. The original restriction and heterodupiex

analysis of the genomic DNA from P. berghei demonstrates four types of the main rRNA 

gene unit, which are different in both the coding regions and the spacers [Dame and 

McCutchan, 1983a). Subsequent hybridization analysis of these units with the isolated 

rRNA suggested that only one of them is actually transcribed in the erythrocytic stage 

[Dame and McCutchan, 1983b]. Similar results are also found in other species of 

Plasmodium, for example in P. lophurae and P. falciparum; 6 to 8 rRNA gene units are 

differentiated by restriction pattern [Unnasch and Wirth, 1983a, b; Langsley et aI., 

1983]. Further studies have confirmed at least two types of the main rRNA gene unit, 

designated as type A for those transcribed in the erythrocytic stage and type C for the 

sporowite stage [Gunderson et aI., 1986, 1987; McCutchan et aI., 1988; Corredor and 

Enea, 1994]. 

The complete sequences of SSUrRNA genes have been obtained from various 

species of Plasmodium, including avian, rodent, human and other primate malaria 

parasites (Table I). The coding region for mature SSUrRNAs ranges from 1.9 to 2.2 

Kb, which is similar to most eukaryotes, but the average CIG content is around 38%, 

which is significant lower than the mosquito and human host. Alignment analysis of 

these primary sequences demonstrates the typical pattern of several highly conserved 

regions interspersed with less conserved regions (Fig. 3). The majority of differences, 

including both composition and size, are localized in the variable areas, which are known 

to diverge rapidly in most eukaryotic rRNA genes. A similar pattern is also observed 

from the comparison of three pairs of the stage-specific SSUrRNA genes obtained from 
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P. berghei, P.Ja/ciparwn and P. cynomolgi (Gunderson CI . 1., 1986, 1987; McCutchan 

et aI. , 1988; Corredor and Enea, 1993]. The overall divergence between the A and C 

gene ranges from 7 to 18 %, which is significanl for a gene Ihat is usually highly 

conserved. For example, the difference between SSUrRNA genes from nine species of 

Leishmonia (vector borne protoma) is less than 1%, including a total of 9 point mutations 

in a 2. 3 Kb gene (van Eys et aI . , 1992]. It is noted that the sequences within conserved 

regions of rRNA contribute to maintaining the core configuration in the higher-order 

structure (Fig. 3), which is closely re li\ted to the fundamental function of the ribosome 

in protein synthesis. The significance of the variable regions, containing the unique 

signature for rRNA genes as well as ror species, is under investigation. 

Table 1. Comparison of Plasmodium and Some Eukaryotic SSUrRNA Genes 

Sped es* Type Size (bp) GC% 
Intraspecies 
Similarity (%) Rderence 
-~---

P. /a/ciparum A 2090 35.6 
82.2% McCutchan et aI. , 1988 

C 2146 33.0 

P. nUl/anae A 21 46 34.5 Goman et aI. , 1991 

P. vivax A 2063 38.3 
85.5% Li et aI., 1994 

C 2147 38.4 

P. cynomolgi A 2072 37.9 85.0% Corredor & Enea, 1994 
C 2167 38.0 

P. knowles; A 2096 36.6 Waters et a!. , 1993 

P. fragile A 207 1 37.8 Waters et aI. , 199 1b 

P. lJerghei A 2059 37.2 
95.5% Gunderson et aI. , 1986 

C 2059 36.9 Gunderson et aI. , 1987 

P. /ophurae A 2118 34.4 Waters etal ., I 989b 

P. gallinaceum A 2 t02 34.6 Waters el ai. , 1991a 

P. me.xicanum A 1978 31.9 Dame et ai. , 1993·· 

G. Lamblia (protozoan) 1453 74.7 Sogin et al ., 1989 

S. cerevisiae (yeast) 1798 44 .9 Rublsov et al ., 1980 

E. coli (eubacteria) 1541 54.4 Ehresmann et aI. , 1975 

A. albopiclus (mosquito) 1950 47.9 Baldridge & fallon, 1991·. 

H. sapiens (human) 1870 56 .1 GOll1.alez & Schmickel, 1986 

Note: • P = Plasmodium, G = Giardia. S = Saccharomyces. E = Escherichia, A = Aedes , H = Homo 
+* only partial sequence available 
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Fig. 3. Schematic representation of conserved and variable regions for Plasmodium SSUrRNA and 
the coding genes. (a)14 Plasmodium SSUrRNA genes from GenBank arc aligned by the Clustal 
method. The lengt h of conserved and variable regions arc showed by number of base pairs above 
and below the box, respectively. (b) Secondary structural model for Plasmodium SSUrRNAs: 
sequence starts from 5' cnd (filled circle) to 3' cnd (arrowhead). Variable regions arc numbered from 
VI·5 and V7·9 according the standard nomenclature [Neffs et at, 199 1]. The V6 region is not 
present in e ukaryot ic SSUrRNAs. The broken line in the V7 region indicates significant length 
variation among Plasmodium SSUrRNA genes. 
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The coding regions for the 5 .8S rRNA gene from P. falciparum also exhibit 

significant divergence among various different transcription units [Shippen-Lentz et aI. , 

1987, 1990]. Based on sequence differences, at least four types of 5.8S genes are 

characterized from the P. Jalcipanim genome, though only one of them is actually 

transcribed in the erythrocytic stage. The sequence comparison of the transcribed gene 

with the other three untranscribed genes indicates a similarity of 79%, 85% and 98% 

respectively. The majority of sequence differences, including both substitutions and 

insertion of nuc!eotides, are localized within a 30 bp region near the 3' terminus. Little. 

information is available for the heterogeneity of the 5S rRNA gene. A 5S rRNA 

component of approximately 120 nucleotides has been determined from P. berghei RNA 

[Dame and McCutchan, 1984]. Three P. jalcipamm 5S rRNA genes, about 119 

nucleotides in length, have the identical coding sequences, although one or two more 

uridine residues may be added at the 3' end. This difference may result from inaccurate 

termination of transcription caused by RNA polymerase IH or other termination factors 

[Shippen-Lentz and Yezza, 1988]. However, structurally distinct 5S rRNAs have been 

described in the African toad, Xenopus laevis [Wo1ffe and Brown , 1988]. The Xenopus 

genome contains two types of tandem repeated 5S rRNA genes; one is designated as the 

somatic type containing about 500 copies and the other as the oocyte type containing 

2000 copies. The two genes differ only in a few nuc1eotides, but all reside within a 

region for binding of a transcription factor. The resulting change of the binding capacity 

has been shown to be responsible for the differential expression of the two genes during

discrete stages of the toad development. This is an example of how the structur3Jly

distinct rRNA genes affect function. 

5. Differential expression of rRNA genes in'Plnsmodium: 

The transcription of the main rRNA genes in eukaryotes resembles that occurring 

in prokaryotes; the 18S, 5.8S and 28S rRNAs are generated through processing the single 

precursor transcribed by RNA polymerase l. The 5S rRNA gene in eukaryotes is 

transcribed by RNA polymerase III; the resu1ling RNA usually needs little or no 

processing. The transcription of rRNA genes in Plasmodium species appears similar to 
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that found in most eukaryotes [McCutchan, 1986]. The large, apparently unprocessed 

pre-rRNAs were observed from various species of Plasmodium, including Plasmodium 

knowlesi [Trigg et al., 1975] and P.Jalciparum [Waters et al., 1989a]. The 18S, 5.8S 

and 28S rRNAs may also be first transcribed into a single pre-rRNA and then processed 

in a similar manner. The polarity of transcription for the main unit have been 

determined for several different species. including P. berghei [Dame and McCutchan, 

1983b], P. Jalciparum [Langsley et al., 1983] and P.lophurae [Unnasch et al., 1985]. 

Transcription starts before the SSUrRNA gene, through the 5.8S rRNA and then the 

LSUrRNA gene. The transcriptional control for the P. Jalciparum 5S rRNA gene is not 

clear, but the lack of precursor in the RNA preparation perhaps indicates that little or no 

processing is required by the 5S rRNA maturation [Vezza and Trager, 1981; 1982; 

Shippen-Lentz and Vezza, 1988]. 

The regulation of eukaryotic rRNA gene transcription is an extremely complex 

process, which involves cooperative interactions among the regulatory elements of rRNA 

genes and various transcription factors. However, many detailed mechanisms, in terms 

of precise regulatory pathways for responding to different developmental stages and 

various environmental modulators, remain controversial [Larson et aI., 1991; Reeder, 

1993]. As rRNAs are important determinants of both structure and function of the 

ribosome, the central apparatus for protein biosynthesis, the regulation of 185, 5.85 and 

285 rRNA transcription is considered to be a limiting step in ribosome biosynthesis. A 

close correlation between the rate of rRNA transcription and cell proliferation was noted 

in early studies [Maaloe and Kjeldgaard, 1966; Nomura et al., 1984]. The changes in 

RNA transcription rate could be induced by modulation of cell growth, either through 

enrichment of culture medium or in terminal differentiation [reviewed by Larson et aI., 

1991]. Regulation of transcription could involve changing the number of active 

transcription units and/or transcription efficiency in individual units, which probably 

depend upon available RNA polymerase and various associated transcription factors. In 

addition, the level of the rRNAs may also be regulated by the processing of the primary 

rRNA transcript and degradation of the mature 185, 5.8S and 28S rRNAs. Several small 

nuclear ribonucleoproteins (snRNPs) and small nuclear RNAs (snRNA) are involved in 
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these processes, and the mechanisms are being studied [Larson et al., 1991; Reeder, 

1993]. 

With regard to the unique arrangement of the rRNA gene and presence of the 

structurally distinct transcription units within the same genome, the regulatio!,! of 

Plasmodium rRNA transcription could be expected to be different from most other 

eukaryotes. The differential expression of the alternative rRNA genes was first indicated 

in P. berghei and P. Jalciparum by the exhibition of different types of cytoplasm 

SSUrRNAs during discrete stages of the parasite development. The rRNA isolated from 

the parasite at the erythrocytic stage can only protect the type A gene in a SI RNase 

protection assay; while the C gene only hybridized with RNA prepared from sporozoite 

[Gunderson et al., 1987; McCutchan et al., 1988]. The study of rRNA from in vitro 

cultivated P. Jalciparum indicates that the switch of cytoplasmic rRNA from the A to C 

types could be regulated by selectively increased processing of the type C pre-RNA 

transcripts and site-specific degradation of the type A mature rRNAs during development 

from the gametocyte to the ookinete [Waters et aI., 1989a). In cultured P. bergei, the 

transition of rRNA from type C to A was demonstrated to occur during differentiation 

of merozoites in exoerythrocytic schizogony [Zhu et al., 1990; Li et al. , 1991]. 

However, the precise mechanism and chronology for the switch during development in 

the natural host are still open for investigation. 

There is little information about the regulation of transcription of Plasmodium 

5S RNA. The differential expression of the 5S rRNA gene occurs in the Africa toad. 

As described above, the Xenopus genome contains two sets of distinct 55 rRNAs, which 

differ in 6 nucleotides, all in the binding site for a transcription factor (TF-III) , The 

factor binds about 5 to to times better to the somatic 55 genes than to the oocyte 55 

genes. In addition, the transcription complexes, a functional organization for binding of 

RNA polymerase III to the 5S-rRNA gene, are more stable than are oocyte 5S genes. 

The oocyte 55 genes are transcribed only during oogenesis, while the somatic 55 genes 

are expressed in all other stages of development [Peterson et al., 1980]. It is not known 

whether these differences are the only determinative factors in the expression of 55 

rRNA genes during development, but they are at least part of the basis for the differential 
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transcription of 5S rRNA genes in somatic cells and oocytes. 

6. Conclusions and perspectives: 

In spite of many common features found in rRNA gene structure and 

transcription, different genomic organizations and regulatory strategies are adopted by 

various organisms for rRNA synthesis during development. The rRNA genes of the 

Plasmodium species are obviously distinguished from those organisms examined to date. 

The arrangement of the 18S, 5.8S and 285 rRNA genes within one transcription unit~ and 

the independence of the 55 rRNA unit, are common to the general scheme of eukaryotic 

rRNA genes. However, the low-copy and nontandem arrangement of rRNA genes in the 

genome appear to be reminiscent of some prokaryotic pattern or reflect a unique status 

of the gene evolution. The most remarkable feature is the presence of structurally 

distinct transcription units, which are differentially expressed during discrete stages of 

the life cycle. The ramification for Plasmodium species maintaining such arrangements 

probably relates to the unusual biological pressures confronted by these intercellular 

parasites during their cycling through various cells or tissues in the vertebrate host and 

the invertebrate vector. Because of their essential role, the rRNA genes and associated 

regulatory elements have been considered as an ideal system for studying the 

evolutionary process at the molecular level. With regard to the uniqueness of 

Plasmodium rRNA genes, further examination of the novel members of the gene family, . 

identification of the structural constraints (particularly those involved in transcriptional 

regulation) and determination of the unique functions adopted by alternative rRNA forms 

on development, will indeed help to establish a clearer picture of the structure and 

function of the rRNA genes in Plasmodium species. In addition, this knowledge will 

contribute to the understanding of the evolutionary process of the translational apparatus. 
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SPECIFIC AIMS 

Plasmodium vivax is the most widely distributed human malaria parasite, most 

commonly found in the tropics but also in some temperate areas. In contrast to P. 

Jalciparum, P. vivax seems to have had a much longer co-evolutionary history with 

humans and does not usually cause a fatal infection. Overall morbidity from P. vivax 

is still an important health problem in many developing countries. Moreover, P. vivax 

exhibits obvious strain variation with respect to the incubation period and pattern of 

relapse. These differences seem to relate to local climatic conditions. The strains from 

tropical areas, where the climate is favorable for continuous transmission, have short 

incubation, infection, and latent periods; while strains from temperate zones can have 

long incubation and latent periods [Bruce-Chau, 1985], More recently, . the 

circumsporowite (CS) protein, a major antigenic protein on the surface of the sporozoite, 

has been reported to be polymorphic in 27% of the cases in Southeast Asia (Rosenberg 

et aI., 1989; Wirtz et aI., 1990], The study of the P. vivax rRNA and the coding gene 

will provide an alternative approach for advancing knowledge on the population structure 

and genetic diversity of the species. This should be relevant to the development of 

antimalarial vaccines and other control strategies. The presented studies are designed 

toward the following goals: 

(a) Characterization of rRNA genes in P. vivax: Determination of rRNA gene 

sequences and exploration of possible novel members in the gene family will contribute 

to the general basis for fully exploiting rRNA-based diagnosis (Waters and McCutchan, 

1989a]. Benefits of this approach will include the design of species- or stage-specific 

oligonucleotide probes or primers for Quantitative measurement of the rRNA gene 

expression during parasite development. 

(b) Establishment of the rRNA secondary structural model: The secondary 

structures of Plasmodium rRNAs, deduced from comparative analysis of the available 

rRNA sequences and the established eukaryotic model, will facilitate characterization of 
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the structural constraints for individual rRNA types. This approach will also help to 

elucidate the phylogenetic relationships among distinct rRNA genes and a possible 

evolutionary pathway for Plasmodium species. 

(c) Examination of the pattern of the rRNA gene expression: The chronological 

relationship between the switch of rRNA types and progression of parasite development 

in the natural host system will indicate possible biological significances of the structurally 

distinct rRNAs. This will advance the knowledge of molecular mechanisms adopted by 

the parasite during the host transition, and also provide a fundamental frame to pinpoint 

potential interruptions of parasite development. 

(d) Evaluation of the potential of the rRNA based assays: Plasmodium rRNAs are 

the target of choice for species identification mainly because they are the only sequences 

that allow amplification of species- or stage-specific sequences with genus specific 

primers. Therefore, determination of appropriate procedures in terms of target region, 

sample preparation and quantitative detection is crucial for practical application of this 

method to study parasite population dynamics and vector susceptibility. 
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MATERIALS AND METHODS 

1. Plasmodium vivax isolates: Infected blood samples were collected from four Thai 

patients on whom mosquitoes had been fed . The sporozoites produced from these 

mosquitoes were screened for the presence of Pv210 circumsporozoite (CS) protein by 

ELISA [Wirtz et aI., 1991] and by oligo-probe hybridization (Table 2.). Two isolates, 

which were negative for the Pv210 CS protein polymorph, were found to contai~ the 

Pv247 polymorph [Rosenberg et aI., 1989] . The heparinized blood samples were stored 

in 5% glycerolyte at -70"C. The P. vivax SAL-I strain, originally isolated from EI 

Salvador and maintained in the rhesus monkey '!lodel for 20 years, was provided by Dr. 

W. Collins from The Center for Disease Control and Prevention (Atlanta, GA). The 

P. vivax infected blood smears and dried mosquitoes were provided by Dr. R. A. Wirtz 

from Walter Reed Army Institute of Research (Washington, DC). 

Table 2. Features of the Pmsmodium vivax isolates 

Isolates 

PVK1294 
PVKI290 
PVK 112 
PVK 115 

SAL-I 

ELISA' Hybridizationb 

Normal CS P. vivax 

Variant CS 

Not Test 

Origin 

Thailand 

EI Salvador 

a: Enzyme linked immunosorbent assay (ELISA) based on monoclonal 
antibody against Pv210 circumsporowite protein (CSP). 

b:Dot blot hybridization with oligoprobe complementary to the specific 
sequence of P. vivax small subunit ribosomal RNA 
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2. Generation of P. vivax infected Mosquitoes: Laboratory reared mosquitoes, 

Anopheles dirus, were fed on P. vivax infected Thai patients. The engorged mosquitoes 

were held at 26°C and 10 mosquitoes were removed and frozen (-700c) at intervals 

beginning 2 hours after the blood meal and thereafter every 2 days. The development 

of the parasites in the mosquito was monitored by microscopic examination of midguts 

for oocysts and salivary glands for sporozoite. 

3. Isolation of genomic DNA: The frozen blood samples were thawed on ice and 

washed twice with phosphate buffered saline (PBS). Parasite-infected erythrocytes were 

recovered by centrifugation at S(X)() g for 15 minutes. The compacted cells were 

resuspended in 1.5 volume of PBS containing 0.15% saponin and set on ice for 2· 

minutes. After washing and centrifugation twice, as described above, the pellets were 

dissolved in the lysing solution containing 0.1 M Nael 1 50 mM EDT A 1 10 mM Tris

Hel, pH 8.0 1 I % sodium dodecyl sulfate (SDS) 1 1.5 pg mi·', pronase K and then 

incubated at 370C for 60 minutes. DNA was further processed by standard procedures 

[Maniatis et al., 1982]. Briefly, the lysed sample was extracted with TE (50 mM Tris

Hel and 10 mM EDTA, pH8.0) saturated phenol-chloroform-isoamyl alcohol (24:24:1, 

v/v/v). After vortexing and centrifugation , the aqueous phase was precipitated with one 

volume of isopropanol for 2 hours and then centrifuged at 10,000 g for 30 minutes. The 

DNA pellets were washed with 75 % ethanol and dried. The recovered DNA was 

resuspended in water and stored at 4°C. 

4. Isolation of total RNA: Preparation of total RNA from the P. vivax infected blood 

and mosquitoes was based on the method of ehomczynski and Sacchi [1987) with 

reagents from Promega Incorporation (Madison, WI). The frozen blood samples and 

blood smears were directly lysed with a solution containing 4 M guanidine thiocyanate, 

0.5% sarcosine, 0.1 M /l-mercaptoethanol, and 25 mM sodium citrate, pH7. The 

mosquito samples were triturated in the same lysing buffer with a pellet pestle (Kontes, 

Vineland, NJ) in a 1.5-ml microfuge tube. After adding 1/10 volume of 2 M sodium 

acetate, pH4, the mixture was extracted with a mixture of water saturated 
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phenol/chloroform/isoamyl alcohol (24:24: I, v/v/v). The aqueous phase was precipitated 

overnight in an equal volume of isopropanol and centrifuged at 10,000 g for 20 minutes. 

After washing with 80% ethanol, the recovered RNA was dried and dissolved in RNase 

free water. 

5. Synthesis of Oligonucleotides: Oligonucleotides used as probes or primers were 

synthesized in an Applied Biosystems DNA Synthesizer (Foster City, CAl. The 

synthesized oligonucleotides were deb locked by adding NH40H at 65°C overnight and 

dried by vacuum centrifugation. The recovered oligonucleotides were redissolved in 

water and the concentration was determined by measuring A26CJ. The concentrations for 

peR, sequencing primers and hybridization probes were 100, 20, and 5 pmol per JLI, 

respectively. The sequence of oligonucleotides and their relative position at the 

corresponding rRNA genes are listed in Appendix 1. 

6. Amplification of SSUrRNA genes: The complete SSUrRNA gene, including the-

3' end ITSI region, was amplified by PCR [Saiki, 1990] from the genomic DNA of P. 

vivax SAL-l strain with oligonucleotides #705 and #573 as the 5' and 3' end primers. 

Both primers are known to be conserved for the genus Plasmodium. A slightly smaller 

SSUrDNA fragment was also amplified from the four Thailand isolates with a 5' end 

primer #566 and a 3' end primer #570. The resulting fragment included all the coding 

region except 140 bases downstream from the 5' end and 40 bases upstream of the 3' 

end. The peR reaction was set up in a 100 1'1 reaction volume containing 20-50 ng 

genomic DNA, 200 I'M of each dNTP, 50 mM KCI, 10 mM Tris-HCI (pHS.3), 2 mM 

MgCI2, and 2.5 U Taq DNA polymerase. AU reagents except target DNA were obtained 

from Perkin Elmer Cetus (Norwalk, CT). The reaction was processed in a Perkin Elmer 

DNA Thermal Cycler with the following parameters: 94"C/1 minute for denaturation, 

55°C/ l minute for annealing, 72°C/3 minutes for elongation and a total of 30 cycles. 

7. Cloning of the SSUrRNA gene: The double strand DNA fragments obtained from 

either PCR or RT/PCR, which are described later, were purified with the Magic PCR 
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Preps DNA Purification System (Promega Corp., Madison, WI). The recovered DNA 

was treated with K1enow fragment of E. coli DNA polymerase (BRL, Gaithersburg, MD) 

to form blunt ends, and then inserted into the Sma! site of the vector, pBluescript SK 

(Stratagene, La Jolla, CAl in the presence of T4 DNA ligase and SmaJ (BRL). The 

recombinant plasmids were transformed into E. coli DH5a strain (BRL) and ampicillin 

resistant (50 I'g/ml) colonies were selected by colony filter hybridization with the. 

Plasmodium genus specific rRNA oligo-probe #569 or by restriction endonuclease 

analysis for inserts with the expected size. 

8. Sequence analysis of SSUrRNA genes: The cloned inserts were sequenced by the 

dideoxynuc1eotide chain termination method [Sanger et aI., 1977] with the Sequenase Kit 

(USB, Cleveland, OH). The primers used in the sequencing reaction included two 

external universal primers, T7 and M13 (USB), and two sets of internal oligonucleotides 

which are complementary to corresponding conserved regions on the coding and template 

strands, respectively [See the sequence in Appendix J]. The complete sequences of the 

three SSUrRNA genes and the ITS regions were determined in both directions from the 

SAL-l strain and partiaJ sequences were determined from several clones of each of the 

Thai isolates. The sequence alignment and analyses were done with the Lasergene 

software supplied by DNASTAR Corporation (Madison, WI) . The two dimensional 

structures were generated by comparative anaJysis of the primary sequence aJignmerit for 

available SSUrRNA sequences and the established secondary structural model for 

eukaryotic SSUrRNA, particularly for yeast SSUrRNA. The structures, which originate 

from within variable regions of rRNAs, were assisted by a computer folding program, 

MulFold, supplied by the NIAID network. 

9. Agarose gel electrophoresis: DNA fragments were routinely electrophoresed at 2-10 

V/cm for 3·12 hours through 1% agarose. gels containing 50 mM TriS/ 20 mM boric 

acidllO mM EDTA, pHS.O. The gel was stained with ethidium bromide at 0.05 I'g/ml 

and photographed under ultraviolet illumination. RNA electrophoresis was aJso 

performed in a 1% agarose gel, containing 2.2 M formaldehyde, 0.02 M MOPS 
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(Morpholineo-propanesulonic acid), 0.1 M EDTA, and 8-10 mM sodium acetate, pH 7.0. 

The RNA samples were denatured before loading on the gel under the condition 

described for RNA dot blots. The running buffer was similar to the gel solution except 

formaldehyde was eliminated. 

10. Preparation of Southern and Northern Blots: The agarose gel, containing 

fractionated DNA or RNA, was first denatured in 0.5 N NaOH, 1.5 M NaCI for 30-60 

minutes and then neutralized in O.S M Tris-HCI, pH 7.S, I.S M NaCI for another 30 

minutes. The DNA was transferred to Genescreen (Dupont NEN Research Products, 

PAl, a modified Nylon membrane, by the capillary diffusion method (Southern, 1975) .. 

Finally, the membrane containing transferred DNA was exposed to UV-irradiation at 

1200 jJ.W/cm2 for 1.2 minutes and dried in air; the membrane containing RNA was baked 

in vacuo at scre for 60 minutes. 

11. Preparation of RNA dot blot: The isolated total RNA was denatured in 20 mM 

MOPS, 8 mM sodium acetate (PH 7.0), I mM EDTA, SO% formamide and 2 M 

formaldehyde at 6S"C for IS min and then immobilized on Genesereen Plus (Dupont, PAl 

by the mini fold procedure (Schleicher & SchueH Inc, Keene, NH). The membrane 

containing transferred RNA was then baked in vacuo at 80"C for 2 hours. 

12. Labeling oligonucleotides and hybridization: The oligonucleotides for probe 

hybridization were labeled by T4-kinase (BRL) with [-y-" P] ATP (Amersham, Arlington 

Heights, IL) and purified on a Sephadex G2S column (S'-3' Inc., West Chester, PAl. 

The hybridization for Southern and Northern blots, as well as RNA dot blots, were 

processed using similar conditions. Briefly. the membrane was prehybridized at 5YC 

for I hour in 6 x SSC (I x SSC = O.IS M NaCI and O.OIS M sodium citrate) / 10 x 

Denhardt's solution (0.2% Ficoll, 0.2% polyvin"ylpyrrolidone, 1% SDS), 20 mM sodium 

phosphate, O.OS% sodium pyrophosphate, and 100 pg/ ml sonicated salmon sperm DNA. 

Hybridization was under continuous agitation at an appropriate temperature, ususally 

5 °C below the melting temperature of the oligonucleotide overnight. The hybridization 
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buffer is similar to the solution for prehybridization, containing 50 p.g/ ml yeast tRNA 

and the ["P] end-labeled oligonucleotide, but eliminating Denhardt' s solution and salmon 

sperm DNA. Finally, the membrane was washed once in pre-hybridization solution, 

three times with 4 x SSC I 0.1 % SDS at 30"C and once in I x SSC I 1% SDS at 55"C. 

Autoradiographs were prepared by exposing th~ hybridized membrane to X-ray film at 

-7ere with the use of an intensifying screen. 

13. Reserve transcriptase mediated PCR: About 5-10 I'g of the total RNA isolated 

from P. vivax-infected blood or mosquitoes were digested with 2 units RNase free DNase 

I (BRL) in 20 mM Tris-HCI (PH 8.4), 50 riIM KCI, 2.5 mM MgCh and 100 I'g/ml BSA 

to eliminate possible DNA contamination . The reaction was terminated by adding 1110 

volume of 20 mM EDT A and heating at 6S"C for IS minutes. The DNase treated RNA 

was then annealed with 20 pmol antisense primer at 7C!'e for 15 minutes. The first 

strand of eDNA was synthesized with 200 units of Superscript II (BRL), a genetically. 

engineered RNA dependent DNA polymerase without RNase H activity, in 20 1'1 of 

reaction buffer (similar to DNase digestion) plus 200 I'M of each dNTP and 5 I'M DTT. 

The resulting products were digested with E. coli RNase H at 37°C for 15 minutes, and 

further amplification of the cDNA was accomplished by routine PCR with Taq DNA 

polymerase (perkin Elmer Cetus). 
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. RESULTS 

1. Characterization of P. vivax SSUrRNA Genes: 

Amplification of structurally distinct SSUrRNA genes by PCR using pairs of 

oligonucleotide primers complementary to flanking sequences known to be conserved in 

Plasmodium rRNA genes (Fig. 4a). Two partial rDNA fragments, 1.9 Kb and 1.7 Kb, 

were amplified and isolated from the genomic DNA of P. vivax isolates from Thailand 

(Fig. 4b). The larger fragment, resulting from the primer pair of #566-#570 and 

covering most of the coding region from 140 .bp downstream of the 5' end to 40 bp 

upstream of the 3' end, was then inserted into the Sma! site of plasmid pBluescript. 

After being transformed into E. coli DHSet strains, the recombinant plasmids were 

purified and digested with restriction endonucleases, EcoRI and BamHl. The resulting 

banding pattern indicated at least two major types of rRNA genes: the A gene, which is 

transcribed in the erythrocytic stage (See below and accompanying manuscripts) , was cut 

into three fragments by the two enzymes; whereas the C gene, which is transcribed in 

the sporozoite stage (see below), was not cleaved (See Fig. 5 for restriction sites). In 

addition, further sequence ana1ysis of the cloned C gene-like fragments, as will be 

described later, indicated that a third type of SSUrRNA gene, designated as B gene, 

existed and was a1so expressed in a stage-speci fic manner. 

The B gene was origina1ly identified from one of the four Thai isolates 

(PVKI294); further examination of recombinant plasm ids with the B gene-specific 

oligonucleotide probe (#683) indicated that only one B gene out of 52 randomly selected 

recombinant plasmids was of this type (Data not shown). Thus, it was possible that the 

B gene could have resulted from a coinfection of another Plasmodium species. To 

determine whether this was the case, the Southern blot prepared from the original peR 

products was hybridized with the B gene-specific oligo-probe #683 (located in 5' end of 

the 1.9 Kb fragment but not included in 1.7 Kb fragment). These results clearly 

suggested that the B gene existed in every P. vivax isolate from Thailand (Fig. 4c). 

In order to confirm the association of the B gene with P. V;Vat, amplification of 

the complete SSUrRNA genes was carried out on an independently derived strain 
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a. 5' end primers 

170 #"566 #"567 

~--
"06 _ 1 ___ _ 

SSU,RNA.:c(",I8S= ) --

~ :;~~~1~3 ~;=~I ~ " S' L'Kb -
83' 1.9 Kb 
AC 2.6Kb 

L 3' end primers 

b, P. vivax isolates from Thailand d, 
K1294 K.J290 KH2 K1l5 P. vivax Sal- J strain 

Size FI F2 PI F2 PI F2 FI F2 Size 85 ' 83' AC 

e, 

2.6 kb '-
1.9 Kb _ 

1.6Kb/'*" 

Fig. 4 Characterization of SSUrRNA genes from the genomic DNA of P. vivax. Structurally dist inct 
SSUrRNA genes were am plified by PCR with the primers conserved in the genus Plasmodium (a) . 
Two partial fragments (FI and F2) of the gene were produced from the Thai isolates with expected 
sizes on an agarose gel electrophoresis (b). After cloning and sequencing, three types of SSU rRNA 
genes (Type A, Band C) were identified from the FI fragm ent, including a novel gene (Type B), 
which was shown to present in all isolates from Thailand by Southern bioI hybridization with a B gene 
specific oligO-probe, 1683 (c). The complete A and C genes, including 3' end flanking region (ITS I), 
were amplified from the Salvador strain (Sal-I) with a genus conserved primer pair,1705-573(a); 
while the B gene was generated in two overlapping fragments (B5' and B3') and confirmed by probing 
with a B gene specific probe (#743) against the common regions (d & e). 
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(SAL-I), which was originally collected from EI Salvador and maintained in a monkey 

model by blood and mosquito passage for more than twenty years. With a pair of the 

genus conserved oligo-primers (#705-#573), a 2.6 Kb fragment was amplified by PCR 

and expected to cover the entire SSUrRNA gene and the ITS I region for all three types 

of rRNA gene (Fig. 4d). However, the 2.6 Kb fragment did not hybridize with the B 

gene specific probe #683 . Considering the possibility that the ratio of different rRNA 

genes in the genome could bias the peR reaction, two B gene specific oligo-primers, 

#706 and #683, were used in PCR to favor the B gene amplification (Fig. 4a). The 

completed B gene was produced in two overlapping fragments (1.6 Kb and 1.9 Kb) , 

which were amplified by two primer pairs, #705-#683 and #706-#573, respectively 

(Fig. 4a & d). Southern blot hybridization suggested that both fragments could be 

recognized by the B gene specific oligo-probe, #743 (Fig. 4e). Finally, all the 

fragments, including 3 types of SSUrRNA genes and their ITS I regions, were cloned 

by the method described above for further sequence analysis. 

2. Primary sequences of the SSUrRNA genes: 

The clones, pVSA53, pVSA5-2 1 and pVSA46, are representatives of the plasmids 

containing the entire A, Band C SSUrRNA genes from P. vivax SALol strain. The 

inserted genes were sequenced on both strands. Figure 5 and 6 show a clustal alignment 

of the three genes and their ITS sequences, respectively. The SSUrRNA coding regions 

are 2063, 2231 and 2147 bp in length for the A, Band C genes, respectively. The 

overall similarity between the sequences of the A and C genes is approximately 85.5% 

and the GtC content for both genes is 38%, which is quite typical for Plasmodium 

species. The B gene seems more distant and the overall similarities comparing to the A 

and C gene are 52 % and 62%, respectively, suggesting that the B gene is more similar 

to the C gene than to the A gene. The Gte content for the B gene is 40 %. 

The sequence differences, determined by the Clustal alignment of the three genes 

(Fig. 5) , tend to localize in variable regions (V1 -5 & V7-9) known to diverge rapidly 

in other eukaryotic SSUrRNAs [Neefs et ai. , 1991). However, the differences between 

A and C genes seem to be limited to three regions, V2, V4 and V7 (See accompanying 
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Fig. 7. Sequence comparison of the V8 (shaded ) region of the SSUrRNA genes (Type C) from the vivlJl:·l ike 
malaria parasites. The upper line shows the C gene sequence of P. cyrwnwlgi; the lower li nes reprc:sem, from 
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manuscript in appendix IV). Size differences were also observed in variable regions, 

particularly in V7. In comparison to the A gene, 64 and 87 nucleotides were added to 

the C and B genes, respectively. The conserved regions are usually interspersed with 

the sequence variable regions, as is seen in other eukaryotic SSUrRNA genes. Among 

these regions, three universally conserved sequences, UC-I, UC-2 and UC-3, are 

completely maintained by the A and C gene; whereas, only UC-l and UC-2 are present 

in the B gene (Fig.5), as is true for the B gene identified from the Thailand isolate. 

These sequences are known to be integral features involved in higher-order structure and 

catalytic activities for protein translation. 

Comparison of P. vivax SSUrRNA genes between the field isolates and SAL-l 

strain reveals that the A and B genes are almost identical; whereas, the C genes are 

different, particularly within the V8 region including extensive substitutions and gaps 

(Appendix II). Further sequence alignment (Fig. 7) indicated that the diverged region 

from the C gene of the field isolates was almost identical to corresponding areas of the 

C genes from P. simium, and also similar to the C gene from P. cynomolgi (both of these 

monkey malarias are known to be closely related to P. v;vax), while the SAL-l C gene 

is identical to the A gene in this region and extending to the 3' end (Fig.5). Thus, the 

C gene from SAL-l strain seems to have lost this part of the gene by replacement of the 

corresponding part of the A gene. This is an indicator of gene conversion, as will be 

discussed below. 

The internal transcribed spacer (lTSl) regions between the SSUrRNA coding 

region and the 5.8S rRNA gene are 454, 465 and 484 bp in length for the A, Band C 

gene, respectively. No significant similarity was found among the spacers of the three 

SSUrRNA genes (Fig. 6), suggesting that they originated from distinct transcription units 

and probably evolved under different selection constraints. 

3. Secondary structures of tbe SSUrRNAs: 

The secondary structure for SSUrRNA is very complex, and cannot be predicted 

by any available computer programs. It may be modelled following known physical

chemical parameters and phylogenetic comparisons compiled from the study of rRNA 
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in other systems. The proposed models for P. vivlU SSUrRNAs (Fig. 8-10) were 

deduced by comparing their sequences with those of other organisms and confirmed by 

showing a phylogenetic consistency among the Plasmodium species. Most highly 

conserved regions of the parasite sequences could be unambiguously aligned t~ the 

corresponding places in a yeast 18S rRNA model [Neefs et al., 1990, 1991). Within 

only moderately conserved regions where the primary sequences are different, 

simulations of corresponding yeast structures ,were developed by taking into account 

compensatory base changes at the corresponding positions. Non-Watson-Crick pairs like 

the G:U pair , which allow the switch between A and G or C and U to occur without 

destroying the base pair interactions, were also considered. For most variable regions, 

which occur exclusively in the places where diverse conformations are found in all the 

examined eukaryotic models, the structures were predicted with a computer-assisted 

folding program and comparison with available eukaryotic structures. 

The secondary structures for the three distinct SSUrRNAs of P. vivar seem to 

share similar conformations, although the primary sequences are only moderately 

homologous (Fig. 8-10). All three models maintain the core structures, including 48 

universally conserved stem-loops (U1-48) and several eukaryotic conserved ones (EIO-I; 

E21-1, 3, 5, 6, 7, 8; E43). The structures that may vary between the distinct 

SSUrRNAs are localized in U6, U9-11 and EIO-I, UI7 and U18, E21, U27, U41, E43, 

and U47; which correspond to the eight variable regions (VI-V5 and V7-V9) in the 

primary sequences. Most differences seem to locali ze within the eukaryotic stem-loops 

designated E2 1 (V4) and E43 (V8). In addition , the most characteristic differences 

between the gene types include extensions or branches within U43; these appear to be 

Plasmodium specific stem-loops and are designated as P41-I, P41-2 and P41-3 according 

to the direction of primary sequence from 5' to 3' ends. The type A rRNA model has 

a short P41 -2 stem-loop and a stable pseudoknot around position 900, including two 

joined stem-loops (E2l-7 and E21-8). This pseudoknot structure is highly conserved in 

both conformation and sequence for all the A genes examined in the Plasmodium but not 

for the B or C genes (Fig. II). The type B rRNA stmcture exhibits an extra loop in the 

middle of E21-S, an elongated E43, and a long eXlension on U41 (P41-2), which is 
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Fig. 11. Comparison of pseudoknot structures of Plasmodium SSUrRNAs. The 
structures are deduced from the sequences around position 900 of the genes according to 
a secondary structural model for eukaryotic SSUrRNA (Neefs et aI., 1990). 
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Fig.12. Comparison of secondary structures in V8 regions of P. vivax SSUrRNAs. Thailand 
isolates and the EI Salvador strain are identical in type A and B SSUrRNAs; while the type C 
transcripts differ dramatically from each other in the V8 region where the structure from the 
Thai isolates resembles the corresponding part of the type B gene transcript, while the 
sequence from the Salvador strain is identical to that of the type A gene transcripts . 
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characterized as a long stem with approximately 200 anti-parallel paired bases. The type 

C rRNA has a unique stem-loop (P41-1) branched from its moderately extended P41-2 

and an extended P41-3. In addition, the C gene SSUrRNA from the Thailand isolates 

has an extended E43 stem-loop resembling the corresponding place of the B gene 

(Fig. 12), suggesting that this part of the gene could possibly have arisen from the B 

gene. 

4. Comparative analysis of P. vivax rRNA structures: 

In order to determine detailed relationships between each SSUrRNA gene and its 

counterparts from other related species, the sequences of both type A and C genes from 

P. simium and P. cynomolgi were aligned with the corresJXJnding genes from P. vivtu. 

The phylogenetic tree generated by the Clustal sequence analysis indicates that these 

sequences were clearly grouped by the type of gene, rather than origin of the species 

(Fig. 13). The similarity between the same types of the gene from different species is 

much higher than that between the different types of same species. The average 

homology among the A and C genes (only SAL-I is included for P. vivax) are 96.5% 

(95.4-98.5) and 89.4 % (82.9-97.1), respectively; however, the overall similarity between 

the different genes in same species are 73.9% (73.7-81.1) . This pattern suggests that 

some sequence arrangement or structures could be particularly restrained by each type 

of the SSUrRNA genes. 

A search for particular constrained nuc1eotides in the sequence alignment 

indicated that most nucleotide substitutions among different genes were far from random. 

Beside some randomly distributed mutations, the majority of the changes, in both 

variable and conserved regions of the genes, were correlated to the gene type (Appendix 

III). Further analysis of these variable positions based on the proposed secondary 

structures indicates that the gene-specific substitutions are responsible for maintaining the 

unique conformation for each type of SSUrRNA. The secondary structure established 

for the P. vivax type A SSUrRNA is almost exactly maintained by the counterparts from 

P. simium and P. cynomolgi, and a similar situation is also found for the type C rRNA. 

In the latter case, a few localized changes are observed with the P. cynomolgi secondary 
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Fig. 13. Phylogenetic tree and sequence pair distance of the SSUrRNA genes from P. vivar and two 
closely related species. The sequences of both the A and C genes from P. v;vax, including four 
Thailand isolates (PvkI294. 1290, 112 and 115 and one EI Salvador slrain (PvsaJ), as well as P. simium 
and P. cynomolgi, are aligned with Ihe Clustal method . The algorithm groups sequences into clusters 
by examining the distance between all pairs . The clusters are aligned, first individually, then collectively 
to produce an overall alignment. (a) Phylogenetic relationships between the sequences are represented 
by a series of jointed branches. The length of each pair of branches represents the distance between 
sequences pairs. The scale beneath the tree measures the distance (numbers of mutations per 100 
nucleotides) between sequences. (b) The sequence distances are shown in a table of ca lculated 
divergence and similarity between each sequence pai r, which are used in the first step of the multiple 
alignment. The percent divergence is ca lculated by comparing sequence pairs in relation to the 
phylogeny reconstructed by the Megalign program, while the similarity index compares sequences 
directly , without accouting for phylogenetic relationships. The highlighted areas represent the 
comparisons for the type A (dark) and the type C (light) genes, respectively. 



38 

structure on U 11 and P41-2, which correspond to the sequence variable regions V2 and 

V7 (Data not shown). The true random substitutions, which do not relate to any gene 

type, seem not to influence the conformation of the secondary structures. The reason 

for maintaining similar secondary structures even when the primary sequences are 

different could be any or all of the following: (I) Mutations occur in single stranded 

loops or bulges of the secondary structure where random substitutions do not influence 

the neighboring conformation; (2) Compensatory substitutions in corresponding positions' 

occur and, in so doin~. maintain the stem structure; (3) Switches between the Waison

Crick pairing (A:U, G:C) and the G:U pairing, serve to maintain similar stem structure. 

The amount of intra-species diversity of the SSUrRNA gene within different 

isolates of P. vivax from Thailand was also determined by sequence analysis (Fig. 13b; 

Appendix II) . The A genes from different isolates are highly conserved and the average 

homology is 99.5% (99.3-99.7%) . The differences among genes in this case are limited 

to single substitutions. The C genes consistently appear to maintain more diversity than 

the A genes. The C gene diversity inc.ludes both multiple substitutions and gaps, 

although the overall degree of similarity is still very close to that seen in the A gene 

group 99.2 % (99.0-99.5 %). In addition, all the C genes from the Thailand isolates differ 

from the C gene of SAL-l strain in the V8 region as described above. Thus, the overall 

tendency of intra-species diversity is consistent with inter-species diversi ty, suggesting 

that the C gene is more divergent than the A gene. 

5. Evaluation of rRNA gene specific oligonucleotides: 

Based on primary sequence alignments of the A, B and C SSUrRNA genes of 

P. vivax, specific Oligonucleotides complementary to the unique sequences of each gene 

were synthesized for the purpose of di stinguishing transcripts derived from the three 

genes. The oligonucleotide probes (Appendix I) were evaluated for their specificity and 

sensitivity by RNA dot blot hybridization . Equivalent amounts of total RNA prepared 

from both P. vivOX' infected human blood and sporozoite were covalently linked to 

membrane strips and hybridized with r ' p] end-labelled oligo-probes. Uninfected human 

blood cells or mosquitoes, and the plasmid clones containing SSUrRNA genes served as 
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Plasmodium SSUrRNA gene specific oligonucleotide probes 

genu.~ faJciparum 
spt!ciflC A gene 

RNA: P.v. blood s«ag.: 

IlumanbklOdco:U 

PI blood slag.: 

Plasmid: rRNA·A 

rRNA' S 

rRNA·C 

Fig. 14. Specificity of the rRNA gene specific oligonucleotides in detection of 
distinct SSUrRNAs of P. vivax. The rRNA from infected and uninfected human 
blood cells and mosquitoes, and plasmid DNA containing the type A, Band C 
genes, as positive controls, were blotted on nylon membrane. The membrane 
strips containing identical sets of samples were hybridized with each of the rlf] 
end-labelled oligo-probes at 55 QC overnight, and the autoradiography was 
processed at -20 · C for 3 hours. 

Number of sporozoites per mosquito 

•••• ••• 
Fig. 15. Sensitivity of dot blot hybridization in sporozoite detection. The 
total RNA prepared from a known number of P. vivax sporozoites and one 
mosquito (Anopheles dirus) was probed with oligonucleotide #743, which 
is complementary to the type C SSUrRNA of P. vivax. 
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negative and positive controls, respectively. The results shown in Figure 14 indicate that 

the A gene specific probes exclusively hybridized to RNA from the P. vivax infected. 

human blood and C gene specific probes to the RNA from the salivary gland sporowite. 

The B gene specific probes did not hybridize to the RNA from these stages of the 

parasite, but selectively bound to the corresponding plasmid clone, the positive control. 

The rRNA probe TlO, which was considered to·be Plasmodium specific, hybridized with 

both the plasm ids and all infected specimens with the exception of the plasmid containing 

the B gene. The sequence of probe TJO is different to that of the B gene clone. 

P. Jalciparum SSUrRNA A gene specific probe (136) only hybridized to the RNA 

isolated from the infected human blood. Among the evaluated oligonucleotides, #741, 

#742 and #743 were selected for further study because of their high efficiency in the 

hybridization assay. The sensitivity for detecting P. vivax infected mosquitoes was 

determined by hybridizing the C gene specific probe, #743 (Fig. 15) with RNA isolated 

from a single uninfected mosquito that was mixed with a known number of salivary gland 

sporozoite. The lower limit of sensitivity was as few as 400 sporowite per mosquito. · 

This is well below the average number of sporozoite per mature oocyst, estimated to be 

between 2000-6000 for P. vivax [Rosenberg and Rungsiwongse, 1991). This presumably 

assures detection of the C gene transcripts even jf only a single oocyst completes 

development in mOSQuito. The correlation between the strength of the hybridization 

signal and the number of sporozoite also confirms the sporozoite origin of the C gene 

transcripts (Fig. 15). 

6. Developmental switch of rRNA fonns: 

The differential expression of the structurally distinct rRNAs in P. vivaX' was flfst 

followed by probing total RNA isolated from the mosquitoes collected at different 

intervals after the infectious blood meal. One tenth of the sample isolated from 10 

pooled mOSQuitoes was used to probe so that hybridization results shown in Figure 16 

represent the average signal from one infected mosquito. The A gene transcripts 

predominated in the infected blood and engorged mosquitoes, but disappeared within 24 

hours after the blood meal. The positive signal at day I, two hours after the feeding, 
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Probes 
Days post infection 

o 1* 2 4 6 8 10 12 14 16 -- ~~~i~~-=~-=~ 
PvA-741 

PvB-742 

PvC-743 

Fig. 16. Transition of types of rRNA gene transcripts during P. vjvQX development in 
mosquitoes. The total RNA isolated from P. vjvQX·infected mosquitoes at difrerem imervals 
(Day 1 to 16) after the infectious blood meal was probed with oligomer #741 #742 and #743 , 
wruch are specific for lhe type A, Band C genes, respectively . Each dot represents the average 
signal from one tenth of a lO-mosquito pool collected al each lime point. The sample al day 0 
represents the RNA prepared from blood stage parasites, while the sample of day I was 
collected two hours after the mosquitoes fed on the infected patient. 

Days post 
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2 

P. vivax rRNA Specific Oligonucleotide Probes 
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Fig 17. Individual variability of rRNA transition in P. vivlU" infected mosquitoes. The total rRNA 
from individual mosquitoes collected at different intervals after the infectious blood meal was 
hybridized with the rRNA gene specific probes, #741 , #742 and #743 , which are complementary to 
the A, B and C gene transcripts, respectively . 
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presumably represented undigested blood stage. parasites. The C gene transcripts were 

not detected in infected mosquitoes until day 6; thereafter, the signal sharply increased 

and then leveled off at about day 10-12. This rapid accumulation of C gene transcripts 

occurs during late sporogony when the oocyst has grown almost to mature size. The B 

gene transcripts were not detected under these conditions during the entire time course. 

This possibly results from the limite(i"sensitivity of the dot blot hybridization. A similar 

procedure was repeated using individual P. vivax infected mosquitoes (Fig. 17). Some 

variation in signal strength existed among the samples collected at different time points 

and is probably related to variability in the number of oocysts that develop in the 

mosquito gut. The results were, as an average, equivalent with those shown in Figure 

16. In addition, the B gene transcript seems to be present at a lower level; however it 

is not substantial compared to the Northern analysis described later. 

The same set of the RNA samples, described above for dot blot analysis , were 

also analyzed using Northern blots. Each sample was separated by electrophoresis and 

then linked to a membrane following hybridization with a gene specific probe (Fig. 18). 

The mature transcripts of the A genes were detected as a 2.0 Kb fragment in the infected 

human blood, while the C gene transcripts appeared as a 2.2 Kb fragment during the 

period of development in the mosquitoes. After longer exposure (16 hours compared to 

1 hour for the other two transcripts) the B gene transcript was detected during the period 

from day 2 to day 14. This transcript was , however, not detected in sporozoite that had 

been isolated directly from salivary glands and subsequently mixed with uninfected 

mosquitoes. Thus, the B transcript seems to be transcribed during the period of oocyst 

development after encapsulation on the mosquito gut. Since only a few parasites, as 

compared with a total number of the ingested parasites, could complete sexual 

reproduction and develop to oocysts in the mOSQuito, the number of the B gene 

transcripts could be very limited and hence difficult to detect by the dot blot hybridization 

as described above. In addition, the size of the"B gene transcript is about 200 to 300 bp 

shorter than the size expected from the cloned sequence, suggesting that part of the 

transcript may be processed during rRNA maturation. Further hybridization of the same 

blot with oligonucleotide probes complementary to the common region of the template 
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Fig. 18. Northern blot analysis of developmentally controlled transcription of rRNA 
genes in Plasmodium v;vax. The total RNA prepared from lhe infected mosquitoes 
(Anopheles dirus) at different intervals after an infectious blood meal was first separated 
by agarose gel electrophoresis and immobilized on nylon membrane . Then, the blots 
were individually hybridized with three distinct oligo-probes that can differentiate the 
type A, Band C gene transcripts, respectively . *The sample ~M " represenls the RNA 
from uninfected mosquitoes . 
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strand of the three genes a1so revea1ed similar results, with no signal for either A or C 

gene transcripts (data not shown). This suggests that the B gene is possibly transcribed 

from both strands. Alternatively, the fast migration of the B transcripts on the gel could 

have resulted from the formation of transcripts into stable duplexes which are not 

denatured under the conditions of electrophoresis. 

7. Establishment of a competitive RT/PCR assay: 

The development of an RNA amplification system was pursued because it offered 

greater sensitivity, fewer possibilities for contamination, and data that could be 

quantified. RT/PCR is one of the most sensitive assays for detecting gene transcripts 

[Kawasaki, 1990), in which RNA or part of the RNA molecule is first transcribed by 

reverse transcriptase (RT) into single strand complementary DNA, and then amplified 

by routine PCR. Thus, by selecting pairs of conserved primers, the part of the RNA 

transcript containing unique sequences can be amplified and serve as a target for 

diagnosis or monitoring parasite development. Based on the diverse pattern of the 

Plasmodium SSUrRNA genes, the primer pair #841-844 was selected as it covers the two 

most variable regions (V7 and V8). This design assures the differentiation both of genes 

from different species as well as of different types of gene from the same species. In 

addition, the internal conserved sequence between the two variable regions can serve as 

a genus marker in subsequent hybridization assays. This is of practical importance for 

the detection of multi-species infections. 

In order to access the accuracy of quantitation, the competitive nature of RT/PCR 

had to be established. The RNA isolated from known numbers of P. vivax sporozoite 

(10240 to 40; 1:2 dilution) was co·amplified with a known amount (6 pg) of competitive 

template, the RNA from P. berghei infected blood. A reverse situation was also tested, 

in which a fixed amount of RNA from approximately 750 P. vivax sporozoite was 

competitively amplified against a serial dilution (I :4) of the P. berghei RNA (1280 to 

0.005 pg). The results (Fig. 19a) show that both the P. vivar type C rRNA (0.44 Kb) 

and the P. berghei type A rRNA (0.39 Kb) were amplified in a competitive fashion; the 

strength of the signal is directly related to the ratio of the two target molecules rather 
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Fig .19. Competitive amplification of the type C rRNA from P. vivax against 
the type A rRNA from P. berghei . (a) Ethidium bromide-stained gel: lanes 
1-10 contain a series dilution (1 :2) of RNA from P. vivax sporoloites(lO.240 
to 40) in the mosquitoes against a fixed amount of rRNA from P.berghei 
blood stage (6 pg); lanes 11 -20 contains a fixed amount of RNA from 750 
sporozoites versus a serial dilution {l :4) of the P. berghei RNA (1 .280 to 
0.005 pg). (b) Autoradiogram of the Southern blot hybridized with a genus 
specific oligo-probe, #842 . The upper band (0.44 Kb) represents the type C 
rRNA from P. vivax sporozoites and the lower band shows the type A rRNA 
from P. berghei blood stage parasites. 
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than the absolute amount of each target. This relationship was confirmed by 

hybridization of the RT/PCR product with a genus specific oligo-probe #842, whiCh is 

complementary to the internal conserved sequence described above (Fig. 19b). The 

sensitivity of the assay is able to detect as few as 40 sporozoite, the lowest dilution in 

this test, suggesting at least a lO-fold increase in" the sensitivity as compared with dot blot 

hybridization. 

The stability of the rRNA target was also investigated, especially as it relates to 

sample storage. The high sensitivity of RT/PCR also has the advantage of being useful 

for detecting parasites preserved on ,stained blood slides and in dried mosquitoes. The 

results (Fig. 20) show that the type A rRNA was detected from P. vivax-infected blood 

smears prepared from patients two years ago. Similar results were obtained from 

P. vivax-infected mOSQuitoes that were dried ten years ago. Although the sample 

material is no longer infectious, the RNA was still detectable. The type A and C gene 

transcripts could be distinguished in the dried mosquitoes. The approximate length of 

time that the mosquito had been infected still related to the RNA transcript level as 

detected by A and C specific probes, PvA-741 and PVC-743, respectively. The signal 

from the dried mosquitoes was generally weak and only the type A transcript was visible 

on the ethidium bromide stained gel, however both transcripts were detected by 

subsequent hybridization (Fig. 20a, b) . These results indicate that rRNA is more stable 

than expected and this approach will permit analysis of historical material. 

The usefulness of RT/PCR to follow developmental transitions was also 

investigated. For further determination of the transition of structurally distinct rRNAs 

during parasite development, the total RNA from P. vivax infected human blood cells and 

mosquitoes (the same set of samples used in previous dot blot hybridization and the 

Northern analysis) was amplified by RT/PCR. The reaction products were separated on 

an agarose gel and transferred to membrane for probe hybridization. The results shown 

in Figure 21 demonstrate a clear transition between the distinct types of SSUrIQJAs. 

The A gene transcripts, which were dominant in infected blood and freshly engorged 

mosquitoes, were gradually replaced by the C gene transcripts during parasite 

development in the mosquito. Presence of both .transcripts from day 4 to day 6 indicated 
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Fig. 20. Detection of P. I'ivax preserved on stained blood smears and in dried 
mosquitoes. Total RNA prepared from the Giemsa stained slides and dried mosquiwes 
containing P. vivax was first transcribed into eDNA and then amplified by peR. The 
product was fractioned by electrophoresis on a 1% agarose gel and stained with 
eth idium bromide (a). After transfer to nylon membrane, the Southern blot was 
sequentially probed with two P. vivQX rRNA probes specific to the A (PvA-74l) and C 
(PvC-743) genes, respectively. The sample Tl -3 and 81 -3 represent the infected 
smears made 2 years ago from Thailand and Brazil, respeclively . The P. vivax infected 
blood (V B) served as a positive cont rol. The dried mosquitoes were from 
labo ratory- infected mosquitoes (Anopheles dirtts) that were preserved at room 
temperature for almOSI iO years; DO (2 hours). 01, 016 and D24 represent days post 
infection and M represents an uninfecled mosquito. 
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Fig. 21. P. v;vax switches ribosomal RNA type during the developmental transition from 
human to mosquito. The total RNA isolated from the mosquitoes collected at different 
intervals afte r the infectious blood meal was first uanscribed into e DNA by reverse 
transcriptase (RT) and then amplified by Taq DNA polymerase in the polymerase chain 
reaction (pe R). The primer pair (#84 1-#844) covers the variable regions (V7 and V8) of 
SSUrRNA sequences where a 60 base difference exists between the erythrocytic stage 
specific (type A) and sporozoite stage specific (type C) gene transcripts. The RT/ PCR 
products we re separated on a 1% agarose gel (a) and, after being transferred onto nylon 
membrane. were probed with the type C (b) and A gene (c) specific oligonucleotides. 
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a transitional period when the C gene transcripts began to accumulate while the A gene 

expression decreased. However, this primer pair, #841 -#844, covering about 0.45 Kb 

of sequence, including variable regions V7 and V8, did not support amplification of the 

B gene transcripts. This was possibly due to the unique conformation of the V7 region 

on the B gene transcripts or self-splicing that occurred in this region. The B gene 

transcripts wefe successfully amplified from these RNA samples with another primer 

pair, #836-#845, covering about I Kb of sequence on 5' end of the B gene transcript 

(Fig. 22) . This band could be hybridized with the B gene specific probe #706. Cloning 

and sequencing of the amplified. products confirmed the identification of this as a 

transcription product of the B gene (data not shown). 
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Fig. 22. Amplification of the SSUrRNA B gene transcripts during P. vivax 
development in mosquitoes . (a) The lOtal RNA from the infected 
mosquitoes at different time points after the blood meal was first transcribed 
into eDNA by reverse transcriptase (RT) with a Plasmodium specific 
antisense-primer, #836. The product was then amplified with a B gene 
specific sense-primer, #845 by peR. After separation by agarose gel 
electrophoresis, the PCR product was transfered onto nylon membrane and 
hybridized with an internal B gene specific probe, #706. (b) and (c) The 
RT/PCR products with a pair of genus specific primers (See Fig . 21) were 
processed in the same fashion to show the time frame of the B gene 
transcription. 
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DISCUSSION 

1. The stage specific rRNA genes in Plasmodium viva.r: 

Previous studies have suggested that structurally distinct rRNA genes are 

maintained in Plasmodium species as a unique feature of the genus [McCutchan, 1986). 

These alternative genes are dispersed on several different chromosomes, suggesting that 

Plasmodium species do not employ all of the standard mechanisms adopted by most 

eukaryotes for homogenizing the sequences of rRNA genes. The reason for Plasmodium 

maintaining such a unique multi-rRNA system is not clear, but a functional significance 

seems to be indicated by the differential expression of alternative genes during discrete 

stages of the parasite's development [Gunderson et aI., 1987; McCutchan et aI., 1988; 

Waters et aI ., 1989b). In the presented study, three distinct rRNA transcription units 

were characterized from the genome of the human malaria parasite P. vivax. The A and 

C genes, whose counterparts have been found in other Plasmodium species, are active 

in erythrocytic and sporogonic stages, respectively. The B gene seems to function in 

oocyst development and no analogous gene has been described in any other species. The 

coding sequences for three SSUrRNA genes differ in the regions known to diverge 

rapidly in most eukaryotes [Neefs et aI ., 1990; 1991). The conserved regions arr 

localized in the predicted regions and help maintain a structural core that is almost 

identical to that found in the ribosomal rRNA of other eukaryotic organisms. The 

presence of a common eukaryotic architecture of the SSUrRNA, which is supported by 

the proposed secondary structures, suggests the equivalent roles of Plasmodium rRNA s 

as central components of ribosome in protein synthesis. In addition, the presence or 

distinct ITS 1 regions in each transcription unit probably indicates that the three rRNA 

genes have independently evolved under different selective constraints. 

In most organisms examined to date, rRNA genes are identical within the species 

or individual organisms because of their equivaJent function in protein synthesis. The 

presence of structurally distinct rRNA genes in Plasmodium species may reflect a unique 

status of rRNA gene evolution. This multi·rRNA system is probably adopted by the 

parasite to facilitate their complex life cycle, which includes four contiguous but discrete 
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reproductive phases, involving various tissues and cell s in both vertebrate and 

invertebrate hosts. Our comparative analysis indicates that the A gene of P. vivax is 

closely related to the analogous genes isolated from primate vi vax-like malaria parasites. 

P. simiwn [Lal et aI ., unpublished data) and P. cynomolgi [Corredor and Enea, 1994), 

and a similar situation is also found for the C gene. In a pair-wise sequence comparison , 

the average similarity among the analogous (orthologous) genes from the three species 

could be as high as 96.5% for the A gene and 89.4 % for the C gene (Fig. 13b); 

whereas the mean identity between the A and C genes (paralogous genes) from the same 

speeies is only about 76.7%. The reversed pattern of the orthologous versus paralogolls 

homology suggests that the A gene diverged from the C gene at a time before process 

of the speciation, and the two genes are specifically maintained in the contemporary 

species under different selective constraints. In addition, the majority of the sequence 

differences between corresponding gene types contribute to forming the unique parts of 

the rRNA gene structures . Hence, these distinct structures are likely to have been part 

of a specialized process selected during the evolution of Plasmodium species. 

Comparative analysis of rRNA gene sequences can be used to define the 

constraints or patterns from which the molecular structure could be inferred. A 

comparison of corresponding structures can reveal functional and regulatory information. 

Simple sequence alignment, however, without considering the phylogenetic relationship 

of the species, is not sufficient to define certain types of structures. The primary 

sequences of rRNAs from distant species may differ dramatically but retain similar 

structures for their ultimate function. Previous analysis of the SSUrRNA gene sequences 

from P. berghei, P. jaiciparum, and P. cynomolgi raised a confusing situation in which 

the paralogous genes from the same species were more similar to each other than the 

orthologous genes from different species, suggesting that no specific sequences are 

maintained for the stage-specific rRNA genes and that gene conversion is dominant in 

Plosmodiwn rRNA gene evolution [Enea and Corredor, 199 1; Corredor and Enea, 1993; 

1994). This explanation seems to be debatable in several aspeets based on the feature 

of the SSUrRNA gene structures and is not supported by this study. 

First, the Plasmodium species used in the analysis are from three defined groups, 
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rodent, primate and bird-related malaria, and they clearly diverged as early as the 

parasites adapted into the different vertebrate hosts, although the exact time of the 

divergence and precise phylogenetic relationships are still unclear [Gamham, 1966; 

Waters et aI., 1993]. As a consequence of biological adaptation of the parasites, the 

rRNA genes among these distant species could differ remarkably as long as the ultimate 

function of the gene in protein synthesis is maintained. Since the translational function 

is probably determined by the high-order structure of rRNA, the primary sequences could 

diverge very rapidly, especially in the regions that do not influence the core structure. 

The truly conserved sequences are very limited, and only three stretches of the 

sequences, approx.imate 60 nucleotides in total , are actually maintained within all the 

SSUrRNAs examined to date [Of eng and et aI., 19931. Most of the positions are subject 

to variation but the rate of divergence may depend on the region of the gene and its 

corresponding functional or structural purpose. Hence, certain patterns or constraints on 

the structures may not be demonstrated by analysis of the sequences from distantly 

related species. Second, the structural constraints for stage specific genes may vary with 

the species and may not be conserved at the genus level. It is likely that the unique 

structures defined by the highly diverged regions of the gene are integrated parts of the 

parasite adaptation to facilitate efficient protein synthesis in different environments. This 

pattern could be maintained only in closely related species, as described in the results , 

since they still share most of the common features from a recent ancestor. Third, the 

pattern of molecular changes in Plasmodium rRNA genes and the presence of distinctive 

ITSl regions seem unlikely to be the result of gene conversion, one of the important 

mechanisms responsible for homogenizing the repeated rRNA genes in most eukaryotes. 

Gene conversion is a nonreciprocal recombination process in which usually the entire 

gene, or a significant part, along with the flanking region is converted [Li and Graur, 

1991] . In the case of Plasmodium rRNA genes, sequence variation appears to have a 

scattered distribution throughout the coding sequence of the gene and the distinct ITS 

regions of individual transcription units. This is more likely to be caused by mutations 

being accumulated during DNA replication or possibly even errors resulting from reverse 

transcription during the gene transposition. 
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2. Phylogenetic impUcations of the rRNA genes 

Comparative analysis of rRNA sequences has been used to reconstruct the 

evolutionary history of organisms, especially for unicellular bacteria and protists (Woese, 

1987]. For Plasmodium species, this approach could be extended to explore the 

evolutionary path of parasite history since divergence of the stage-specific rRNA genes 

presumably corresponds to adaptation to different hosts during the course of evolution. 

The evolutionary history of malaria parasites is extremely complex and two controversial 

scenarios have been proposed based on the biological relationships between the parasites 

and their hosts [reviewed by Coatney et aI., 1971]. Both of the scenarios suggests that 

Plasmodiwn species descended from a coccidian ancestor but differ whether this ancestor 

was parasitic in an insect host or in a vertebrate host. Our results, based on structural 

analysis of the stage specific rRNA genes seems to favor the insect origin of the malaria 

parasites. 

A knowledge of the time frame in which the stage·specific rRNAs arose might 

give important information as to when the developmentally distinct forms of the parasite 

were incorporated into the life cycle of Plasmodium as a whole. Among the three 

distinct rRNA genes identified from P. vivax, the B gene, which is transcribed during 

oocyst development after fertilization, is structurally distant to the other two genes and 

may also be the most archaic of the genes. The overall homologies of the B gene to the 

A and C genes are 52 % and 62 %, respectively; whereas the similarity between the latter 

two genes is 85 %. This suggests that the A and C genes are much more closely related 

to each other than either is to the B gene and probably are the result of a more recent 

gene duplication. Presumably, the ancestor of malaria parasites adopted the 

contemporary style of parasitism in a step-wise fashion . Emergence of novel genes 

probably facilitated the adaption of Plasmodium species to intra·tissue or intracellular 

environments. It seems reasonable to propose that the B gene was the most ancestral 

gene since adaptation to intracellular development is Obviously a recent event in 

evolutionary terms. This is also supported by the high homology among the A genes 

from closely related species and from different isolates of P. viVID:. 

Other features of the sequences also support the evolution described above. 
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Comparison of the SSUrRNA secondary structures within the region of each, 

corresponding to the V7 area, suggests that the B gene transcript possesses the most 

stable stem-loop structure. It is composed of about 200, almost non-interrupted, 

antiparallel paired nucleotides. In the same location, the other two genes exhibit various 

bulges caused by unpaired nuclootides and branches. Interestingly, in this region, the 

A gene sequence could be derived from the corresponding region of the C gene after 5 

deletions and I duplication (Fig. 23). This is as if the A gene had been created from the 

e gene by an already established and accepted mechanism; the slipped-strand mispairing 

that often occurs during gene duplication [Li and Graur, 1991]. Hence the derivation of 

the A gene can be explained as being directly derived from the e gene, indicating that 

the insect form of the parasite predated the vertebrate form . One then must wonder 

whether or not the B gene is ancestral to the C gene. An event that suggests this may 

in fact be the case is revealed by analysis of B and C genes from different sources. An 

indicative structure is present in the V8 region of the genes (Fig. 12), where the C gene 

from Thai P. vivax' isolates, as well as other primate malarias, have a structure simi lar 

to the corresJX>nding region of the B gene, while the region of the C gene from the New 

World P. viVa< strain, SAL-I, seems to be altered so that it resembles the A gene in that 

area. This suggests that B type sequences can be altered to the e type and then to the 

A type. Changes of this type are then possible and perhaps occur frequently and would 

also indicate a direction in the gene evolution. One can proJX>se that the B gene was 

carried by a coccidian ancestor of malaria parasites in the insect gut . It subsequently 

underwent a gene duplication. In this scenario, a duplicated 8 gene would diverge by 

mutation from its present sequence to the C type. This would in tum favor speciation 

by favoring the life stage and environment of contemJX>rary malaria parasites. Further 

duplication and divergence of the C gene would then give rise to an A gene favoring 

success in vertebrate tissue and establishing the intracellular parasitic cycle for 

Plasmodium species. However, more conclusive evidence is obviously required to 

substantiate this evolutionary scheme for Plasmodium species, and will depend on more 

rRNA genes being sequenced, especially for the B gene from other species of the genus 

Plasmodium. 
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Type A gene (1507-1571) 

AAAUAUUGGGAUACGUAACAGUUUCCCUUUCCCUUUUCUACUUAGUUCGCUUUUCACUGUUUC 
• • • • • • • • • • 

AAAUAUAGGGAUACUUAAUAGUUUCC~U~U~UUUUU~UUUACUUGGCUUAU~CGUUUC 

~ ~GCGUUUGGUAUAY~(!iil~~c~lJcuuuJ GU I 

CGUGU CGGU GUU U CUUAAUC~ 

Type C gene (1504-1655) 

Fig. 23. Rearrangment of the sequence segments in V7 region of P. vivax SSUrRNA 
genes. In this region, the A gene may be derived from the C gene through five 
deletions and one duplication. 

Mosquito Vector Human host 

Sporogony Exoerythrocytic Schizogony 

Sporozoi'" ' r [Type C) l. ~T~ 
t ~ 

) Sdli"'" """', Merozoite of 

I Type B I rRNA Genes ITypeAI 1 ,- Erythrocytic Schiz.ogony 1 Ookinete 
I 

t ~ Trophozoi!e---. I if I 
Ring form Schironl 

Z""" '----- Type A? _____ , I 
'-~ Merozoite ...J I , , - -t sexua~reproductjQnl 

-~ Gametcs I Gamclocytcs 

- - --- -

Fig. 24. Summary of Plasmodium ribosomal RNA gene expression. Three 
structurally distinct rRNA genes are differentially transcribed according to 
discrete reproductive stages during parasite deve lopment. The question mark 
represents the possibility that a type A-like rRNA gene is responsible for 
parasite sexual reproduction 
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Another interesting fact warranting comment is that the C gene of a South 

American strain, SAL-I, differs dramatically from those of Thai P. vivax isolates at the 

V8 region. This is a region of the SSUrRNA that corresponds to regions of the E. coli 

SSUrRNA that influences temperature sensitivity of the rate of protein synthesis [Noller 

et al., 1990]. All other regions of the C gene sequences from various sources are 

identical. Since the A genes, as well as the B genes, are almost identical among these 

isolates of P. vivax, the rapid divergence of the C gene, which is exclusively transcribed 

during sporogony in mosquitoes, could relate to changes of the vectorial and ecological 

system. To determine whether this gene type has been fixed in the New World P. vivax 

population requires furt~er investigation of the C genes from field isolates of South 

America. In addition, sequence analysis indicates that P. simiwn, the sole vjvax~like 

parasite found in New World primates, seems to be more similar to human vivax isolates 

from Thailand than to some other P. vivax isolates. This probably substantiates the 

human origin of New World primate malaria previously proposed [reviewed by Coatney 

et al . , 1971] and may lead to the proposal that P. vivax from Asia was the origin of this 

infection. 

3. Developmentally controUed expression of the rRNA genes 

The regulation of expression of rRNAs, the central components of the ribosome, 

has been noted to be crucial not only for the translational function in protein biosynthesis 

but also as a coarse control for development and differentiation [Ramagopal, 1992]. In 

this study, three structurally distinct rRNA genes identified from P. vivax are shown to 

be differentially transcribed during the contiguous but discrete stages of the parasite 

development (Fig. 24). The A gene is predominantly transcribed during erythrocytic 

schiwgony in the vertebrate host, while the C gene is expressed during sporogony in 

the maturing oocyst on the mosquito midgut. Transcription of the B gene seems to be 

limited to oocyst development. In addition, distribution of the B gene transcripts seems 

to be localized within the oocyst since they are not detectable in salivary gland sporowite 

of infected mosquitoes. This transition of alternative rRNA forms seems to correlate 

better with the progression of distinct stages of development than to the presence of the 
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parasite In one host or the other, suggesting that the regulation of the differential 

expression of rRNA is an integrated part of the developmental control for the 

Plasmodium species. 

The mechanisms involved in the turnover of alternative RNA types may be 

complex since both the degradation of one type of transcript and the concomitant 

expression of the alternative rRNA genes must be involved. Previous studies based on 

in vitro-cultured P. /aJciparum suggested that the transition of major rRNA forms during 

the development from gametocyte to ookinete was assisted by selective degradation of 

the A gene transcripts and accelerated processing of the C gene precursors [Waters et aI ., 

1989bl. The specific cleavage of the functional region of rRNA seems to be an efficient 

way to eliminate the pre-existing transcripts. However, accumulation of the C gene 

precursor in gametocytes and early ookinetes was not detected in the present study where 

P. vivcu was examined in vivo within its natural host system. This confusion could be 

explained by differences in transcriptional control between the species. Alternatively, 

given that the in vitro development of P. /alciparwn ookinetes is incomplete and ceases 

within about 48 hours, it is possible that the accumulation of the C gene precursors 

resulted from the lack of essential nutrients in culture medium. Ribosomal RNA 

precursor accumulation does occur in bacteria cultures when deprived of essential 

nutrients, and is much less likely to accumulate during normal development since 

processing of the rRNA precursor is usually coupled with transcription [reviewed by 

Larson, et aI . , 1991]. Nevertheless, the regulation of transcription seems to be essential 

for the transition of rRNA types, and this control mechanism should be able to 

selectively access the genes loca1ized on different chromosomes during discrete stages 

of parasite development [Dame and McCutchan, 1983b]. 

Plasmodium species, as intracellular parasites, must undergo development within 

a number of different living situations. The process of distinct differentiation and 

morphogenesis is probably the consequence of long-term adaptation. The rRNA with 

their function may have been modulated by structure to meet the requirement of protein 

synthesis. The A gene transcripts, the major rRNA in the erythrocytic stage, is replaced 

by the B gene transcripts during the transition period from vertebrate host to invertebrate 
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vector. The transcription of the B gene starts when the parasite encapsulates on the 

mosquito midgut and continues throughout the perioo of the oocyst development. The 

rapid accumulation of the C gene transcripts, the sporozoite-specific rRNA, begins at 

a time when the oocyst has grown nearly to its maximum size and nuclear division has 

been completed [Gamham, 1966]. In addition , distribution of the different rRNA 

transcripts within the maturing oocyst seems to be directed by a mechanism that separates 

the transcripts of the B gene from those of the C gene, which represent the major, and 

possibly the only type of cytoplasmic rRNA in malaria sporozoite. Physical separation 

of individual sporozoite during this period has been investigated by observation of the 

cytological process of sporozoite production [Terzakis et aI . , 1967; Sinden, 1979; 1982] . 

The switch of transcription of the alternative rRNA genes is, at least temporally , 

correlated to the stage-specific progression of development and differentiation of the 

parasites. One possible implication of these results is that protein synthesis in early 

development of the oocyst is spatially separated and distinct from that in the sporozoite. 

Hence, the transition between ribosomal types in P. vivar appears to reflect its state of 

differentiation rather than the host in which the parasite resides. 

4. Practical considerations and future perspect ives 

The study of the ribosomal RNA of Plasmodium species should be considered not 

only as an academic exercise for understanding developmental biology of the parasites 

but also as an unique approach for investigating evolutionary history and population 

structure. The stage-specific rRNAs and the Coding genes are considered in several 

aspects as the target of choice for species identification [Waters and McCutchan, 1989b; 

LaI et aI ., 1989; Li et aI. , 1991; 1993;]. First, the rRNA is one of the most abundant 

macromolecules in cells and very stable and easily preserved. The presented resuhs 

suggest that the sensitivity of RNA dot blot hybridization and RT/PCR can detect 

infection in a single mosquito. In addition, the rRNA-based competitive PCR can 

differentiate parasites from the infected blood smear and dried mosquitoes which have 

been preserved for years, suggesting that historical materials could be analyzed by this 

modem technology. Secondly, the mosaic structure of the molecule, including the 
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alternative arrangement of the variable and conserved sequences, allows one to amplify 

stage- or species-specific sequences with the genus specific primers. Therefore, many 

species of malaria can be distinguished using this evolutionarily stable marker; since 

differential diagnosis is not always easy on the basis of parasite morphology alone, 

especially for those vivax-like malarias that infect both humans and primates. The 

determination of the phylogenetic relationships may also yield clues to the dynamics of 

parasite populations. Moreover, parasite infection in the mosquito can be followed by 

RT/PCR since the ratio of distinct rRNAs reflects the state of the parasite development. 

The competitive design of the assay can add a quantitative aspect to the measurement of 

the out- and in-put of the parasite in a local vector system. Hence, this unique approach 

allows an accurate assessment of vectorial susceptibility that could be underestimated by 

other methods based on the parasite morhpology and surface antigens. Third. since the 

polymorphic rRNA genes reside on different chromosomes, DNA-based competitive peR 

can be used to assess the extent of chromosome segregation among field isolates. 

Determination of clonal variation and other modeling factors of the parasite population 

structure could be crucial for vaccine design and dissemination, as well as for choosing 

the appropriate antimalarial drug and other control stratgeies. 

It will be difficult to determine why the multi-ribosomal RNA system arose until 

we understand the functional significance of the variation among the different genes. It 

may be that the different ribosomes have functional differences pertaining to protein 

synthesis, as translational control can be associated with variability in ribosome structure. 

For example. even though Plasmodium species are unique in making distinct types of 

rRNA, they are perhaps not unique in maintaining heterologous populations of 

ribosomes. Ribosome heterogeneity has recently been discovered in diverse organisms 

ranging from protozoa to humans [reviewed by Ramagopal, 1992). In these cases, the 

modulation of ribosomes is associated with changes in the quality or quantity of certain 

ribosomal proteins or the 5S rRNA. The alteration of these molecules subsequently 

results in modification of ribosomal form and function. It is likely that different 

approaches to ribosome heterogeneity could serve similar functions in the modulation of 

the translation apparatus and, hence, the heterogeneity seen in Plasmodium species may 
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be reflective of a broader, biological phenomenon. 

Further investigation of Plasmodium rRNA genes should focus on details of 

regulatory structures and mechanisms. For example, the presence of different rONA loci 

may relate to mechanisms of transcriptional control which access different regions of the 

chromosome to transcribe at different times during development. In addition, an 

assessment of the different subset of macromolecules that associate with the different 

rRNAs during protein synthesis will also provide insight into the function of the 

eukaryotic ribosome. Since numerous events occur during the course of ribosome 

biosynthesis, the rRNA must interact with many other molecules, including ribosomal 

proteins and translation accessory factors. Hence, the coarse control over development 

could be regulated by the ribosome at many different levels including the obvious 

possibility that different ribosomes preferentially translate different subsets of messenger 

RNAs. 
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Appendix I: List of synthetic DNA oligonucleotides 
----------------------- ---------------------------- ------------

Code Sequence (5' - > 3') Bp Position" 

peR primers for Plasmodium SSUrRNA genes: 
#S66" GGATAACTACGGAAAAGCTGTAGC 24 149 -> 172 
#567Q TGGCTATGACGGGTAACGGGGAATTAG 27 365 -> 391 
#S7r1' CGACTTCTCCTTCCTTTAAAAGATAGG 26 2168 -> 2143 
11573~ GACATCCATCGTTAAGACTGTGC 23 2696 -> 2674 
11683b GTGCACGAATGAAAGAACG t9 1669 -> 1651 
#70S' AACCTGGTTGATCTTGCCAG 20 1-> 20 
#706' CGACTGGTGCTTCGTATCGG 20 723 -> 742 

Sequencing Primers for Plasmodium SSUrRNA gene: 
#599c GACCTATCAGCTTTTGATGTTAG 23 327 -> 349 
#600b CTAACATCAAAAGCTGATAGGTC 23 349 -> 327 
,60l c GCCGCGGTAATTCCAGCTCCAAT 23 608 -> 630 
'602b ATTGGAGCTGGAATTACCGCGGC 23 630 -> 608 
'60)C GCTTAGTTACGATTAATAGGAGT 23 970 -> 992 
11604b ACTCCTATTAATCGTAACTAAGC 23 992 -> 970 
#605' GAGAAATCAAAGTCTTTGGGTTC . 23 1247 -> 1269 
#606b GAACCCAAAGACTTTGATTTCTC 23 1269 -> 1247 
#607' GAGATCTTAACCTGCTAATTAGC 23 1495 -> 1517 
#6OS' GCTAATTAGCAGGTTAAGATCTC 23 1517 -> 1495 
#609" GGCAACAACAGGTCTGTGATGTC 23 1179 ->1801 
#6trl' GACATCACAGACCTGTTGTTGCC 23 1801->1779 

Hybridization probes for Plasmodium SSUrRNA genes: 
TID'" ACTCGATTGATACACACT tS Genus Plasmodium 
#569" GTTCAAGATTAATAATTGCAA 

TAATCTATCCC 32 1991 -> 1959 
#SSI" AGGTAGTGACAAGAAGTT tS 490 -> 507 
#741 1> AACCGAATTCAGTCCCACGT 20 1488 -> 1469 
#744" GTACACACTCAAGAAATGAATC 22 208 -> 187 
#684b CATGCCCAAGACATTCGTCG 20 207 -> 188 
117031> GCCAAGTAAAGAAGCQCAG 19 1641 -> 1623 
#743b ATCCAGATCCAATCCGACATA 2t 1506 -> 1486 
11745" CGAAACCGTGATTGGCTCAA 20 716 -> 697 
#6831> GTGCACGAATGAAAGAACG t9 1669 -> 1651 
#6951> CCGATACGAAGCACCAGTCG 20 742 -> 723 
#742''' CAACAAGGTTCAATCTTACCT 2t 1557 -> 1537 
#746'0 GAAGTTAATCAAAAGTGCTATG 22 204 -> 183 
#842e TAACACAAGGAAGTTTAAGGC 2t 1761 -> 1781 

RT/PCR primers for P. viwu: SSUrRNA: 
#836" AACTTTCTCGCTTGOGCGAATAC 23 1279 -> 1301 
#841 c GAACGAGA(Crr)CITAACCTGC t9 1491 -> tS09 
#844" TACTGATAAA(TIG)ATTACCTA t9 1948 -> t930 
#S4S" ACTTTTGATTAACTTCTTAAGTGCG 25 189 -> 213 

------------------------------------------- ------- ---------
Note: a: Corresponding positions of DNA oligonucleotides on P. viWIX SSUrRNA gene sequences (see 
Fig.S). b: DNA oligonucleotides complementary to the coding strand of tbe small subunit rRNA gene 
(antisense oligonucleotides). c: DNA oligonucleotides complementary to the non-coding strand of the small 
subunit rRNA gene (sense oligonucleotides). 
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15" 
15., 
15., 
15., 
15., 

1679 
1679 
1679 
1679 
1679 

",. 
",. 
1759 . 
",. 
",. 

183. 
183. 
183. 
183. 
1839 

1919 
1919 
1919 
1919 
1919 

, ... , ... , ... , ... 
'''' 

80 
80 
80 .. .. 
, .. , .. , .. , .. 
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SlIl-l 
K1294 
(1290 
K-112 
K- 115 

Sill-' 
K1294 
K1290 
1(-11 2 
1(-115 

SlIl-l 
1(1294 
1(1290 
1(-112 
1(-115 

SlIl-l 
(1294 
moo 
1(-112 
1(-115 

Sill-' 
1(1294 
1(1290 
1(- 112 
1(-115 

SlIl-l 
1(1294 <1,.. 
1(-112 
(-115 

SlI l- l 
K1294 
1(1290 
1(-112 
1(-115 

Sal-l 
1(1294 

<1'" 
1(-112 
1(-115 

SlIl-l 
1(1294 
1(1290 
1(-"2 
1(-115 

Sal - ' 
1(1294 

<1'" 1(-112 
1(-115 

TGTAGCTAATACTTGCTTTAATGCTCTCGACGAATGTCTTGGGCATGTACTTGTTAAGCCTTTATAAGA~GTTAAT 

•••••• .•..... .. . ...... .......... . . .. . ........ ....... ........... ... T . ..... ..... . . 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
AACTTAAGGAATGATAACAAAGAAGTGACACATAGAAGGACCTGCGTCCATTTATAGTGTGTATCAATCGAGTTTCTGAC 

••••••••••••••••••••••••• * •• ***** ••••• ************************ 

CTATCAGCTTTTGATGTTAGGGTATTGGCCTAACATTGCTATGACGGGTAACGGGGAATTAGAGTTCGATTCCGGAGAGG 

GAGCCTGAGAAATAGCTACCACATCTAAGGAAGGCAGCAGGCGCGTAAATTACCCAATTCTAAAGAAGACAGGTAGTGAC 

.. ••••••••••.• .. • . ..... C • . ..••••••• •••••••••••••.•••• .•••• •••••••••••••••••••••• 

AAGAAATAACAATACAAGACCAAAACTGGTTTTGTAATTGGAATGATGGGAATTTAAATCCTTCCCATAATACAATTGGA 
•••• •••••••••••••• G •••• T- •••• C ••••••••••••••••••••••••••••• • •• ••••••••••••• ••••• 

• ••• •••••••••••••••••••••••••••••• C ••••••••••••••••••• • ••••••••••••• ••••••• •••• • 
********.************* V3 **************************************.******** 

GGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAATTGTTGCAGTTAAAACGCTCGTA 

GTTGAATTTCAAAGAACCAATAT TTTAATAACGCCGTTAGCTACATCCACAAGGGGT TCAGCCAATCACGGTTTCGGCTT 

••• ••••••• ••••••••••••••••••• ••••••••••••••• ••••••••••••••••••• •••••••• ••••• A • •• 

..............•••••..•...•.......... . ........•...................... .... . . ....... 
•• *************.*********** V4 ***.* ••••• ***************** •• *************** 

CTGTGCGCATCCTACCTATCAAGCGTTTTTTTAATTAAAGTGTTTCTTTTTAAAATCTTCTTTACCTTAACCATATGGAA 
..•...•... ..... ........ T .. . .................................•.••.•....•.•.....•. 
• •••••• T •• •••••• • •• •• • ••• •••••••• ••• • •••••••••••••••• G ••••••••••••••••• •••• •••• • 
........... .... ... . .... T .. . . . .... .............................. .. ....... . .. .... . 

******************************************************************************** 

GATTTTGTTACTTTGAGTAAATTAAAGTGTTCATAGCAAACAGATACAGCATTGCGCGTTTTGAATACTACAGCATGGAA 

********.* ••• ***************.* ••• **.*************.* ••••• ** •••••••••• *.**.* ••• *.* 

TAA~TTGAACAAGTCAAAACTATGTTTCTTTTTTTTTATTTTTGGCTTAGTTACGATTAATAGCAGTAGTTTGGGG 

**** •• * •• *********** ••• ********* ••• **.**********.* •••• ****** 

240 
240 

'40 '40 

400 
400 
400 
400 
400 

480 
480 
480 
480 
480 

560 
559 
560 
560 
560 

640 
639 
640 
640 
640 

no 
719 
no 
no 
no 

soo 
799 
SOO 
SOO 
soo 

880 
879 
880 
880 
880 

960 
959 
960 
960 
960 

78 



Sal-l 
"1294 
"1290 
"-112 
"-115 

Sal-l 
1(1294 <1,.. 
"-112 
"-115 

Sal-l 
"1294 
"1290 
1( -112 
1(-115 

Sal-l 
1(1294 
1(1290 
"-112 
1(-115 

Sal - l 
1(1294 
" '290 
"-112 
"-115 

Sal-l 
"1294 <1,.. 
"-112 
"-115 

Sal-l 
" 1294 
" 1290 
"- 11 2 
"- 11 5 

Sal-l 
1(1294 <1,.. 
1(-112 
1(-115 

Sal-l 
"1294 
1(1290 
K-112 
K-115 

Sal- 1 
K1294 <1,.. 
1(-112 
1(-115 

ACATTTGTATTCAGATGTCAGAGGTGAAATTCTAAGATTTTCTGGAGACAAACAACTGCGAAGGCATTTGTCTAAAATAC 
•.••••••••••. .... . . .. . ..•••••••• C . . .........• • ••••••••• ...... •••••• ... ••••• •.... 
..... .•••••••.•.•.... G ...••••••••••••.•••••..•••••••••••.••••••••• •... •••••• .... 

• • •••• ••• C ••• • • • • ••••• ••••••••• ••• • •••••••• • • ••••••••••••••••••••••••••••••••••• 

TTCCATTAATCAAGAACGAAAGTTAAGGGAGTGAAGACGATCAGATACCGTCGTAATCTTAACCATAAACTATACCGACT 

AGGTTTTGGATGAAAGTTAAACAAATAAGGATAGTCTCTTCGGGGATAGTCCTTAGATTTCTTCCTTCAGTACCCTATGA 

••••••••••• • ••••••••••••••••••••• V5 ••••••••••••••••••••••••••••••••••• 

GAAATCAAAGTCTTTGGGTTCTGGGGCGAGTATTCGCGCAAGCGAGAAAGTTAAAAGAATTGACGGAAGGGCACCACCAG 

GCGTGGAGCT TGCGGCTT AA TTTGACTCAACACGGGAAAACTCACT AGTTT AAGACAAGAGT AGGA T T GACAGA TT GAGA 

GCTCTTTCTCGATTTCTTGGATGGTGAT-GCATGGCCGTTTTTAGTTCGTGAATATGATTTGTCTGGTTAATTCCGATAA 
.. ....... T .... . . . . . . . . . ............... . .. ........ . ............... ......... . . ... . 
... ...... T . ......... . . . .............. .. . .......... . ............. . .. ........... . . 
. ..•••••• T ••••••••••••••••••••••••••••••••••••• ...•.••••.•••••••••.•• ••••••••••• 
••••••••• T •••••••••••••••••••••••••.•.•.••••.•••..•••••••••••••••••.•••••••••••• 

CGAACGAGATCTTAACCTGCTAATTAGCGGTAAGTACGACATATTTTTATGTCGGATTGGATCTGGATGATTTGCTTATA 

. . ... ....... •...•...••.......•... ............ ~ ....................... . ..•....... 

••••••••••••••••••••••• v7 •••••••••••••••••••••••••••••••••••••• 

TTGAGGTGCAATCTAAATAGGGGATTGCAATTATACTTCGTGTCGGTGTTTCTTAATCGAATAGCTGATGCGTTTGGTAT 

••• ••••••••• •••••••••• • •• ••••••••••• •••• C •••••••••••••••••••••••••••• ••••• •••••• 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
ATTGCTTTCCTTTTTTTT -ATTTCTGCGCTTCTTTACTTGGCTTATCGTACCGTTTCCTTTTTGTGTAGAAATGTATTTG 

••••••••••••••••••••• C ••••••••••••••••••••••••••• • •• • •••• • ••••••••••••••••• •• • • • 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
CATTATATTAAAGCTTCTTAGAGGAACGATGTGTGTCTAACACAAGGAAGTTTAAGGCAACAACAGGTCTGTGATGTCCT 

••••••••••••••••••••••••••• 

1040 
1039 
1040 
1040 . 
1040 

1120 
1119 
1120 
1120 
1120 

1200 
1199 
1200 
1200 
1200 

1280 
1270 
1280 
1280 
1280 

1360 
1359 
1360 
1360 
1360 

1439 
1439 
1440 · 
1440 
1440 

1519 
1519 
1520 
1520 
1520 

1599 
1599 
1600 
1600 
1600 

1678 
16,. 
1680 
16,. 
1680 

"'. "'. 1760 

'''' 1760 
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Sal-l 
1(1294 
1(1290 
1(-112 
1(- 1 15 

Sal-l 
1(1294 
1(1290 
1(-112 
1(-115 

Sal-' 
1(1294 
1(1290 
1(-112 
1(-115 

Sal-l 
1(1294 
<1290 
1(-112 
1(-115 

Sal-l 
1(1294 
1(1290 
1(-112 
1(-115 

Sal·' 
1(1294 
1(1290 
1(-112 
1(,115 

T AGATGAACT AGGCTGCACGCGTGCT ACACTGA TA TGT ACAACGAGTT A T T AAAA TT ACG- - - - •• - - - - - - - . - - - - - -
.. •••••••.•..•••••••••.••.••••• •••••.• ...•.. ... . . C •• G •• A •• T .CATTTCGCTATTTTGTGCTT 
•..••••• ••.....•.••••.......• ••••••••..... . . . .... C •• G •• A •• T .CATTTCGCTATTTTGAGCTT 
•...••••••• ................ ••••••••• . . . . .......• • C •• G •• A •• T .CATTTCGCTATTTTGTGCTT 
.. ..••••••.•.•..•.••.•....••• ••••••••. .........•• C •• G •• A •• T .CATTTCGCTATTTTGTGCTT 

•••••••••••••••••••• V8 •••••••••••••••••••••••••• 

ATTCAGCTT- ····_·GCTGTTACGTATTTTTCCTCCACTGAAAAGTGTAGGTAATCTTTATCAGTACATATCGTGATGG 
• • C •••• C. TTTTAGCAT .A. GG .A .. C •••••• •• •• •............••• • ••••••• .. . ... ••••••••. .. • 
• .C •••• C. TTTTAGCAT .A.GG .A •• C ••••••••• . .• ••................•.•......•• •••• ....• •• 
· .C •••• C. TTTTAGCAT .A.GG .A .. C •••••••••••• ..• . ... ... . ...•..••.•••.•••• •••••• •...•• 
· . C •••• C. TTTT AGCAT .A .GG .A •• C ••••••••• . .. ... . ... ...•••..•..• . ...••••••••••••••••• 
••••••••••••••••••••••••••••••••••••• 
GGATAGATTATTGCAATTATTAATCTTGAACGAGGAATGCCTAGTAAGCACGATTCATTAGATTGTGCTGACTACGTCCC 
..... ••••••••••••••••••••••••• ••• ••••..••.•..•••..•••••. . C •••........••••••••••• 

TGCCCTTTGTACACACCGCCCGTCGCTCCTACCGATCGAAAGATATGATGAATTGTTTGGACAAGAAGAAAGGGGATTAT 

..... ••••••••• •••••••••• •••••••••••••.••••••••••.•••.••• ••••••• • A •.. ... ••••••••• 
•••••••••••••••••••••••••• V9 ••••••••••••••••••••••••• 

1818 
1839 
'840 
'839 
'840 

1891 
1919 
1920 
1919 
1920 

1971 
'999 
'000 
'999 
2000 

2051 
20,. 
20 .. 
20,. 
20 .. 

ATCTTCTTTTTTCTGGAAAAACCGTAAATCCTGTCTTTTAAAGGAAGGAGAAGTCGTAACAAGGTTTCCGTAGGTGAACC 2131 
••••••••••••••••••••••••••••••• • A •• • •• •• •••••••••••••••• "'''''''''''''''''''''''''''''''''''''''''''''''''' 2159 
•••••••••••••••••••••••••••••••• A •• • •••••••••••••••••••• ""'"""""'''' .. " .. """:,,,,,,:::::= 2160 
•• ••• T ••••• ••••••••••••• •••••••• A ••••• • • •••••••••••••••• """" .... "."""""",."""":"",, 2159 
•••••• ••••••••••••••••• • •••••••• A ••• •••••••••••••••••••• """" .......... """",.""""""::,, 2160 
•••••••••••••••••••••••••••••••••••••••••••••••••• 
TGCGGAAGGATCATTA 2147 
:::""',,:,,::,,,.,,:,,: 2175 
."""",, ........ ,,"""" 2176 
. "" .................. ,,""''' 2175 
":,,""",,::,,::,,,,:: 2176 

80 

Nole: The alignment of the coding sequence for P. vivax SSUrRNA was produced by the Clustal method. 
The first line represents the sequence of the SalvHdor strain; the lower lines represent the genes of four 
Thailand isolates and are shown only where the sequences differ from the Salvador strain. Dashes 
represent gaps where the sequences can not be directly aligned and -= - represent the 5' and 3'end of the 
gene that has not been cloned and sequenced. The sequence alignment underlined with stars represent 
regions that diverged rapidly in eukaryotic SSVrRNA genes. 
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Appendix m. 

Sequence Alignment of SSUrRNA genes from P. vivax, P. simium and P. CYlWmo/gi 

Pv-A 
Ps-A 
Pc-A 
Pv-c 
ps-c 
pc-c 

AACCTGGTTGATCTTGCCAGTAGTCATATGCTTGTCTCAAAGATTAAGCCATGCAAGTGAAAGTATATGCATAT- TTTAT 
..................... -.•••..... . .................. . . ...... . . . . . ... .... .... -..... 
...•.. . ....•.••..••....••••••......•..•............. . .... . . .... ....... . . .. -... .. 
.... ...... . . ............... ........ . . .................... . ... . ... c ........ T ••..• 
..... •.. •... •... •...•... •... . •...• ... •....... •. . . •... •........... c ........ T ••••• 
.... ........ . . . . .......... . . . . ... ........... ... ........... . ...... c ........ A • • c .. 

******* V1 • • • **** 

79 
79 
79 
80 
80 
80 

pv-A A TGT AGAAACTGCGAACGGCTCA TT AAAACAGTT AT AA TCT ACTT GACA TTTTTTCT - - - - -AT AAGGA T AACT ACGGAA 154 
Ps-A • ••••• _ ••...................• • ••••••••••••.•. ... ... . ••.•. • •••• •••••••••••••• . . T. 154 
Pc-A • ••••••••. ..............• • •. .•••••••••••••. . .. . ..... . .... T .. •• ••.•••••••••••••.• 155 
Pv'C . .. CG ••••••• _ ••••••..•...• _ •••••••••...... .... . . . ..•.• • T----CT ....• ••• • ••••• • ••• 156 
PS'C ..• CG ••• __ ._._._ ••••• • __ • • ••••••• • . . . • . . .....•.... . • • • • T----CT . •.......• ••••••••• 156 
Pc-C ... C •.• G ••••••••••••••••••••••••••••••.•..•.. . ... . ••••• TTTTTCT ........• • • ••••••• 160 

***** ****************** V2 ****** 

Pv-A AAGCTGTAGCTAATACTTGCCTTAGCACTCTTGATTCATTTCTTGAGTGTGTACTTGTTAAGCCTTT -TAAGAAAAAAGT 233 
Ps-A •.. . .••••••••••••••• T ••••••••• ••.•..... . ..••••••••••••••••••••• • •• . - ....•.• • • ••• 233 
Pc-A . .... ... . . . ......... T ......... .. .... A.G ........ ................. ... - ... ...• ••• • • 234 
PV-C ••.....••••••••••••• T ••• ATG •..• C •. CGA .. G .•••• G.CA •••••••••••••••••• A ••..... ••••• 236 
Ps-C ••••. . . . ...•••••••• • T ••• ATG . .•• C .• CGA •• G ••••• G.CA •••••••••••••••••• A •• . • .... •• • • 236 
Pc'C ..... .. ............ TT ••• TT ..... C .. CGA .. G ........ AG .......... - ...... A .......... .. 239 

Pv-A 
Ps-A 
Pc-A 
Pv-C 
Ps-C 
Pc'C 

Pv-A 
Ps-A 
Pc-A 
Pv-C 
Ps-C 
Pc' C 

Pv-A 
Ps -A 
Pc-A 
PV' C 
Ps-C 
Pc-C 

Pv-A 
PS' A 
Pc-A 
Pv-C 
PS'C 
Pc-C 

PV' A 
Ps-A 
PC ' A 
Pv-C 
Ps-C 
Pc-C 

****************************************************************** •••• • *** ••••• • 

TATTAACTTAAGGAATTATAACAAAGAAGCGACACGTAATGGA--- TCCGTCCATTTTTAGTGTGTATCAATCGAGTTTC 

• • ••• • • ............... .. .. ... TA •••••••••••. ··~ • ... . .. . ... .......... .••••••• •.... 
.• A •••••........ G . . ......•. •• T ••••• A •. GAA.GACC.G .....••.• A • .. . . .• . ..••••••••• • • • 
. • A •••••••• • • • • AGT •.•..•••••• T ••••• A •• GM. · ACC. G •••• AC ••• A • •• ••••••••.. .. • • .•••• 
.. A .... . . . ....... . ....... . .. . A .. ... AC .. CAAAGAT.· .A ... CAAAGC .............. ...... . 
*.* •• • • ••••••••••• ••• • • •••••••••••••••••••••••••••••••• •••• ••••••• 

TGACCTATCAGCTT TTGATGTTAGGGTATTGGCCTAACATGGCTATGACGGGTAACGGGGAATTAGAGTTCGATTCCGGA 

.......... .......... . . .......•....• _ •..• T .. .. ... . . .. . . . ... . . . ......... .....••••• 

... ....... . ... .. ........... _ •••.•....... T ........... . . .. . .... . .... . ..•..•••..... 

............... . .. .. . . ... .. .......... . ... . •••••••••........ .............. T . .... . 

GAGGGAGCCTGAGAAATAGCTACCACATCTAAGGAAGGCAGCAGGCGCGTAAATTACCCAATTCTAAAGAAGAGAGGTAG 

TGACAAGAAATAACAATACAAGGCCAAT'CTGGCTTTGTAATTGGAATGATGGGAATTTAAAACCTTCCCAAAACTCAAT 

•••••••••.. . .. . . .... . . A .... AA • ••• T •••••• . ••.• . ••...• • ••••••••• T • • ••.. . . T . • TA •••• 
. . ••••••• •............ A ... . AA •••• T •• .•.. .. . .• •. . •..• • • •••••••• TA •••••.. T . . TA •••• 
•.••••••••••• ... ... .. . A .... AA •••• T •... .. ...•••••••••••••••• . • . TT •••••• • T .. TA .••• 

• •••• ***............ .................. V3 ••• * •• * • • ••••••••••• ******* •••• 

TGGAGGGCAAGTCTGGTGCCAGCAGCCGCGGTAATTCCAGCTCCAATAGCGTATATTAAAATTGTTGCAGTTAAAACGCT 

...... ...... .... .... ........... ... .. .. --- .... ... ... .... ... ..................... . .... .. ...... .. ......... .. ......... ... ...... ........ ... .... .. .. .. ........ ... ..... 

310 
310 
311 
"6 
315 
318 

390 
390 
391 

"6 
395 
398 

470 
470 
471 
476 
475 
478 

549 
549 
550 
556 
m 
558 

629 
629 
6" 
636 
635 
638 



Pv-A 
Ps-A 
Pc-A 
pv-C 
Ps-C 
Pc-C 

Pv-A 
Ps-A 
Pc-A 
PV-C 
Ps-C 
Pc-C 

CGTAGTTGAATTTCAAAGAATCGATATTTTAAGCAACGCTTCTAGCTTAATCCACATAA" CTGAT'"ACTTCG'TATC 
........ .. ........................ ...... .............. ... .. .. .... -.... 
•••••••• . ••• ••••••••••••••••••••• ••••••• • G ••••••••• •• • ••••• •• ••••• -· - • • • A •• - •••• 
•••••••• ....••• ••••• C.A •••••.. .. ·T ••••• CGT ••••• AG .. . .... AGGGGT .• • GCCA. TCA •• G. T •• 
••••••••••.••••••••• C.A •••••••• • ·T ••••• CGT ••••• AG ••. .. . . AGGGGT . •• GCCA . TCA • • G. T •• 
••••••• . . . . •••••••• • C ••••••• .... ' T • . T • •• GT ••••• AG.G • • ... AAAAGT ••• GCCA· TC . •• G. T • • 

•••••••••••••••••••••••••• V4 •••••••••••••••••••••••••••••••••••• 

GACTT"TGTGCGCATTTTG"CTATTATGTGTTCTTTTAATTAAAATGATTCT-TTTTAAGGACTTTCTTT'GCTTCGG 
- -.. ........ .. . .... ..... ............ .. ....... ....... .. .. ....... .... .... 

••• •• " •••• ••••• ••• • -- •• • • • • •• •••••••••••••••••••••• • • C • •••• ••• T ••••• • • • T •• ••••• 
. G • • • C· • • • ••.... C·CTAC .... C.A. C .•• T ••••••••••• G .. -- . T . C .... T .AA. TC ••• • • • AC . •• AAC 
. G ••• C· • • • ••.... C·CTAC .... C.A.C ••• T •••••••••• :G •• -- . T . C •.. • T .AA. TC ••• •.. AC . •• AAC 
.G ••• TA •••••••. • CTCTAC . . . . C.A •.••• T ••••••••••• G •• --. T .C ..•• T .AA. TC •••. C.A ••• AAAA 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

PV'A C·T· TGGAAGTCCTTGTTACTTTGAGTAAATTAGAGTGTTCAAAGCAAACAGATATA GCA TTGCGCGTTT·GAATACTAC 
PS'A . .. .......................................... . ...................... - ........ . 
PC'A .A . · ...••• AT •••••••••••••••••••••••••••..••..•• . .... . •....•..••••••••••••• • ••••• 
Pv'C . A.A. T •••• ATT •••••••••••••••••••• A ••••• • • • T ............ C ......... .•••• TAG • •. .... 
PS'C .A .A .. •••• ATT •••••...•••••••••••• A •••••••• T ........... . C • . • .. .•••••••• T •••.•• ••• 
Pc'C .A .A .• •••• GTT •••••••••••••••••••• A •• ••• • ••.................• • . T •• • •••• · •• •...... 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
Pv'A AGCATGGAATAACAAA·TTGAACAAGTCAGAATTTTTGTTCTTTTTTCTTATTTT'GGCTTAGTTACGATTAATAGGAGT 
PS-A •••••• .. .....•.• A •••••••••..••••.•.• • ...••••••••••••••• - •••••••••••••••••••••••• 
Pc-A ••••• ....... . G • • A ••..•••••.. .. • ..... · . ..•..•••••••••••• - ••••••••••..•••••••••••• 
PV'C •••••.. . ..•••••• A •••••••••••. A • • C.A. GT . ..... ••• T .•.. • •. T ..•• •....... • . ••••••••• • 
Ps'C •••. ...... • • • • •• A •••••••• • • •. A .. C.A. GT . ...•.... T .•..••• T •••.... • . . •••• • ••• • ••••• 
Pc'C •••••• .......• •• A •••••••••. . . A .• C.A. GT ....• • • • • • • •••••• T •••• • • ..... . .. .••••• •• .• 

Pv-A 
PS'A 
PC-A 
Pv-C 
PS'C 
PC'C 

PV'A 
PS'A 
Pc·A 
Pv-C 
PS'C 
Pc-C 

PV'A 
Ps-A 
Pc·A 
Pv-C 
Ps-C 
Pc'C 

Pv-A 
Ps -A 
Pc·A 
PV'C 
Ps'C 
PC'C 

PV'A 
PS 'A 
Pc·A 
Pv'C 
Ps'C 
PC'C 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
AGCTTGGGGGCATTTGTATTCAGATGTCAGAGGTGAAATTCTTAGATTTTCTGGAGACAAACAACTGCGAA"AGCATTT 

••••••••••• G .... .. . . ...•...••••.•••••••••••••••••••••••••• • ••••••••••• . •. . • ..• •• 
• • T •••••• A ••••••• •• •• • •••••••••••••••••••• A •••••••••••••• •• ••••••••••• • ·G· •••• •• 
•• T • • •••• A • • • • ••••••••••••••• • ••• • • ••••••• A ••• • ••• • • • • • •••••••••••••••• - G· •••••• 
.. T .••••••• G .. • .. . ....•••.••••••••••••.•••••..•.... . . . .. ... . ..• •••••••• AG • • ••.. • 

GCCTAAAATACTTCCATTAATCAAGAACGAAAGTTAAGGGAGTGAAGACGATCAGATACCGTCGTAATCTTAACCATAAA 

CTATGCCGACTAGGCTTTGGATGAAAGATTTTAAAATAAGA'ATTTTCTCTTCGGAGTTTAT ' TCTTAGATTGCTTCCTT 
- -..... ... ....................... ....... . .. ..................................... 

••• • • •••••• •••• •••••••••••••••• ••••• ••••• G ••••••••••••••••• A •• C ••• •••••••• •••••• 
•••• A •••• . .•• • T •••••••••••• T .AAAC . .. ... . ·G •• AG •••••• • •• G.A.AG.C- .•..... . T .•••••• 
•••• A •.•• . •••. T ••••.•.•.•.• T .AAAC ...•.•• ·G •• AG •••.••• •• G.A.AG . C· ••• • • . • . T .. . . ••• 
••••••••• •.... T . . ......... . TAAAAC • •••••• -G •• AG ••.•••••. G.A.AG.C- •••••••. T ••••••• 

•••••••••••••••••••••••••••••• V5 •••••••• ••••••••••••••••••••••••••• 

CAGTGCCTTATGAGAAATCAAAGTCTTTGGGTTCTGGGGCGAGTATTCGCGCAAGCGAGAAAGTTAAAAGAATTGACGGA 

.. ........ ......... ..... ........ ........... . . ... . . . . ........ . ... . ..•.• •••••• .... 
•••• A •• C •• •••••••••••••••••• • •••••••••••• •••••••••••• • •• •• ••• • •••• • • •••••••••••• 
•••• A •• C ••••• • • ••• ••••••• • • • • • •• ••• •••••• •••••••• •• •• ••••••••••••••••••• • ••••••• 
• •• • A •• C •••••• ••••• •••• • • • • • ••••••••••••••• • • • •• • ••••••••••••••••••• •••• • • ••• • • • 
••••• 

AGGGCACCACCAGGCGTGGAGCTTGCGGCTTAATTTGACTCAACACGGGAAAACTCACTAGTTTAAGACAAGAGTAGGAT 

... ..... ... ................. ......... .... .. ...... .... ......... .... .............. 

82 

703 

'" 704 
715 
714 
71 • 

m 
no 
" .. 791 
790 
794 

854 
853 
858 
871 
870 
873 

932 
931 ,,. 
'51 

'" 953 

1010 
1009 
1014 
1029 
1028 
1033 

1090 
108' 
1094 
1109 
1108 
1113 

1168 
1167 
1174 
1187 
1186 
1191 

1248 
1247 
1253 
1267 
12 .. 
1271 

1328 
1327 
1333 . 
1347 
1346 
1351 



PV'A 
Ps·A 
PC'A 
Pv'C 
Ps'C 
PC'C 

PV'A 
Ps-A 
PC'A 
Pv'C 
Ps'C 
Pc'C 

pv-A 
Ps-A 
Pc·A 
Pv-C 
PS'C 
PC 'C 

TGACAGATTAATAGCTCTTTCTTGATTTCTTGGATGGTGATGCATGGCCGTTTTTAGTTCGTGAATATGATTTGTCTGGT 

• .... •••• G.G ..•••••••• C ••.•.•••••••••... ........ •••••••••••••••••....••••••••••• 
• .... ••• • G.G .. • . ••••• . •. .... ••••••••••• ........ •••••••••••••••••••• .. ..••••••••• 

TAATTCCGATAACGAACGAGATCTTAACCTGCTAATTAGCGGCAAATACGACATATTCTTACGTGGGACTGAATT CGGTT 
•••••...•.••••••••••.•••••••••... . ......•.••.•••..• T • ..•..•••••••••••.....•.•••• 
•••••• ••• •••••••••••••••••••••••••••••••••••••••••• T ••••••••• T •••••• T ••••• A ••••• 
•••••• . . . ...•••••••••••••••.. .. . .. •••••••• T •• G •••... . ••.. T ••• T •• C ••• T •. G .. CT •• A. 
......... .... ... . ......................... T .. G ..... ...... T ... T .. C ... T .. G . . CT .. A. 
.. •••••• ..... .•••••.•••.••.••.••••.••••••• T • • G •• .• • .... .. T ... TA .C.A. T •• G •• AT . TA . 

********************* V7 **************************** 

GATTTGCTTACTTTGAAG·········AAA········ ··· ··-----····ATATTGG··············-·-···G 

• •••• ••••• T ......... • .. • .. • ........... •••••••• .. ···, •• • •• •• ,·· ....... - ......... . 
•.. .. •.••• TA •••• G. T ·GCAATCT ••• TAGGGGATTGCAATTATACTTCG.G.C •• TGTTTCTTAATCGAATAGCT • 
•••• ..... • TA •••• G.T·GCAATCT ••• TAGGGGATTGCAATTATACTTCG.G.C • • TGTTTCCTAATCGAATAGCT. 
•••..... A. -A ••• CG. TCGCAAAT·· •• T·GAAGATCTTGATTGCTTTTC .CG.CA. TGTTTTCC ... ·GAATCGTT. 
*********************************************~********************************** 

Pv-A ATACG··TAACA····GTTTCCCTTTCCCTTT···- · ·-----TCTACTTAGTTCGCTTTTCATACTGTTTCTTTTTCGC 
Ps·A .A ••• ·· •... . ···· ........ .... .. .. ····--- - --- ••••... ........• ••••• •••••••••••....• 
PC'A .• G •• •• •.. ·.-·-- •. G ............. ··········· •••..... A .. T ..•• A •••••••••••••• ... ••• 
PV-C .. G •• TT .GGT • TATT . C .. T . ... . TTT •• ' ·ATTTCTGCGC. TC- T ... C .• G .... A . . G •.• C ••••• C •• .. T . T 
Ps'C .. G •• TT .GGT. TATT . C .. TTT ... TTT ••• TATTTCTGCGC. TC·T ... C .. G .... A .. G ... C .••• • C •••• T. T 
Pc'C . CGT .AC •• GT • TAT 'AC. CG. TCC. T • TG •• C·· ·CCTGGAC . TC .... CCC. G .... A .••... C ..••• C •••• T • T 

PV'A 
PS'A 
Pc·A 
Pv'C 
Ps'C 
Pc'C 

******************************************************************************** 

GTAAGAATGTATTTGCTTGATTGTAAAGCTTCTTAGAGGAACGATGTGTGTCTAACACAAGGAAGTTTAAGGCAACAACA 

....... .. ................ ............ .................................. ... ...... 
••• GA •.•..•..... A. T •. AT .•. .........•. •••••••••••••••••••••.••••••••••••• ....... • 
••• GA ••••...... . A. T .. AT ..........•••.•••••••••••• •••• .•..••••••••••••• •••.•..... 
.•• GA ••••..... AT . • T .• GT- .........••••••••••••.•..•..•....•..•••••••••••••••.•... 
****************************************** 

PV'A GGTCTGTGATGTCCTTAGATGAACTAGGCTGCACGCGTGCTACACTGATATGTATAACGAGTTATTAAAATTACG'ATTC 
PS'A ...... ................................. ........ G ............... . ... ........ . .. .. 
Pc -A . .. . . . .• •.•••••••••••••••••••••••••••... ......• ••••••••••••••••• C .•........ ·T ••. 
Pv'C •• ...... •.•••••••••••••••••••••.••• ........... •••••••• C •••••••• •••••••••••• • •••• 
PS-C •••• .. •• ..•••• • ••• • ••• • ••• • ••• • ...••......•••••••••••• C ••••••••• C •• G •• A •. T .C .. . T 
Pc-C ••••.. ... ... . •••••••••••••••• .. • ...•••..•••••••••••••• C ••••••••• C •• G •• A •• T .C .. AT 

*************** v8 **************** 

PV'A AGCT-- · - ··TGCT······GTTT···,·",····--CGTATTTTTCCTCCACTGAAAAGTGTAGGTAATCTTTATCAG 
PS'A .••• •·•··· .... ·····' .... ',··· ····-- ·-· •• C •••• ............. ..••••••.••••••••••••• 
PC-A T .•• --·-·· •• .. TG··CA .... ·,,· .. • .. ··-- - •.•. C •• .................... .••••••••••••• A 
PV'C .... ······ •••. '·,·,,·,,······ - ·GTTACG··· •................••.•........••••••••••• 
Ps-C C . .. ATTTTG •• .. T ATCCGGCCTTTTTAGCATTATGGCA .. C .. : ........ ....••••••••.•.. . ••••••• • • 
Pc'C ' . T .ATTT·G .... TATTCAGCCTTTT-ATCATTATGGCA .. C ....... .................... ... .. C. T .. 

PV'A 
PS'A 
Pc·A 
Pv'C 
Ps-C 
Pc-C 

PV'A 
Ps·A 
Pc·A 
Pv-C 
PS'C 
Pc'C 

**************************************************** 

TACATATCGTGATGGGGATAGATTGTTGCAATTATTAATCTTGAACGAGGAATGCCTAGTAAGCATGATTCATCAGATTG 
••••• •••••• ••••••••••••• A •••••••••••••••••••••••••••••••••••••••••••••••••• ••••• 
•••••••••••••••••••••••• A •••• ••• ••••••••••••••••••• • •• ••••••••••••• •••••••••• ••• 
....•.•••..•.•......... A.... .... . . ............. . . . ........ . .• . ...•.• 1 ••. ... 
•••••••••••••••••••••••• A ••••••••••••••••••• ••••••••• • • •••••••••• C ••••••• T •••••• 
•••• •••••••• • ••••••••••• A •••••••••••••••••••• •••••••••• •••••••••• C ••••••• T •••••• 

TGCTGACTACGTCCCTGCCCT1TGTACACACCGCCCGTCGCTCCTACCGATTGAAAGATA1GA1GAATTGTTTGGACAAG 
...... .... ......... ..................... .... .......................... ..... ..... 
.. .... ................................ ..... ................ ........ ...... .. ..... 
••••• • •••••• ••••••••• •••••••• .• •••••••••• • ••••••••• C •••••••••••••••••••••• •••• •• 
••• ••• •• • • ••••• • ••••••••••• • ••• • •••••••• ••• •••••••• C •••••••••••• •• • ••••• • • •••••• 
••• ••• •• • •• •••• • ••• • • •• • •••••••• • •••••••••••••••••• C •• G ••• C •• ••••••• •• ••• ••••••• 

**************** V9 ******************** 

83 

1408 
1407 
1413 
1427 
1426 
1431 

1488 
1487 
1493 
1507 
1506 
1511 

1517 
1516 
1522 
1586 
1585 
1584 

1580 
1579 
1584 
'663 
'664 
'660 

1660 
1659 
1664 
1743 
1744 

173' 

173, 
173, 
1743 
1822 
1824 
1819 ' 

'793 
'792 
1801 
1876 
1904 
1896 

1873 
18n 
'88' 
1956 
'984 
1976 

1953 

'95' 
1961 
2036 
2064 
2056 



Pv- A 
PI -A 
PC -A 
Pv-c 
Ps- c 
Pc-c 

AAGAAGGGGGATTATATCTCCTTTTTTCTCGAAAAACCGTAAATCCTATCTTTTAAAGGAAGGAGAAGTCGTAACAAGGT 

••••• A •••••••• ••••• T • •• ••••••••••• •••••• ••••••••••••• ••••• • • • • •••••• ••••••• ••••• 
••••• A • ••••••• ••••• T •••• ••••••••• ••••••• ••• • ••• c ....... . . . . . . . . . ... .... . . ...... . 
_ •••• ,t, •• ••••••• •••• T •••••••••••• ••••• •••••••••• c ....... ... . . ......... .... . . .... . 
•• A •• A.M •••••••••• A.A ••••••••• _ •••• T •••••••••• c ....... . . . . . ........ ....... .... . 
••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Pv-A TTCCGTAG - TGAACC1GCGGAAGGATCATTA 2063 
Ps-" ...... .. c .. . .......•.•......... 2063 
Pc- A •••••••• c. ••••••••• •••••••••• •• zon 
Pv-c •••••• .. G.. • • • • • • •••••• ••••••.. 2147 
Ps-C •••••••• - . .. ••••••••••• • ••.• . . . 2174 
Pc-c ••••••• • G.......... . . • ••....... 2167 

2033 
2032 
2041 
2116 
2144 
2136 

84 

Note: The alignment of the coding sequence for SSUrRNA was produced by the Clustal method with 
weight table. The upper line represents the sequence of P. vivax A gene; the following lines represent, 
from top to bottom, tbe A gene of P. simium, tbe A gene of P. cynomolgi, the C gene of P. vivax, tbe C 
gene of P. simium and the C gene of P. cynomolgi show only where tbe sequences differ from the A. gene 
of P. vivax. Dasbes represent gaps where the sequences can not be directly aligned. The regions that 
diverged rapidly in eukaryolic SSUrRNA genes are marked by stars below the sequence alignment. 
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Hollingdale, M.R. (1993). Plasmodium Jalciparum: Stage-specific ribosomal 
RNA as a potential target for monitoring parasite development in Anopheles 
stephensi. Experimental Parasitology 76: 32-38. 

Li, J., Wirtz, R.A., Zhu, J., Appian, A., McCutchan, T.F., Long, O. W., Milbous, 
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Abstract 

Two distinct small subunit ribosomaJ RNA (SSUrRNA) genes were amplified from the genomic DNA of Plasmodium 
~jVQx. Comparison of the two coding sequences reveals an overall divergence of 14.5'1. and most differences are 
clustered into the regions known to diverge rapidly in a ll eukaryotic SSUrR,.;tAs. Oligonucleotides complementary to 
unique sequences of each gene have been used to distinguish the transcripts expressed either at schizogony in human 
blood (A gene) or at sporogony in the mosquito (C gene). These oligonucleotides were also used to monitor turnover of 
ribosomes during parasite development in mosquitoes. Transcripts of the A gene were predominant in the infected 
human blood and engorged mosquitoes but disappeared within 24 h after feeding. Expression of the C gene in 
mosquitoes was not detected until day 6 after the blood meal. A period of rapid accumulation of the C type rRNA from 
day 6 to day 8 corresponds to differenttation of individual sporozoites within the oocyst. Possible functiona l 
implications relating to the timing of this transition are discussed. 

Key words: Plasmodium )'jvax; SSUrRl'\A; 18S rRNA; Developmental diagnostics 

1. Introduction 

The small subunit ribosomal RNA (SSUrRNA) 
gene sequence is a mosaic of conserved and vari-

'CorrcspolKliDI author. Tel: 301-4~149; Fax: 301-402-0079. 

Note: Nucleotide scqueoce data reported in this paper have 
been lubmiUed to the GenBankn.c and EMBL data basel with 
the accession numbers U07367 Ind U07368. 

0166-68S1/94/S7.00 C 1994 Elsevier Science B.Y. All righU restl"'led 

SSDI 0166 - 68S1(94)OOOS9-Y 

able regions [1,2]. The conserved sequences are 
localized to predictable regions of the gene and 
contribute to fonn the highly conserved second
ary structure. These core sequences appear to be 
associated with the universal function of the ribo
some in protein synthesis. The variable sequences 
are interspersed among the conserved regions and 
contribute the major differences in gene size and 
composition. The functions of these regions are 
less well understood. They are, however, of con-
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siderable interest because they retain the unique 
signature of each species and provide valuable in
formation for taxonomy and diagnosis [1- 3]. In
terest in variable regions of the gene in Plasmo
dium species potentially extends to understanding 
the biological role of the heterologous ribosome in 
parasite development. 

In contrast to most eukaryotic organisms, Plas
modium rRNA genes are unique with regard to 
copy number, genomic arrangement and develop
mental regulation of transcription (4-6] . The copy 
number of the gene is very limited, about 4-8 per 
haploid genome, and the sequences of different 
gene units are not identical. These genes are not 
arranged in a tandem array as is common in other 
eukaryotes, but dispersed among different chro
mosomes. The most unique feature of Plasmo
dium rRNA genes is the differential expression of 
their alternative forms at discrete stages of the life 
cycle. In previous studies, at least two types of 
SSUrRNA genes (types A and C) have been iden
tified from Plasmodium berghei and.P.Jafciparum 
{7- 1O]. The A gene is predominantly transcribed 
during the parasite blood and tissue schizogony 
in the vertebrate host while the C gene is ex
pressed during sporogony in the invertebrate vec
tor [5,6,11 ,12]. For the human malaria parasites, 
the partial and complete sequences of type A 
SSUrRNA genes have also been identified from 
P. vil'ax [13] and Plasmodium malariae [14], re
spectively. Elucidation of the types of P. I'il'ax 
SSUrRNA genes and their transcription pattern 
will advance the studies mentioned above and pro· 
vide new insight into the molecuJar mechanisms 
involved in parasite development. 

2. Materials and. methods 

PCR amplification oj SSUrRNA genes. The 
genomic DNA of P. vivax SAL I strain was 
kindly provided by W. Collins (Centers for Dis· 
eases Control, Atlanta). The complete SSUrRNA 
gene was amplified from the parasite DNA with 
oligonucleotides 705 (5'·AACCTGGIT· 
GATCITGCCAG-31 and 573 (5'-GACATC
CATCGTTAAGAcrGTGC-3') as 5' and 3' end 
primer, respectively. Both of the primers are 

known to be conserved for the genus Plasmo
dium. The polymerase chain reaction (PCR) was 
set up in a 100-1'1 reaction containing 20-50 ng 
parasite DNA/ 100 pmol of each primer/ 200 I'M 
of each dNTP/ 50 mM KCI/ IO mM Tris-HCI, pH 
8.3/ 2 mM MgCI,J 2.5 UTa. DNA polyme..ase. 
All reagents except target DNA and primers were 
obtained from Perkin Elmer Cetus (Norwalk, CD. 
The reaction was processed in a Perkin Elmer 
DNA Thermal Cycler ·with the following para· 
meters: 94°CjI min for denaturation, 55°C/I min 
for annealing, 72°C/3 min for extension and a to
tal of 30 cycles. 

Cloning and\. sequencing oj the SSUrRNA 
gene. The PCR products were purified with the 
Magic PCR Preps DNA Purification System 
(Promega Corp., Madison, WI). The recovered 
DNA was treated with Klenow DNA polymerase 
(BRL, Gaithersherg, MD) and inserted into the 
SmaI site of the vector, pBluescript SK (Strata
gene, La Jolla, CAl in presence ofT4 DNA ligase 
and Smal enzyme (BRL). The resulting plasmids 
were transformed into E. coli DH5 a strain (BRL) 
and the desired clones were selected by hybridiza
tion with rRNA olig9-probe 569 (5'·GTTCAA
GAITAATAAITGCAA-3'), which is conserved 
for the Plasmodium genus. The inserts were se
quenced by the dideoxynucleotide chain termina
tion method [15] with a Sequenase Kit (USB, 
Cleveland, OH). The sequence alignment and 
other analysis was carried out with . the Lasergene 
software supplied by DNASTAR Incorporation 
(Madison, WI). 

Isolation oj total RNA Jrom P. vil'ox. Infected 
mosquitoes were produced by feeding laboratory· 
reared Anopheles dirus on P. lIillox-infected humao 
patients in Thailand. Mosquitoes were held at 
26°C and 10 insects were removed 2 b after the 
blood meal and thereafter every 2 days. Parasite 
development in the mosquito was monitored by 
microscopy of midgut oocysts and salivary gland 
sporozoite. Mosquitoes and patient blood samples 
were frozen and shipped on dry ice to our labora
tory. The isolation of total RNA was as previously 
described [12J. 
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Oligonucleotide and hybridization. Oligonucleo~ 
tides used for the hybridization assay were synthe~ .
sized with the Applied Biosystems 381 DNA 
synthesizer (Foster City, CAl. ·The sequences of 
the genus and species stage·specific oligomers and 
their relative positions in SSUrRNA gene are 
listed in Table 1. The radioactive labelling of oli· 
gonucleotides and the dot blot hybridization were 
previously described [11,12]. 

3. Results 

Two structurally distinct rRNA gene units. PCR 
amplification of DNA from P. vivax, SAL I 
strain, with a genus conserved primer pair (nos. 
705 and 573) yielded fragments approximately 2.5 
kb in length, which contain the entire SSUrRNA 
gene and the internal transcribed spacer -<nSl) 
between that gene and the 5.8S rRNA coding re
gion. All fragments were cloned into the SmaI site 
of the pBluescript SK vector. The physical map 
generated by restriction of purified plasmids·with 
EcoRI and BamHI indicated at least two major 
types of rRNA gene units; one:·: type was · not 
cleaved while the other type was ~Ieaved once by 
either enzyme (see Fig. I for restriction sites). 

Characterization of SSUrRNA gene sequences. 
The clones pVSA53 and pVSA46 are representa
tive of.2.5 kb fragments containing type A and C 
SSUrDNA genes as distinguished by . hybridiza~ 
tion (see below). The inserts were sequenced on 
both stands. Fig. 1 shows a MartinezjNeedleman· 

Table 1 
P. vivax SSUrRNA gene specific oligonucleotide probes 

Name- Cod, Sequcnce (5' ... 31 

Wunsch DNA alignment of the two sequences. 
The mature SSUrRNA coding regions were 2063 
and 2147 bp in length for type A and C genes, 
respectively. The overall similarity between the 
two SSUrRNA gen~s is 85.5%. The G/C content 
for both genes is 38%. The differences are mainly 
clustered in three regions (positions 170-300, 650-
940, 1460-1690) known to diverge rapidly in all 
eukaryotic SSUrRNAs [1 ,16]. These regions corre
spond to the predicted variable region V2, V4 and 
V7 from a general rRNA secondary structural 
model [1]. The difference in size maps to. these 
variable regions, particularly in the V7 region 
where the C gene contains 64 additional bases. 
No sequence similarity was found between the in
ternal trans2qbed spacers of the two distinct 
rRNA gene units (data not shown). 

Selection of rRNA gene specific oligo-probes. 
Oligonucleotides complementary to the unique se
quences of each SSUrRNA gene (fable 1) were 
evaluated for specificity and sensitivity by dot 
blot hybridization. The SSUrRNA A gene speci
fic probes hybridiZed exclusively to RNA from P. 
vivax infected human blood and the plasmid clone 
pVSA53 (Fig. 2). The C gene specific oligomers 
hybridized solely to RNA from the sporozoite in
fected mosquitoes and the plasmid clone p VSA46. 
The PlasmodilmJ genus specific rRNA probe 
(fM 10) hybridized with both plasmid clones and 
all the infected specimens, including P.falciparum 
SSUrRNA. Among the evaluated oligomers, 741 
and 743 were the best probes in terms of effi
ciency of hybridization with the A and C gene 

b. Position" T",("Ct 

P"A 744 GTACACACTCAAGAAATGAATC 22 2Jl7 _ 186 60 
P"A 741 AACCGAATTCAGTCCCACGT 

p,c 684 CATGCCCAAGACATTOGTOG 
p,c 745 OOAAACCGTGATTGGCrCAA 
p,c 743 ATCCAGATCCAATCCGACATA 
p,c 703 GCCAAGTAMGMGCGCAG 

-PYA and PvC; specifiC to P. vlitax type A and C SSUrRNA genes. 
"Position of the antisense oligonucleotides from origin.a.l sequences (See Fig. 1). 
'"Melting temperature calculated as T ... .. 4{C+G) + 2(A +1). 

20 1488 .... 1469 60 

20 207 .... 18. 62 
20 716 .... 697 _ 60 
21 IS07 .... 1487 60 
19 1640 .... 1622 " 



89 

286 J. Li ~t aJ./MokcuJar and BiodtmIk aJ PartlSi/o/DIY 61 ( /994) 28J-289 

•• I_'flU-···----_> 
M,t;f;"/c;c;nc;,o,TCTTGCCM;TMm:"T"T~"AIt«.U.TCeMC:Tt;AAAGT"T"'TCeIoTATTTT-"'T"TCT~c;cc;.u.cc;c;cTCAn~ATMTC I I' 
•••.•...... . •.... ..•.•••.•••.•.......•••••.•.•••.•.••••.•. •....•• C ••••••.•••. T . . ... eG ••••••••••••• ••. ••••••••••••.•••••• I n 

TIoC'TTCN;"1TTTTT·t;TAT'V'C;C;'O'TMCT~c;TtwCT ...... T.o\CTTGCCTT~-cr-T-QTK·A"·~T<i-·T<OTACTTiOTTAAGCeTTT-TMt:.AAAAA '10 
•••••••• _. _ •••• T ••••••••• _. _ •••• _. _ •••••• _ •••••••••••••• T •• , •• • - . ... .. c.c.,--.".,. ........ ,' ,-.a. ............... . . .... .. _ ...... UJ 

• ..... 1· 
AG"ATT..v.enMGGM""T'U'O:~"-.. TG4I\t("_ ·e=ATTTTTAC11"I11Vr"teMt("GAG'T!'TeT~"te~TGTTM;GC;T"TTCCCC'tAA ItT 
••••. A ..... . . . ..... .......... . . .... T ••••• ,. •• G . ...... c . TG ••••••••• A ••••••••••••••••••••••• . ••••••••• •••• ••••••• • •• . •••••• . •••• JU 

C ... TtGc'T ... T~TMC""'"""".o.c.>.&"C:C:'O'TTCC~TAGCT.o.ccM:o\KT'~"·_\GGeo\Ce."GC;CQeCTMA"IICC<: ...... TTCT.........c.v.~ t t l 
••• T ••.•. .........•.•... . . . • •.. •• • •••••••••••••••••••••••••••••••••.•••••••••••••••••••••••.. .........•• •••• • ••••••••••• 4 l) 

fMlfCACMt;AAAfMCMfACAAGGCCMf-~Mf1'(l(lAATCllfGG/OM.TTT............a:TI-.AAN:T-CM"'"I'oGGGCA·CT'CTGCTCCeo\QCNXCtcCGTM" it ) 
••••••••••••••••• • • • • • ••• I1. • • •• Ai\ • ••• t •••••••••••••••••••••••••••• t •••••••• T •• -. II. •.•.•. • • ••••••••••• •• ••••••••••••••• . ••• '"~ 

CCACCtCCAAtAtcCTII.tll."M.IoA"CTtGCAo;nMAACCCKGtAGTtCNITTTCAMC:MT'CGATII.TTTt~- retAGCt'TII.-lI.tcCACAtAACtCllt -II.-CT-- t<: _ It • 
•••• . • . • . • . •••••••••••••••••••••••••••••••••••••••••••••••••••• • C . II ••••••••• T- ••••• CG.- • . ••• - .G . ••••• . - .GGG. T . G . G.CM •• II 10' 

·G·tIlTCCACTT -TGTtcGCATTTTGC-TII"lI.tGTGTTCTTTtMTTM.IoATCllneTTTTT~-netntc-TT--CGGG·T·TGGoVoG-t<:CTTCTTACTTTc:AGTAMTT l OT 
C.G. T ••• G • . • C • . • .•. • . • CC.II.C •• • C . II .C ••• T ••••••••••• G •• T •••••••••• II.- . - . C •••••• II .C •• M .--. II.II • • • . • . II.T- • . • . ••••••••••••••• IU 

IICIIGTCTTcAAAc;cAAACACATIITlltcll."tctcG-TTTGMTACTACA«II.TGCAATMCAAA -~TTTTTG-1'TC I I I i I ICI III.·TTTTGCiCTTAGTTACCIITT tZl 
. II. ••• ••••• T . • . • . • . • . ••• C • . ••••••••• T •••••••••••••••••••••••••••• II. ............ II. •• C. II .·. T • ••••••• • T • • . T . ••••• . • . • . •• . •• . • . ttl 

MTAGGAGTIIGCTTGGGGGCATTTGTII.TTCACAfilT(:AGAGGfCllMnenACATtTTCTGC-"4I-~.N;AACttcGAAAGeAfTT(;(;CTM.IoATACTTCCATTMn:AAGAN:'""'-'AG 104) 
••••••••••• T . • . • . • II. • . • . • . • • • . • • •••••••• • ••••••••••• II •••••••••••••••••••••••••••• G ••••••• T •• . ••••• •••••.•. • • ••• . • . •••• . •• I on 

"~~TCACATACCGTCGTMTCTTAACCIITAAACTIITtcCGACTAGCeTTTGGATC:AAAGATTTtIl-AMTMtl.AAI '1Ie.e IICc;c:AGTTTIITTC'TTACATTC I I I' 
••••••••••••••••••••••• •••••• . • . • . • . • . ••• .•. • . •••• . 11 . •• . • . •.• f •.•••••••.•. - •. M . C •••••• . G •• AG ••••••••• G. II .·. G •• C ••••••• T litO 

CTTC~lIfCM;AAAT1:NIA~IITTCGCGC~AAAAGAATTCAC(;G·~~tcGGGTTM 11 ' 1 
•.••••••••• II. •• C •••••••••••••••••••••••••••••••••• . •.•.••••••••••.••••••••••••••••••••••••••••••••••••••••••••••••••••••• uoo 

TTTCACTeAACAC~A<OTTT~ ' G' C ' 'C;'CTACiGATTGACACATTMTAGCiCT i TeT ICllfT'fCTTCCATo:cTCAT«ATClXCC I 1.1 lAO;T1'Co;T(;AATIITCATTT 140 ' 
.••••••••••••••••••••••• . •.•.• . ••••••••••••••••••••••••• G. G •••••••••• e ...................................... . . . ......... 1410 

' ~oal ' 
G'KTGGTTMTTCCGll.T~TCTTAACCTGCtAATTAGCGGC\AAT~TII.TT'CTTACc;T~TTC·c;c;TTGATTT«TTACT- T'T'COAAG---M-·-MTII.T I'll 
••••••••••••••••••••••••• ••.•.••••• ••••••••••• • •• T •• G ••••••••••• T ••• f •• C ••• T •• G •• - . T . • 11 •• . • .•. •••• -.11. •••• G. To:: •. ret •• - •• IUl 

, 
tGGG- IITACCTAAC-AGT--TTCCCTTTCCCT-TT'fCf-ACT---_fAG_f _ ·TC«_TTT· ·T'CAfACTG· TTTC· TTTTT-----·-C-C;CC;- T-----II.- -AG---- --- -- - -- - - I ~u 
A ••• C; .. T-.C .. TT . - • AC ... G-. G •• CG .G ..... f . II. . CGM . ; .C. GII. . - •• C; ••• (;G . - ... T . • e .... e ..... TTTATTT • T ... e . TCTTT . CTT .GCTTllt<:GTACCGT IIU 

----- -- ---------MTGTATTTGC·TTGAT-TGTAAAGCTTCTT~TGTGTGTctAACACJ'AGCo'·GTTTAAIlGCMCAACACC;ti;tGT<;ATGTCCTtACIITWoACTAG 1'" 
TTCCTTTTTCTCTACA •••••• ••••. 11 . • - •• 11..· •••••••••••• . • . • . ••••••••••••••••••••••••••••••••••••••• : ••••••••••••••••••••••••••• IllO 

C;CTGCACCCGTGCTt.CACTCATII.TCTII.TAACc:AGTTATTM.IoATTACCIITT'CAGCTTGCTCTTTCGTATTTTTCCTCCACTGMAAGTGTAIlGTMTCTTTII.T'CAGTACATII.TCCTGATG IIOT 
........................ ... C· .. · • · ..................... . ....... A ........................................................ lito 

GGeATACIITTCTTGCAATTIITTAATCTTGAACe.\CGNITo::cTAGTMGCATCATTCAt<:ACIITTGTGCTGAct~CTTTGT.o.c.o.CACCGCCCCTCGCT«T~TtGA ' t27 
•••••••••• A •••••••• ·· · : ··· · ••••••••••••••• • • • ••• • •• e ....... T ••••••••••••••••• • • • • • • • • • •• • • • •••••••• • • • • • • • •• ••• • • •• • • c .. 20 10 

AAGATATGll.TGMTTGTTTGGAC~TTATATCTCCTTTTTTCTc;c;.tu\AAACCGTAMt<:CTATCTTTT·· ' GCII '-Cc,t.c,o.·Ct<:CTMCAACCTTTCCCTAC- TGMC 204' 
.. . . . . . . . . . . ...... . . . A . ........ .... T ...... . .... . ............... G .......... .. .... ............... ...... . . . G . • . • . 11)0 

CTC;C~TCII.TTA 20n c_ - - --.- - - . - -.-- - - --- - ------ ._. _____ ____ • ______________ • ____ ._ • ______ '>TTAGCACMltcTTMCGll.TGCATCn: Z Hl 

••••••••••••••••• 2Hl c ·----------------lntun&1 Tronoc:dbtd spoc:u UTlU ··---------------->II. . C; • •••.•.• ••• ••• ••••• . ••• 2U7 
c--- .---- ---- -p. iN' H l) 

Fig. 1. The sequence comparison of two rRNA gene units amplifiod from lhc genomic DNA of Plasmodium rlwu. The complete 
sequence of tbe mature SSUrRNAs starts from lhc S'cnd, and is followed by lhc 3'end internal transcribed spacer (brakcu IiDe with 
arrow) as well as lhc S'cod of S.SS rlU'lA geDCS. The upper IiDe shOWl lhc A gene 1eqUCDC:e which 'is transcribed in lhc erythrocytic 
stage. The Jower IiDe is the C gene which is expressed in the aporozoite . lage and mows only wbcre the sequcooe difTen from the A 
gene. Dashc$ represent gaps when: the two sequeooes cannot be direet.ly aJipcd. The position of restriction sites and the amplifICation 
primcn are markod in the figure. The GenBank TM accession number ror P. , il'lU SSUrRNA gene seqUCDOCS arc: type A, U07367; type 
C, U07361. 

transcripts, respectively. Sensitivity for detecting 
P. yjyax infected mosquitoes was determined by 
hybridizing probe 743 to RNA isolated from a 
single uninfected mosquito mixed with a known 
number of salivary gland sporozoite (Fig. 3). The 
lower limit of sensitivity was fewer than 400 spor-

ozoite. This is well below the average number of 
sporozoite per mature P. yjyax oocyst, estimated 
to be between 2000 and 6000 [17]. This presum
ably assures detection of the C gene transcripts 
even if only a single oocyst completes develop
ment in the mosquito. The correlation between 
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Fig. 2. Dot blot hybridiution of Plasmodium SSUrRNA specific oligonucleotides to the RNA isolated from infected and uninfcctcd 
human blood cells and mO$quitoes. Plasmid DNAs containing the A gene, the C gene and no insert were used as hybridization 
controls. The membranes were then hybridized with up cnd-labelled oligonucleotides at SSGC overnight and the autoradiography 
was processed at -20·e for 3 h 11I,12J. 

the strength of the hybridization signal and the 
number of the parasites confirmed the sporozoite 
origin of the C gene transcripts (Fig. 3). 
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Fig. 3. The sensitivity of sporozoite detection: the total RNA 
prepared from a mixture of a known number of P. vivax spor
ozoite and one mosquito (Anophtk3 dlnu) was probed with 
oligomer 743, which is complementary to the C type rRNA of 
P. vivax. 

Developmental switch of rRNA forms. Differen
tial expression of the structurally distinct rRNAs 
in P. vivax was followed by probing total RNA 
isolated from mosquitoes at different intervals 
after the infectious blood meal. One tenth of the 
sample isolated from 10 pooled mosquitoes was 
used so that hybridization results shown in Fig. 4 
represent the average signal from ODe mosquito. 
The A gene transcripts were predominant in in
fected blood and engorged mosquitoes, but disap-

~6c Da)'i poll infeo;tion 
OIipPn:ibu -:O~~C1C.::02"--'=.::":O'="8"-clCO~IC2~1-'~I-'~ 

Fig. 4. The accumulation of C gene transcript during parasite 
development: RNAs isolated from P. vivax infccted mosqui
toes at different time intervals after the infectious blood meal 
were probed with oligomers 741 (upper stripe) and 743 (lower 
stripe), which arc specific for P. vivax SSUrRNA A gene and C 
gene, respectively. Each dot represents the average Signal from 
one tenth of a IO-mosquito pool collected at each time point. 
"The sample from day I was collected 2 h after the mosquito 
fed on the infected patient. 
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Fig. 5. Individual variability of type C transcripts during devel
opment. Total RNA prepared from individual mosquitoes was 
isolated at different intervals after the blood meal and was 
probed with oligomers 741 (left panel) and 743 (right panel), 
which are specific for SSUrRNA A gene and C genc, respec
Ih-d y. 

peared within 24 h after the blood meal. The posi
tive day I signal, two h after the feeding, presum
ably represented undigested blood stage parasites. 
The C gene transcripts were not detected in the 
infected mosquito until day 6. After day 6, the 
signal sharply increased and then levels off at 
about day 10-12. This rapid accumulation of C 
gene transcripts occurs during late sporogony 
when the ooeyst has grown almost to mature size. 
This procedure was repeated using individual P. 
I'il·ox infected mosquitoes (Fig. 5). Some varia
tion in signal strength among the samples col
lected at anyone time point exists and probably 
relates to variability in number of ooeysts that 
develop on the mosquito gut. However, as an 
average, the results were equivalent with those 
shown in Fig. 4. 

4. Discussion 

It has been suggested that the two ribosome 
system evolved in response to its special environ
ments in a two host system [7]. The change in 
ribosomal types is shown here to correlate better 
with a discrete stage of sporozoite development 
than with one host or the other. It will be difficult 

to detennine why the two ribosome system arose 
until we understand the functional significance of 
the variation between the different genes. It may 
be that the different ribosomes have functiona l 
differences pertaining to protein synthesis, as 
translational control can be associated with varia
bility in ribosome structure. For example, even 
though Plasmodium species are unique in making 
distinct types of rRNA, they are not unique in 
maintaining heterologous populations of ribo
somes. Ribosome heterogeneity has recently been 
discovered in diverse organisms ranging from pro
tozoa to humans. In these systems ribosome mod
ulation is ~ssociated with changes in the quality or 
quantity of certain ribosomal proteins or the 5S 
rRNA [18}. Alteration of ribosomal protein re
sults in modification of ribosomal ronn and func
tion. Different approaches to ribosome heteroge
neity may serve similar functions in the modula
tion of translation and, hence, the heterogeneity 
seen in Plasmodium species may be reflective of a 
broader, biological phenomenon. Alternatively, 
we have suggested that the presence of different 
ribosomes may relate to mechanisms of transcrip
tional control which open different areas of the 
chromosome to transcription at different times 
during development {7J. This would be consistent 
with the interesting suggestion put forth by Enea 
and colleagues [19,20] that, with regard to transla
tional machinery, there may be no functional dif
ference between the two ribosome types. 

Two structurally distinct ribosomal RNA genes 
were isolated from the genomic DNA of P. vivox 
and their transcription pattern studied during 
parasite development in the mosquito. Two inter
esting features of the gene expression warrant 
comment. One is the lack of detectable transcripts 
in infected mosquitoes between days 2 and 6, and 
the other is the rapid accumulation of the C gene 
transcripts between days 6 and 10 (Figs. 4, 5). 

Analysis of RNA from P. Jalciparum zygotes 
and ookinetes developing in culture clearly shows 
small amounts of a C type transcript [6]. The ap
parent gap in the detection of transcription imme
diately following that period of parasite develop
ment is difficult to interpret. This gap may simply 
relate to our inability to detect transcripts from so 
few organisms. The lack of detectable transcripts 
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from immature oocysts is somewhat surprising, 
however, due to the sensitivity of the assay. _The 
notably low concentration of either A or C tran· 
scripts during early oogenesis may be an indicator 
of a period involved in the transition between ri
bosomal types. 

The period of rapid accumulation of sporo
zoite-specific rRNA begins at a time in parasite 
development when the size of the oocyst is al
ready close to its maximum and nuclear division 
has been completed [21]. Physical separation of 
individual sporozoites during this period has been 
shown by observation of the cytological process of 
sporozoite production [17], indicating that up-reg
ulation of transcription of the C gene is, at least 
temporally. correlated to generation of individual 
sporozoites within the oocyst. Hence, the transi· 
tion between ribosomal types in Plasmodium vi· 
vax appears to reflect its state of differentiation 
rather than the host in which the parasite resides. 
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INTRODUCTION 

Why study the ribosomes of Plasmodium 
species? The central reasons are potent and 
relate not only to understanding ribosomes 
but also to investigating the biology of the 
parasite. It is true that most of the experi
mental approaches that have led to produc
tive study of the ribosome as the centraJ 
complex in protein synthesis are presently 
impossible to apply to Plasmodium species. 
For example, it is unlikely that, in the near 
future , we will have an easily manipulatable 
genetics system in any of the Plasmodium 
species or the potential to isolate material 
suitable for biochemical analyses (for ex
ample . an efficient translation system, a ri
bosome reconstitution procedure, or good 
systems for structuraJ probing of funct ional 
ribosomes). Alternatively, much that can 
be learned by studying ribosomal RNA 
(rRNA) rests with the predictable way in 
which the rRNAs of all eucaryotic organ
isms are structured and the generally ac
cepted association of certain structural con
figurations of the rRN A with catalytic 
mechanisms involved in protein synthesis. 
Further, several features of the rRNA of 
Plasmodium species set them apart from 
the rRNAs of other organisms and greatly 
expand the potential benefits of their study. 

437 

This review will briefly discuss what is 
known about the Plasmodium small subunit 
ribosomal RNA (SSU rRNA) and then out
line potential ramifications of rRNA studies 
for taxonomy, population genetics, drug 
design , developmental biology, drug and 
vaccine assessment, and the study of ribo
some function in eucaryotic organisms. 

THE RIBOSOMAL RNA OF 
Plasmodium SPECtES 

The SSU rRNA gene sequences of Plas
modium have been an31yzed from a large 
number of species , including those that in
fect humans, nonhuman primates, rodents, 
birds, and lizards. In general, the results 
show that the SSU rRNAs of Plasmodium 
species , like all eucaryotic rRNAs, are a 
mosaic of conserved and variable regions , 
The conserved sequences are loc31ized to 
predictable regions of the gene and contrib
ute to form the highly conserved secondary 
structure of the eucaryotic rRNA (Fig. tAl. 
These core sequences appear to be associ
ated with the universal function of the ribo
some, as in 311 organisms. As these core 
regions are considered to be an important 
indicator of the phylogenetic relationships 
among organisms, rRNA sequence analysis 
has been used to explore phylogenetic as-
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sociations among Plasmodiu m spec ies 
(Waters et al. 1991, 1993). The variable se
quences are interspersed among the con
served regions and contribute the major dif
ferences in gene size and composition. Al
though the functions of these regions are 
less well understood. they are of consider
able interest because they retain the unique 
signature of each species and provide vaJu
able information pertaining to population 
structure, taxonomy, and diagnosis. As de
scribed below, this is being used to gather 
information about population structure of 
Plasmodium species that was previously in
accessible. 

Some features of the sequence and geno
mic arrangement of rRNA genes of Plasmo-

dium are different from those found in other 
eucaryotic organisms. For example, most 
eucaryotic organisms have ribosomaJ genes 
that are highly repetitive and arranged in 
tandem arrays. The number of locations of 
these tandem arrays is usuaJly restricted to 
one, or a very few regions of the genome. In 
contrast, Plasmodium species have four to 
seven genes which are dispersed to nearl y 
as many chromosomes (Wellems et at . 
1987). Further, unlike most eucaryotic or
ganisms, where copies of the rRNA genes 
within an organ ism are identical, each 
rRNA gene of Plasmodium seems to retain 
a unique structure. Analysis from three 
species of Plasmodium showed at least 
three types of gene broadly defined by re-
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striction site and heteroduplex mapping of 
mature coding sequence (Dame el 01. 1984; 
Dame and McCutchan 1983; Unnasch and 
Wirth 1983; Langsley el 01. 1983). Hence, 
these organisms do not employ all the stan
dard eucaryotic mechanisms involved in 
homogenization of rRNA sequences, al
though it seems clear that gene conversions 
have had a significant effect on their evolu
tion (Enea and Corredor 1991). 

One of the more interesting features as
sociated with the ribosomal RNA of Plas
modium species is that their expression is 
clearly regulated during the parasite' s life 
cycle, as outlined in Fig. 1 B (Gunderson et 
01. 1987; McCutchan et 01. 1988; Waters et 
01. 1989; Li et of. 1994). One type of gene is 
expressed in the asexual blood stage form 
of the parasite (the A gene) while it is in the 
vertebrate host . and another type is ex
pressed in the mature parasite of the mos
quito (the C gene). The C gene is not abun
dantly expressed until about 6 days after 
fertilization in the mosquito (Li el 01. 1994). 
This timing corresponds well with the dif
ferentiation of the parasite into individual 
sporozoites rather than simply wit h the 
presence of the parasite in the mosquito as 
was originally postulated. Further investi
gations of the Plasmodium vivax genome 
have resulted in the isolation and cloning of 
a third type of ribosome gene (0 gene), 
which is expressed in the maturing oocysts 
as early as 2 days after fertilization (Li and 
McCutchan. unpubli shed). The 0 gene 
transcripts are not detectable when sporo
zoites are purified away from the mosquito. 
This may indicate that ribosomes are sorted 
in the oocysts, directing C ribosomes into 
the budding sporozoites and excluding the 
o ribosome even though the cytoplasm of 
oocyst and sporozoite are interconnected. 
Another curiosity of the three ribosome 
system relates to the period of transition 
between types. The active clearing of one 
type of ribosome and maturation of another 
type of ribosome appear to be integral parts 
of cellular differentiation, both playing im-

portant roles in parasite development (Li el 
al. 1994). 

The progression of development in the 
liver also seems to correlate with a transi
tion of ribosome types (Zhu et of. 1990). 
Investigation of the transition between ri
bosomal types during the invasion process 
indicated that the "switch signal" is not re
lated simply to temperature changes, at
tachment to liver cell s, or even inva~ion of 
li ver cells. Irradiated sporozoites, which 
develop for a period of time in the liver but 
do not produce active infections, do make 
the transition from C ribosomes to A ribo
somes in a manner indistinguishable from 
untreated sporozoites. Hence, only suc
cessful invasion of the cells results in ex
pression of the A gene. 

ApPUCA T IONS TO 

B IO LOG ICAL INVESTIGATION 

rRNA genes are the target of choice for 
species identification because they are the 
only sequences that allow one to amplify 
species-specific sequence using ge nus
specific primers (14). Amplification of all 
types of Plasmodium rRNA genes from the 
same primers, "competitive" PCR, adds a 
quantitative aspect to parasite analysis. A 
few specific applications are described be
low. 

With regard to taxonomy, we consider it 
important to provide a simple molecular 
identification mark for Plasmodium species 
(Waters and McCutchan 1989). Many spe
cies of malaria cannot be distinguished on 
the basis of the morphology of the blood 
stage parasite . Many distinctions must be 
made on the basis of careful morphological 
examination of forms collected throughout 
the complete life cycle and by observing the 
range of host specific ity. Due to the diffi
culty involved in establishing and charac
terizi ng these differences, an understanding 
of the population dynamics and distribution 
of many species is not well understood. 
Even the distribution of the human malaria 
species and the degree to which people are 
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infected with more than one species of par
asite has been vastly underestimated 
(Snounou et af. 1993). 

The fact that the ribosomal genes are all 
polymorphic in form and reside on different 
chromosomes allows one to follow the dis
tribution of particular chromosomes. Com
petitive PCR allows these data to be as
sessed both qualitatively and quantita
tively. Such a procedure can be applied 
directly to field isolates and the data de
rived used to determine the extent of chro
mosome segregation among field isolales. 
Work of this type should answer a number 
of questions relating to possible clonal vari
ation and allow a modeling of disease pa
rameters. The extent to which clonal types 
are maintained , as opposed to being mem
bers of one large gene pool, is of impor
tance to vaccine design and dissemination 
as well as decisions about anti-malarial 
drug distribution . 

Species-specific primers serve to amplify 
developmentall y regulated target se
quences in competitive RNA PCR mixes. 
This is important in monitoring interrup
tions to development and quantifying de
velopment success in either individuals or 
populations. We have show n that one can 
quantitatively follow the development of 
the parasite in the mosquito and in the li ver 
using this technique. Where a quantitative 
assessment of the effects of anti-malarial 
drugs or vaccines are considered useful in
dicators, this approach should have consid
erable value. 

INTERACTION WITH OTHER MOLECULES 

Study of the Plasmodium species offers 
at least two possibilities for gaining insight 
into the functions of the eucaryotic ribo
some. One relates to correlation of se
quence differences in rRNA and corre
sponding differences in the subset of mac
romolecules that associate with the rRNA 
during protein synthesis. The other relates 
to the subcellular distribution of the rRNA. 

During the course of ribosome synthesis, 

assembly, and function , the ribosome inter
acts with many molecules. As the rRNA 
may provide the catalytic moiety for pnr 
tein synthesis , distinct functional differ
ences between ribosomes may relate di
rectly to rRNA sequence differences. The 
function of the distinct rRNAs is also de
fined by assembly with other components 
of the ribosome, in particular the ribosomal 
proteins and interaction with init iation, 
elongation, and termination factors. The 
catalytic activity of the ribosome is also as
sociated with nucleotide and ribose modifi
cation of the rRNA and the interaction of 
the rRNA with mRNA and with aminoac
ylated tRNA. Course control over develop
ment could then, for example, relate to the 
effects of different ribosomes preferentially 
translating different subsets of messenger 
RNAs. Another possibility is that distinct 
A, 0, and C rRNA sequences may provide 
a way of targeting features of the super
structure involved in ribosome sy nthesis 
and assembly by allowing one to follow the 
fate of the components of the nucleolus 
throughout development. The life cycle of 
Plasmodium then provides an ideal tool to 
examine interactions of the ribosome and 
their possible implicat ions for develop
ment. 

Plasmodium AS A MODEL FOR STUDYING 
THE EUCARYOTIC RIBOSOME 

One important feature associated with 
the study of the eucaryotic ribosome in 
Plasmodium species relates to advantages 
of a system in which one or two rRNA 
genes can supply all the rRNA needed for 
growth. This rai ses the possibility of study
ing mutagenized populations and popula
tions carrying genetically engineered genes 
as the sole source of rRNA. Studies of the 
effects of subtle differences in ribosomal 
genes (Le., growth rate , translation effi
ciency) that are nol possible in other eu
caryoles due to the large number of ribo
somal gene copies would be acces'sible . 
Currently, only dominant alteration of rib 0-
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somes can be studied in eucaryotes. Fur
ther, the stage specificity of expression 
would allow replacement of ribosomal 
genes during their inactive stage and subse
quently following the ramifications of these 
altered ribosomes through development to 
the active stage. Development of this model 
could provide the sole system for which re
cessive and lethal mutations in rRNAs can 
be studied. This may mean that Plasmo
dium as a model system for the study of 
ribosomes will outlast malaria as a human 
disease. 
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ites. C 1991 Acode""" ,.., ... In<:_ 

INDEX DESCRIPTORS AND ABBREVIATIONS: Plasmodium falciporum; Malaria; rRNA 
probe; Anopheles stephensi; Mosquilo; Small subunit ribosomal RNA (SSUrRNA); Hy
bridization; Standard saline citrale (SSe); Circumsporozoite (CS); Ribosomal ribonucleic 
acid (rRNA); Red blood cells (RBC). 

I NTRODUCTION 

Malaria remains an important health 
problem in most developing countries in 
temperate and tropical areas (World Health 
Organization 1988). Control programs often 
require identification of sporozoite-i nfected 
mosquitoes for effective vector suppre s
sion. In addition, monitoring of sporozoite 
development is essentiaJ to determine the 
effect of antimalarial drugs on parasite de
velopme nt in mosquitoes. Traditionally , 
vectors have been identified by dissection 
of freshly collected mosquitoes and micro
scopic examination of the salivary glands or 

0014-4894193 $5.00 
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midgut to obtain the sporozoite and oocyst 
rates , respectively (Bruce-Chwatt 1987). 
Parasite species identification could only be 
accomplished by in vivo experimental in
fection (Boyd 1949; Bruce-Chwatt 1988). 
More recently, monoclonal antibody-based 
methods have been developed to augment 
the dissection procedure (Wirtz and Burkot 
1991) . The immunological methods are 
powerful tools with good sensitivity, how
ever, the recent discovery of Plasmodium 
vivax CS protein helerogeneity (Rosenberg 
e l al. 1989) has complicated the use of these 
monoclonal antibody-based assays. 

Ribosomal RNA (rRNA) oligonucleotide 
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probes offe r an alternative approach for 
identification of infected mosquitoes be
cause of the unique primary structure and 
tremendous abundance of the rRNA target. 
Previous research demonstrated that ma
laria parasites express distinc t rRN A genes 
during different stages of the life cycle 
(Gunder son et 01. 1987; Waters el 01. 1989; 
Zhu el 01. 1990). Oligonuc leotide probes, 
based on t he parasite spec ies and stage
specific rRNA sequences , have been devel
oped for diagnosis of blood s tage infections 
(Lal et 01. 1989; W ater s and McCutchan 
1989) and for in vitro quantitation of para

s ite exoery throcyte development to moni
tor the efficac y of antimaJarial drugs (Li el 
al. 19(1) . In this study, synthetic o ligonu
cleotide probes were evaluated for use in 
identifica tion of Plasmodium [alciparum
infected mosquitoes and to monitor sporo
zoite developmen t within the vector . 

MATERIALS AND METHODS 

Oligonucleotide probes (17-24 bp) complementary 
to species or stage·specific sequences in the two 18S 
rRNA genes of P. /aiciparum, as well as a universal 
and a Plasmodium genera speci fi c rRNA probe, were 
synthesized (Applied Biosystems DNA Synthesizer, 
Foster City, CA). Stage·specific probes PfAOI and 
pfA02 were complementary to the SSUrRNA gene se
quences predominantly expressed during parasite 
blood schizogony, while probes Pt'C01 and Pt'C02 con
tained sequences predominantly expressed during 
sporogony (Table I) . Probe POI contains the 
SSUrDNA sequence conserved in the genus Plasmo
dium, while probe VD3 was based on a universal 
rRNA sequence (McCutchan t t al. 1938). Probes were 
labeled by T4-DNA kinase (Bethesda Research Labo-

ratory, Gaithersburg, MD) and -y.[llpJ·ATP (Amer
sham, Arlington Heights, IL) and purified on a Sepha
dex GlS spun column (5 '-3', Inc., West Chester, PA). 
Specific activity was detennined using autOl1ldiogra· 
phy as described (Zhu t l al. 1990; Li et al. 199 1). 

Four species of Plasmodium were used to evaluate 
probe specificity . Blood Stage P. /aiciparum (NF54) 
and Plasmodium viv(J.l' parasites were harvested from 
in vitro cultures and frozen blood from a Thailand pa
tient, respectively. Blood stage Plasmodium bUflht; 
(AN KA) and Plasmodium yoe/ii were isolated from 
laboratory-infected mice. Blood was washed twice 
with PBS and the cells were packed by centrifugation 
(ISOOfl, room temperature). About I.S vol of 0.15% 
saponin in PBS were added to free parasites from the 
RBCI. After two additional PBS washes, isolated par· 
asi tes were a1iquoted and frozen at -70"C . 

Sporozoite-infected mosquitoes were produced by 
feeding Anopheles stephensi on either P. /akiparum 
cultures of P. berflhei infected mice (Burkot tt al. 
1984). Salivary gland sporozoites were harvested ap
proximately :ro days after the infectious blood meal. 
counted with a hemocytometer, and used \0 evaluate 
probe sensitivity. 

Whole mosquitoes, from pools with infection rates 
~60% confinned by dissection, were frozen at -70"C 
in 1.5-mltubes. Groups of P./akiparum·infected mos· 
quitoes held at 26G ~ I"C were also harvested at inter· 
vals beginning 2 hr after the blood meal and thereafter 
every 2 or 5 days. Wings and legs were removed and 
the bodies were frozen at - 7O"C. Sporozoite develop· 
ment in the mosquitoes was monitored by dissection 
and oligonucleotide probe hybridization. 

Total RNA was isolated using an acid guanidinium 
thiocyanate-phenol-chloroform extraction method 
(Chomczynski and Sacchi 1987). Brieny, fresh or fro
zen parasites were lysed with a solution of 4 M guani· 
dine isothiocyanate, 0.5% Sarkosyl, 0.1 M j3·mecapto· 
methanol, and 25 mM sodium ci trate, pH 7. Individual 
mosquitoes were triturated with a pellet pestle (Kon· 
les, Vineland, NJ) in a 1.5·ml tube containing the lys· 
ing buffer. Total RNA was isolated by phenol
chloroform extraction and precipitated with isopro-

TABLE I 
Plasmodium/alciparum: Synthetic Oligonucleotide Probe Sequences Complementary to the 18S rRNA Genes 

Name Sequence (S' 3')" Bases Position~ 

1'1)1 ACT CGA 1TG ATA CAC ACT 18 
pfAOI TAG TIC CCCTAG AAT AGT TAC AAT 24 687_ 
PfA02 AG<.i AAG CAA TCT AAA AGT CA 2<l 1170-1151 
PfCOI G<.iT TIT CCC AAA CCA GT 17 68'-
1'fC02 ACT CAA TCA TGA CT A CCC GTC 21 --VOl TIA CCG CGG(A) CT(G}G erG GC 17 

" McCutchan et al. 1938. 
b PfAOI-02 and Pt'CO I-02: Posi tions on type A and C rONA genes, respectively. 
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panol and ethanol. The RNA was denatured in a 
formaldehyde salt solution at 650(:, and equivalent 
amounts of RNA were immobilized on a nitrocellulose 
filter and baked at 8O"C for 2 hr. The filter was pUhy
bridized at 42"C for I hr ill 6)(55C. O.08L polyvinyl
pyrrolidone, 0.08% Ficoll, 0.1% sodium dodccyl sul
fate . 1 fig bovine serum a1bumin/mt and 33 ""8 yeast 
tRNA/ml. Hybridization was conducted usina this s0-

lution containing the l2P-end_labcled probe at 4Z"C (or 
6-8 hr. The filter was then washed three limes in 
6xSSC containing 0. 1% sodium dodeey] sulfate at 
room temperature and once: al 42"C in 2xSSC for 10 
min. Autoradiography and liquid scintillation counting 
of the: filter were processed as described by Li e/ al. 
(1991) . 

RESULTS 

Probes PfAOI and PfA02 detected only 
blood stage P. falciparum rRNA while 
probes PfCO I and PfC02 hybridized pre
dominantl y with sporozoite stage rRNA 
(Fig. I) . The Plasmodium genus-specifi c 
probe, POI, hybridized strongly with rRNA 
from blood of all four species of malaria 

POl PfAOl PfA02 PfCOl PfC02 

RBe 

PtB 

pvB 

Mos 

pfM 

PbM 

PbB 

>yB 

FIG. I. Plasmodium spp.: Comparison of senus and 
species specific probe hybridization results for rRNA 
off OUT different malarias. Probe: POI , Plasmodillm ge
nus specific; PfAOI and PfA02, P. jalciparum blood 
stage specific ; PfCOI and PfC02, P.jalciparum sporo
zoite stage specific. Parasites: PfB, PvB, PbB. and 
PyB, P.jalciparum. P. ~i~ax. P. bt rghti. and P. 1Mlii 
blood stage, respectively. PfM and PbM ~ P. jalci· 
fXJrum · and P. ~rghti·infected mosquitoes, respec· 
tively. Controls: RBC, uninrected human red blood 
cells; Mos, uninfected mosquitoes. 

parasites and to a lesser degree with rRNA 
from sporozoites of P. falciparum and P. 
berghei. No significant signal was detected 
with RN A isolated from human RBCs or 
uninfected mosquitoes. 

Stage-specific rRN A expression was de
tected using probes PfA02 and PfC02. se
lected for their higher hybridization effi
ciency and specificity. Autoradiography re
sults (Fig. 2) indicated that equal amounts 
of total RNA were identified on each blot 
with the universal rRNA probe V03. Type 
A rRNA. predominant in the blood stage 
parasite , st rongly hybridized with probe 
PfA02 in mosquitoes 2 hr (Do) after the 
blood meal and disappeared by Day 5 (Os). 
Peak parasite C gene transcription occurred 
on Day 10, the time of mature oocyst for
mation on the midgut . and remained posi
tive until Day 21, all hough probe PfC02 sig
nal intensity decreases with the duration of 
infection. The weak C gene signal detected 
immediately after the blood meal (Do) may 
be due to the large amount of blood stage or 
gametocyte rRNA , in which C gene rRNA 
transcription may have started. Assess-

Mosq 

0,' 

0, 

010 

0" 
0" 

V03 PfA02 PfC02 

FIG. 2. Plasmodium jaldparum: Autoradiography 
of genus, species. and stage·specific probes to the 
rRNA of P. joldporu/tl·infected mosquitoes collected 
at different times after the blood meal. Probes: V03. 
universal rRNA probe ; PfA02, P. jalciporum blood 
stage specific; PfC02, P. jolciporum sporozoite stage 
specific. Mosquitoes: Mosq . before feeding and, Do. 2 
hr or, 0 5-2, ' 5. 10, \5, and 21 days after the inrectious 
blood meal. 
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ment of this process at shorter intervals (2 
day) resulted in a similar pattern (data not 
shown). 

Transition of parasite rRNA transcript s 
from the A to the C gene is shown in Fig. 3. 
The A gene rRNA was only detected 
shortly after the infectious blood meal, fol
lowed by a 7- to 8-day delay before the C 
gene rRNA peak on Day 10. This procedure 
was repeated on three different groups of P. 
!alciparum-infected mosquitoes with nearly 
identical results. 

The abi lity to identify single infected 
mosquitoes using th e species and stage
specific probes was eva lu ated using 
counted sporozoites and infected mosqui
toes. Serial (I : I) dilutions of known num
bers of P. !alciparum sporozoites we re 
mixed with uninfected mosquitoes, and to
tal RN A was isolated and immobilized on a 
membrane and hybridi zed with probe 
pfC02. Hybridization increased with the 
number of parasites, with a lower limit of 

'" ,. so 
"-

" .... 
60 Z 

W 

" a: " w 
"- ,. 

, 

detect ion between 160-800 sporozo ites 
(Fig. 4) . 

Results for the comparison of probe hy
bridization and microscopic di ssection in 
identifying individual infected mosquitoes 
are given in Fig. 4 and Table II . Cohort 
Anopheles stephensi examined by dissec
tion or tested by dot blot hybridization with 
probe PCC02 resulted in comparable rates of 
infection. Probe hybridization results on 
mosquitoes stored at - 20°C for 45 days 
were similar to those conducted on fresh 
samples (Fig. 4). 

DISCUSSION 

Techniques for ident ifying sporozoite
infected mosquitoes and monitoring the 
sporogonic development of malaria ·para
sites are crucial for vector epidemiological 
studies and laboratory evaluation of che
motherapeutics. Dissection is laborious, re
quires ski lled personnel , and does not per
mit species identification of the parasite. 

IPfA02 

DpfC 02 

o '" 2 4 6 8 10 12 14 16 18 20 

DAYS POST INFECTION 

FTG.3. Plasmodiumfalciparum:Oligonucleotide probe monitoring of the switch regulation ofthe A 
to C rRNA gene, associated with parasite transition from the human to mosquito stage. Cohon 
mosquitoes were randomly sampled before and after the infected blood meal and equal amounts of 
total rRNA (pool of 10 mosquitoes) were hybridized against blood and sporozoite stage-specific probes 
pfA02 and J>fC02, respect ively. Hybridization is presented by dot blot autoradiography and bar graph 
percentage liquid scintillation CPM (Percent CPM, counts per minute for each sample/the maximum 
counts for each probe x 100%). 
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SPOROZOITES • 
MOSQUITOES , , 

FIG, 4. Plasmodium Ja/c;parum: Identification of 
malaria-infected mosquitoes with an oligonucleotide 
rRNA probe. Total rRNA was isolated from individual 
mosquitoes, dot blotted onto nitrocellulose mem
brane, and hybridized with )2P-labeJed probe pfC02 
(8-hr exposure). (AI Uninfected mosquitoes plus a 
known number of sporozoites; (8) cohort mosquitoes 
processed immediately al Day 20 postinfection; (C) 
cohort mosquitoes frozen al - 20"<: for 45 days before 
p~eSSing. 

H~wever, it remains the only method to ob· 
lain sal ivary gland sporozoite and gut 
oocyst infection rates. Immunological tech
niques based on anti-CS protein monoclo
nal antibodies, e.g., IRMA and ELISA , 
have overcome many drawbacks associ
ated with dissection, however, the discov
ery of P. v;vax CS protein heterogeneity 
(Rosenberg el al. 1989) has complicated the 
use of these assays. Probes for multiple 
copy DNA lack the sensit ivity required 

TABLE II 
Plasmodium fa/ciparum: Comparison of Species and 

Stage·Specific rRNA Probe Hybridization and 
Microscopic Dissection in the Identification of 

Individual Infected Mosquitoes 

Infcctionb 

Positivc 
Heavy 
Moderate 
Light 

Negative 

% Infection: 

",,0," 
hybridization~ 

Group 1 Group 2 

" '" (8) 16l 
(2) (9) 
(4) IS) 
16 iO 

" 67 

Dissection 

Group 1 Group 2 

" 20 
(8) (14) 
IS) (2) 
(2) 1<) 

" iO 

50 67 

~ Probe: I'fC02, P./aldpa""" C gene .RNA specific. 
b Degree of infe<:tion graded by liquid scintillation CPM or 

the number of the sporozoites dctcrmined by dissection. 

(Delves et al. 1989) and the use ofpolymer
ase chain reaction amplification on large 
numbers of field-collected mosquitoes is 
unrealistic. Neither of these nucleic acid
based methods would distinguish between 
infectious mosquitoes and nonvectors en
gorged with infected blood. The species 
and stage-specific oligonucleotide probes 
target naturally amplified rRNA and could 
serve as alternative methods for identifica
tion of the sporozoite-infected mosquitoes 
and quantitation of sporogony. 

In this study, oligonucleotide probes 
complementary to specific regions of P.fal
ciparum SSUrRNA clearly distinguish the 
stages of parasite development in infected 
mosquitoes. Probes PfAOI and PfA02 de
tected blood stage P. falciparum whi le 
probes PfCOI and PfC02 reacted with 
sporozoites of this species. The SSUrRNA 
sequences identified by probe POI , shared 
by both blood and sporozoite stages, also 
hybridized with other plasmodia and ap
pear to be conserved within the genus. The 
switch from A to C gene expression was 
clearly demonstrated. The type A rRNA, 
predominantly transcribed in blood stage 
parasites. was detected in the mosquitoes 
shortly after ingesting an infectious blood 
meal and disappeared within 48 hr as diges
tion continued. Transition to the C gene 
was sharply defined, with peak probe hy
bridization always occurring 10 days after 
gametocyte ingestion and when mature 
oocysts had formed. The decrease of the C 
gene signal after Day 10 may be due to the 
loss of sporozoites during feeding or de
st royed during their migration from the 
oocyst to the salivary glands. The sporozo
ite is a relatively stable stage and rRNA 
might be reduced because of a lower re
quirement for protein synthesis. The 8-day 
interval when little or no A and C rRNA 
were detected may be due to probe sensi
tivity. It is also possible that another type of 
rRNA is transcribed during the sexual de
velopment from gametocyte to ookinete. 

The rRNA probe hybridization is suffi-
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ciently sensitive to detect between 160--800 
sporozoites (Fig. 4) . Since the mean num
ber of P.falcipamm and P. vjvax sporozo
ites per oocyst have been reported as 3385 
and 3688, respectively (Rosenberg and 
Rungsiwongse 1991), rRNA probes are 
probably sufficiently sensitive to detect a 
single infected mosquito . Infection rates 
obtained by probe hybridizatioJ.1 correlated 
well with dissection results of cohort mos
quitoes which had a mean of 1.2 oocysts per 
gut. The rRNA probe hybridization method 
is, however, less sensitive than the ELISA 
which can detect fewer than 100 sporozo
ites per mosquito (Wirtz and Burkot 1991), 
but twice as sensitive as a repetiti ve ge
nome DNA probe with a sensiti vit y of ap
proximately 1500 sporozoi tes per mosquito 
(Delves el al. 1989). There is 0.2- 1.0 pg 
of lotal RNA pe r parasit e, of whic h 
SSUrRNA represe nts 30%, compared to 
approximately 0.02 pg of total DNA, of 
which only 1-10% is composed of any indi
vidua l repetitive e lement (Bahr 1969; 
Draper e l af. 1986). Theoreticall y, the 
rRNA probes would be orders of magnitude 
more sensitive than any repetiti ve DNA 
probe. However, actual sensitivit y is af
fected by sample preparation , efficiency of 
hybridization , and target rRNA copy num
ber, the latter of which varies with protein 
sy nthesis during parasit e development. 
Practical appli cation of rRNA probes in 
field studies will require simplification of 
sample processing and hybridization and 
the use of a nonradioactive label. A prom
ising approach is a liquid "sandwich" hy
bridization assay in which a genus con
served capture probe , coated on micrOliter 
plate well s, is used in conjunction with a 
labe led species or stage-specific probe. 
Theoreticall y, a significant improvement in 
assay sensitivity would be ac hieved. Such 
experiments are currentl y in progress. 
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I NTRODUCTION 

Primaquine (PQ), the 8-aminoquinoline 
introduced about 40 years ago , remains the 
on ly drug avai lable for clinical causal pro
phylaxis and rad ical treatment despite in
tensive effort s in search of antimalarial 
compounds with a higher tissue schizonti
cidal activity and lower side effects (Dav
idson el al. 198 1). Because of limitation in 
methods for determining the infectivit y of 
inoculated sporozo ites and for directly 
quantitating exoerythrocytic (EE) develop-

ment of malaria parasites, data from exist
ing in vivo animal models for causal pro
phylactic and radical curat ive testing can
not be easily reproduced , and none of these 
models are capable of supporting rapid, ac
curate , and economical assessment (David
son el al. 1981; Heiffer et al. 1984). Thus, 
there is a clear need for improved models 
and more reliable techniques in tissue schi
zonticidal assays. 

With recent achievements in the cultiva
tion of malaria EE parasites (Hollingdale et 
al. 198 1, 1983b, 1985; Landau el al. 1984; 
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Long e/ al. 1989), in vitro evaluation of tis
sue schizonticidal activity appears to offer 
a promising alternative for the rapid screen
ing of candidate compounds and for identi
fying mechanisms of the drug action (Millet 
el al. 1986; HollingdaJe 1987; Fisk et al. 
1989). However, these in vitro systems 
have relied on microscopic examination to 
enumerate parasites, which is time consum· 
ing, and counting is often difficult to stan
dardize, especially in the case of drug
induced parasite morphological changes. 
We have, therefore, investigated, molecu
lar procedures for objective and quantita
tive results. 

Ribosomal RNA (rRNA) is one of the 
most abundant cellular macromolecules 
and as such is a potential target for microbe 
detection. Recently, two structurally dis
tinct small subunit rRNA genes have been 
identified in different stages of malaria par
asites. Expression of gene A predominates 
in mammalian exoerythrocytic and blood 
stage parasites, while expression of gene C 
predominates in sporozoites within the in
sect vector (Gunderson et al. 1987; Waters 
et al. 1989; Zhu et al. 1990). Synthetic oli
gonucleotide probes, based on the parasite 
species and stage-specific sequences of 
rRNA, have already been developed for di
agnosis of malaria blood stage infection 
(Lal et al. 1989; Waters and McCutchan 
1989) and for in vitro quantitation of sporo
zoite invasion and EE development (Zhu et 
al. 1990). In this study, a stage-specific oli
gonucleotide probe complementary to the 
type A small subunit rRNA sequence of 
Plasmodium berghei has been used to 
quantitate EE development of P. berghei in 
mouse hepatocyte cultures and, in combi
nation with a universal rRNA probe, to 
evaluate in vitro tissue schizonticidal activ
ity and hepatotoxicity of antimalarial drugs. 

MATERIALS AND METHODS 

Primary hep(J/ocyte culture. Hepatocytes were iso
lated from BALB/c mice by enzymatic perfusion 
(Klauning el al. 1981; Long el 01. 1989). Briefly, mouse 

liver was perfused in Silu with 0.5% collagenase 
(Boehringer Mannheim Biochemicals, Indianapolis. 
IN) in Hank's balanced salt solution with 25 mM 
Hepes and 5 mM calcium chloride. The separated ceUs 
were released into cold, 2.5% fatty acid-free bovine 
serom albumin (Sigma Chemical Co., St. Louis, MO) 
in Hepes-balanced HBSS and further filtered by nylon 
mesh. After centrifugation for 5 min al 5Og. the cells 
were resuspended in Williams' medium E supple
mented with 10% fetal bovine serom, 25 mM Hepes, 
100 U/ml penicillin, 100 ""glm1 streptomycin , 5 .... glml 
fungizone (Flow Laboratories Inc.), 10 ""glmI insulin 
(Boehringer Mannheim Biomedicals), and 2 .... glml 
dexamethasone (Collaborative Research Inc., Lexing
ton, MAJ. Cells (I~) were plated onto a l-cm: glass 
coverslip coated with rat skin collagen (Boehringer 
Mannheim Biochemicals) and incubated at 37"C in 5% 
CO: in air. The medium was changed 3 hr later and the 
confluent cell monolayer was incubated for a further 
20--30 hr before use. 

Cullivalion of ££ parasiles. P. berghei (ANKA 
strain) sporozoites were isolated from the salivary 
glands of Anopheles stephensi mosquitoes fed 21 days 
earlier on infected mice. The salivary glands were dis
sected into complete Williams' medium E, triturated in 
a glass grinder, and released sporozoites counted in a 
hemocytometer. Sporozoites were diluted in the cul
tu re medium such that a known number were inocu
lated on each cell monolayer loaded in a glass shell 
vial. Fresh medium was added 3 hr later and changed 
daily thereafter (Long el al. 1989). 

In vitro drug assay. The clinical tissue schizonti
cidal drug primaquine, two of it s analogues 
(WR238605 and WR2425 I I). and pyrimethamine 
(PYR). as well as the clinical blood schizonticidal 
agent chloroquine (CQ), were all provided by the Wal
ter Reed Army Institute of Research (Washington, 
OC). Each compound, except CQ which was dissolved 
in distilled water, was first dissolved in dimethyl sulf
oxide (Sigma Chemical Co.) and then diluted with the 
complete medium. Three hours after inoculation of the 
sporozoites, a series of fivefold dilutions of each drog 
were added to the infected hepatocyte cultures. Me
dium was replaced with freshly prepared drog dilu
tions at 24 hr. After 48 hr, two of the triplicate samples 
in each concentration were frozen at - 7O"C for probe 
hybridization; Ihe remaining sample was fIXed with 
mel hanoi and stained by the indirect immunoperoxi
dase assay with a monoclonal antibody (3011) 
(Hollingdale el al. 1983a). The cytotoxicity of each 
drog against primary hepatocytes was tested as above 
using an uniyersal rRNA probe, except that sporozo
ites were nOI added to the cell monolayers. 

Hybridization and quanliWlion. Oligonucleotide 
probe TM4. complementary to relevant sequence of P. 
bt!rght!i type A small subunit rRNA (Gunderson ttl al. 
1987), and V03, a universal rRNA probe (Synthecell 
Corp .. Rockyille, MO), were used in slot blot hybrid-
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TABLE I 
Oligonucleotide Probes Complementary to Small 

Subunit Ribosome RNA 

Sequence Target 

TM4 CATOAAGATATCGAGGCGGAG P. btrghti 

VO) lTACCOCGG (or A) 
CT (or G)GCTGGC 

type A rRNA 

Universal rRNA 

iUlion to detect EE parasi te and hepatocyte rRNA, 
respectively (fable I). They were labeled by T .-DNA 
kinase (Bethesda Research Laboratory, Gaithersberg, 
MD) and ..,_ 32P_ATP (Amersham, Arlington Heights, 
ILl and purified by a Sephadcx G25 spun column (5'-3' 
Inc., West Chester, PAl. Isolation of total RNA from 
the culture cells was prepared by the acid guanidinium 
thiocyanate-phenol-chloroform extraction (Chom
czynski and Sacchi 1987). This procedure selectively 
extracted RNA from DNA and proteins. Briefly, cul
ture samples removed from - 7rrC were lysed with the 
guanidine sail solution. The total RNA was isolated by 
the phenol-chloroform extraction and denatured at 
65°C in the formaldehyde salt solution (Zhu et al. 

1990). After immobilization on a nitrocellulose filter, 
rRNA was prehybridized at 42"C for I hr in 100 ml of 
6 x sse. 0.08% polyvinylpyrrolidone and Ficoll, 0.1% 
sodium dodecyl sulfate, I mglml bovine serum albu
min. and 33 !,-glml yeast tRNA . Hybridization was pro
cessed in 25 ml of the same solution plus the np end
labeled oligonucleotide probe at 42"C for overnight 
and then washed three times at room temperature and 
once at42"C in 6 x SSC, 0.1% sodium dodecyl sulfate 
for 10 min. For quantitation of the detected rRNA, the 
filter was cut according to the band position recog
nized by autoradiography and counted on a liquid scin
tillation counter (1217 Rockbeta, LKB). The 50% in
hibitory concentrations (IC,J were calculated by com
paring the counts of the hybridized IIp end-labeled 
probe to the drug concentrations using computerized 
nonlinear regression analysis (Desjardins el al. 1979; 
Oduola et al. 1986). 

RESULTS 

EE parasite development. Approxi
mately 80% viability of mouse hepatocytes 
was routinely obtained by the described en
zymatic petfusion method, and confluent 

FIG. \. Light micrographs of P. berghei exoerythrocytic development in primary cultures of mouse 
hepatocytes (x850). The parasite was fixed and stained by an indirect immunoperoxidase assay with 
a monoclonal antibody (3011) against the CS protein of P. berghtd at 3 (Al. 24 (8), 48 (C), and 72 hr 
(D) after inoculation of the sporozoite in mouse hepatocyte culture. 
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cell monolayers were formed within 20-30 
hr. After inoculation, P. berghei sporozoi
tes invaded by about 3 hr (Fig. IA) and 
early schizonts with several nuclei could be 
identified by 24 hr (Fig. J B). Between 24 
and 48 hr after infection, the size of EE 
schizonts dramatically increased, and by 
48 hr they had developed into mature 
schizonts Wig. IC), contained hundreds of 
merozoite nuclei, and averaged 30 ..,.m in 
diameter. At 72 hr, the number of the 
schi zonts decreased as they ruptured 
and released EE merozoites (Fig. ID) . 
Approximately 0.2-O.S% of a standard in· 
oculation of 4.5-S.0 x lit sporozoites per 
coverslip developed into morphologically 
mature schizonts. 

Time course ofrRNA increase of EE par
asites. To identify whether the in vitro 
development of EE parasites could be 
quantitated by the hybridization of oligo
nucleotide probes to type A rRNA 
culture samples were collected at different 
intervals after inoculation of the sporozo
ites. The level of EE parasite-specific rRNA 
slightly increased during the first 24-hr 
culture, the peak rRNA concentration 
was reached at 48 hr, and thereafter the 
signal sharply decreased from 72 to 96 

o 3 6 

hr (Fig. 2). Thus, the level of hybridiza
tion correlated with the morphological 
development of EE parasites described in 
Fig. I. 

Sensitivity of rRNA based hybridiz.ation 
assay. In order to determine the sensitivity 
of the filter blot hybridization test, various 
numbers of sporozoites were added to the 
mouse hepatocyte cultures and incubated 
for 48 hr. These results demonstrated that 
the hybridization signal increased in pro
portion to the number of inoculated sporo
zoites (Fig. 3). Although as few as 2.5-S.0 
x loJ inoculated sporozoites, i.e_. about 10 
mature schizonts in each culture. could be 
detected . an inoculum of 4.S x 10-4 sporo
zoites, or about 200 mature schizonts. was 
generall y required to obtain quantitative 
signals in this in vitro system. 

Hepatotoxicity test . Since hepatotoxicity 
is one of the major side effects of 8-
aminoquinolines . the toxicity of each drug 
to cultured mouse hepatocytes was deter
mined. to select the appropriate range of 
drug dilutions for in vitro tissue schizonti
cidal assay. After a 48-hr incubation of 
mouse primary hepatocytes with each drug 
at fivefold serial dilutions of I.S x 10 - -4 to 
2.4 X 10- 7 M , samples were processed in 

12 24 48 72 .6 
Culture TIme (hrs) 

FIG. 2. Increase of P. berghtl type A rRNA in a 96-hr culture of sporozoite-infected mouse hepa· 
tocyte. Culture samples were collected at different intervaJs after inoculat ion of j x 10" sporozoites. 
Total RNA of each culture was extracted. immobilized on a nitrocellose filter, and hybridized with a 
UP_Labeled TM4 probe. The hybridization signaJ was detected by autoradiography and quantitated by 
liquid scintillation counting. 
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1000 ~. .... :. i 

o 1.25 2.5 5 10 20 4(1 80 

Number of sporololtell (lelOJ ) 
FIG. 3. Sensitivity of the probe hybridization in detection of P. bughei clloerythrocytic schizonts. 

Increasing numbers of sporozoites were added to mouse hepatocyte cultures and incubated for 48 hr. 
The detection and quantitation of hybridized parasite rRNA! were processed with the same method 
used in Fig. 1. 

the same procedure described above but 
hybridized with an universal rRNA probe, 
Y03. These results indicated (Fig. 4) that 
PQ was about 65% inhibitory at 1.5 x 10 - 4 

M. whereas WR238605 and WR2425 J 1 
were 95% inhibitory at 3 x 10- 5 M . No 
significant cytotox icit y was detected at 
lower concentrations of each drug. In con· 
lrast to 8-aminoquinolines, PYR. a dihydro
folate reductase inhibitor, exhibited no de
tectable cytotoxic effects on the cultured 
hepatocytes at concentrations up to I .S X 
10 - 4 M (Fig. 4). Corresponding to the 
above rRNA probe hybridization results, 
changes in cellular morphology were ob
served microscopically, such as poor nuclei 
staining , hypervacuolation at the cyto
plasm, and cell detachment from the cover
slip (data not shown). 

EE schizonticidal activity assay. Based 
on the above results. the probe hybridiza
tion assay was applied to evaluate the EE 
schizonticidal effects of PQ. its analogues 
WR23860S and WR242SII , and PYR. In ini
tial experiments, CQ, a typical eryt hrocytic 
schizonticide. was also analyzed as a nega
tive control. After a 48-hr exposure, PQ at 
a concentration of 3 x IO - s M completely 
inhibited the growth of P. berghei EE par
asites in mouse hepatocyte cultures as mea-

sured by hybridization of parasite rRNA and 
parasite EE development by microscopy, 
but had no significant cytotoxicity on host 
hepatocytes (Fig. S). In addition. a quanti
tative re lat ionsh ip was shown between 
rRNA leve ls and PQ concentrations. as hy
bridization of parasite rRNA decreased 
proportionally to the increase of PQ con
centration (Fig. 6). In contrast, CQ showed 
no inhibitory effect on the EE schizogony, 
even at those concentrations that caused 
obvious cytotoxicit y on cultured hepato-

x10-61011 Co PYR PO 238605 242511 

150 

30 

6 

1.2 

0.24 

FIG. 4. AUloradiograms of cytotoxic effects of pri
maquine (PQ), two of its analogues WR238605 and 
WR242511, and pyrimethamine (PYR) on mouse he
patocyte culture cells. Mouse hepatocytes were incu
bated with fivefold serial dilutions of drugs ( I.S x 1O-~ 

to 2.4 x 10 - 7 Itt) for48 hr. Total rRNA of each culture 
was determined by slot blot hybridization with a lZ p _ 

labeled universal rRNA probe VD3 (Co, drug negative 
control) . 
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FIG. 5. Light micrographs showing effect s of chloroquine (CQI. primaquine (PQ). WRZ38605. and 
WR2425J J on exoerythrocytic development of P. berghei in mouse hepallXyles (x8S0). Freshly 
prepared drug dilut ions were added at 3 and 24 hr afte r inlXulation of sporozoites. Parasite cultures 
were fixed at 48 hr and stained by an immunopcroxidase assay with a monlXlonal antibody 3D II . Drug 
concentration for CQ and PQ was 3 x 10 - ' M and was 6 x IO- b M for WR23860S and WR242S I I. 

cytes (Figs. 5 and 6). The in vitro EE lew 
activities of each drug are summarized in 
Table II. The mean ICw of PQ was about 
0.256 x 10 - 6 M , and o ne a na log ue, 
WR238605 , was s li gh tly less active, 
whereas analogue WR2425 1 1 had approxi
mately six fold higher activity. IC.o;o of PYR, 
a di hydrofolate reductase inhibitor (0.045 x 
10 - 6 M ), was com pa rab le to th a t of 
WR24251 I. 

D ISCUSS ION 

These re sult s suggest that the rRNA 
probe-based hybridizat ion tec hnique quan
titative ly measures the effi cacy of tissue 
schizontocides. The morphology of para
s it e development dete rmined by micros
copy corresponded to the increase of stage
specific type A rRNAs during the period of 

cultivation . and the peak level of expres
sion occurred when sc hizon ls reac hed max
imum size at 48 hr. Although as few as 10 
EE schizonts cou ld be detected by th is mo
lecular technique. a prac tical inocu lum of 5 
x 104 sporozoites, in which 0.3-0.5% de
velop to mature EE schi zon lS. was rou
tinely used for the determination of drug 
act ivity. It appears that drug activity in cul
tures, when the sporozoite infection rate 
dropped below 0.2%. was lower than that in 
cultures with infec ti vity above 0.3% (Table 
11 ). 

P. berghei sporozo ite- induced rodent 
malaria in mice has been used as an in vivo 
model for the primary screening of ca ndi 
date tissue schi zon tic idal compounds. The 
P. berghei-mouse hepatocyte culture sys
tem was c hosen fo r appl ying th is rRNA-
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PO 

60 

40 

CO 
o 0.100 100.000 

Drug Concentration (x 10-6M) 

FTG. 6. Inhibitory effects of primaquine (PQ) and chloroquine (CQ) on a type A rRNA im,:rease of 
P. berghei EE parasites in a mouse hepatocyte culture. After a 48-hr e~posure of the culture to various 
drug dilutions. tOlal RNA was hybridiled with a J2P_labeled TM4 probe and quantitated by liquid 
scintillation counting. Percentage inhibition (Y axis) at each concentration (X axis) was compared to 
control culture without addition of PQ and calculated as: Inhibition rate (%) .. (Co - Cd)/Co x 100%. 
where Co stands for average counts from infected culture sample without drug. Cd stands for average 
counts from drug sample, and average background counts from uninfected culture have been sub
tracted from both Co and Cd' 

based probe hybridization to evaluate the in 
vitro activity of lissue schizontocides be
cause of the easy maintenance of the infec
tive sporozoites and its short EE cycle 
which allows culture of functional mouse 
hepatocytes. By hybridizat ion of culture 
samples with either parasite-specific or the 
universal n p-labeled oligo probe, the EE 
schizonticidal activity and hepatotoxicity 
of PQ, WR242511, WR238605, and PYR 
could be clearly differentiated and quanti-

tated. The EE inhibitory effects obtained 
by this method were not only comparable 
with the previous in vitro studies on P. 
yoelii (Millet el al. 1986), P. cynomolgi. and 
P. knowlesi using the microscope-based 
technique (Fisk et al. 1989), but appeared 
closer to the in vivo results. For example, 
WR2425 I I exhibited about a 6 times higher 
schizonticidal effect than PQ in this assay, 
comparable with an approximate IO-fold 
higher activity against P. cynomolgi in the 

TABLE II 
IC50 of Primaquine (PQ). Two of Its Analogues (WR238605 and WR242511), and Pyrimethamine (PYR) 

against Exoerythrocytic Stages of P. berghei in Mouse Primary Hepatocyte Culture 

IC50 (x 10- 6 M) 

Test Infect.v.tyQ PQ WR238605 

I 0.52% 0.2701 NT' 
2 0.44% 0.2961 0.6106 
) 0.18% 0.1280 0.3004 
4 0.43% 0.3614 0.3468 , 0.38% 0.2225 0.2963 

.. Percentage of inoculated sporoloites which grow to mature schilants. 
~ Not tested. 

WR242511 

NT 
0.06t8 
0.0071 
0.043 1 
0.0445 

PYR 

NT 
NT 
NT 

0.0419 
0.0487 
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rhesus monkey model (W. K. Milhous, un
published data) . In contrast with the rela
tive difficulty to standardize the micro
scopic counting in the presence of the drug
induced parasite morphological changes, 
the quantitative hybridization signal allows 
an objective determination of drug activity. 
In addition, it also allows direct comparison 
of multiple compounds on the parasite
specific inhibitory activ ity and host cyto
toxicity in the same assessment. Therefore, 
this rRNA-based in vitro drug assay may 
provide a rapid and accurate way for the 
primary screening of tissue schizont icidal 
candidates and for studying potential effec
tive metabolites of PQ and the mechanism 
of its action for lead-directed chemical syn
thesis. 
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