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Compositional Constraints in the Extremely GC-poor
Genome of Plasmodium falciparum
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We have analyzed the compositional properties of coding (protein encoding) and non-coding se-
guences oPlasmodium falciparuma unicellular parasite characterized by an extremely AT-rich ge-
nome. GC% levels, base and dinucleotide frequencies were studied. We found that among the various
factors that contribute to the properties of the sequences analyzed, the most relevant are the compos
tional constraints which operate on the whole genome.
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Understanding the molecular biologyPias- seem to be determined neither by the level of ex-
modium falciparunis important not only because pression of each gene (Grantham et al. 1981, Gouy
this unicellular parasite is responsible for the mos Gautier 1982, Sharp et al. 1986, Shields & Sharp
virulent form of human malaria, but also becaus&987) nor by other factors such as optimization of
it hosts the GC-poorest nuclear genome known smdon-anticodon interaction energy (Grosjean et
far. Indeed, its GC% is only 18% (Goman et alal. 1978) or adaptation of codons to the actual popu-
1982, Pollack et al. 1982, McCutchan et al. 1984)ations of isoaccepting t-RNAs (Ikemura 1981a,
Therefore, this genome is an excellent model tb, 1982). Indeed, the biases in all sequences are
analyze compositional constraints (Bernardi &almost identical, suggesting that both codon usage
Bernardi 1986) and their effects, both on codingnd amino acid frequencies are determined prima-
and non-coding sequences. rily by the extremely biased composition of the

In a previous paper (Musto et al. 1995) we havgenome, and that the compositional constraints
studied 175 kb of coding (translated) sequencéBernardi & Bernardi 1986) operate in the same
and confirmed the trends described previously bgirection over all the protein-encoding genes and
other authors with more limited sets of data, whickheir codon positions.
can be summarized as follows: (i) the coding strand Support for this conclusion comes from the fact
is biased towards purines; (ii) A is the most frethat the biases displayed at the amino acid and
guent base in all codon positions; and (iii) A and Todon usage levels are almost identicalPin
are strongly predominant in third codon positiongalciparum and in the bacteriurStaphylococcus
(Weber 1987, Saul & Battistutta 1988). aureus These two organisms are only very dis-

Further, we found that these compositional bitantly related, and probably the major genome fea-
ases are shared by both housekeeping genes am@ that they have in common is the extremely
antigens, and, most important, the bias towards Afigh AT level (Musto et al. 1995).
is so strong that (i) the five most represented amino In order to gain further insight into the genome
acids, which constitute 44.4% of all residues, arerganization oP. falciparum and in particular to
encoded by A or T in the second codon positiortry to understand how the constraints operate on
and (i) the preferences among synonymous codottsis genome as a whole, we extended our previous

results (Musto et al. 1995) to all the sequences now

available (September 1995), and included non-

translated sequences (5', 3' and introns), since this
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to be stronger than in coding sequences, showing RESULTS
that the compositional constraints (Bernardi & ¢ jevels- The compositional (GC) patterns

Bernardi 1986) operate in the same direction 0f  the compositional distributions of large genome

the whole genome. fragments and of each of the three codon positions
MATERIALS AND METHODS (and particularly of third codon positions), exons,

Sequences analyzedThe sequences Studiedintrons, 5'- and 3'- untranslated regions (UTR), dif-

(totalling 336,566 bases) were obtained from Rg_er characteristically among different genomes

lease 90 of GenBank (September 1995), using t ernardi et al. 1985, Bernardi & Bernardi 1986,
ACNUC retrieval syst<(em ?Gouy et al. 19))84). 'Igh ernardi 1995). Given the extreme GC-poorness of

accession numbers and mnemonics are availal %eigg;g?[; Oﬁbfglr?;ﬁazrgr?hlé Vé’i?eﬁ?r;?'ﬂﬁgegig in
upon request by e-mail to the following addres 9 y

«hmusto@genetica.edu.uy». Table | summariz Qeg_lfferlegﬁgelomg: Legtlgnrsa?r?: g]??r?: ggﬁ:t'gg.s_'
the number of sequences analyzed and their leng%nz;lgd'str'b t\'I:/)n of thel thrgee odlon os't'onspan:j
Dinucleotide (diN) Observed/Expected (O/E) val- ISributic positior

Xons. Fig. 2 displays the same feature for introns,

ues were calculated by dividing the observed coungnd 5_ UTR and 3- UTR. The GC levels of first

Boormefshsgg?la%;hgf\gggg expected assuming "aCodon positions cover a range of 46%, from 14 to
' 60% and show a bimodality. The mean value of

TABLE | the distribution is 40%, and the two major peaks

are at 35% and 45% GC. It should be noted that in

S lyzed .
equences anayze our previous study (Musto et al. 1995), two genes

Genes &5 3 Introns  displayed values higher than 70% GC. However,
Sequences 128 70 72 30 these genes were not considered in this study since
Bases 269,421 24,117 29,954 13,074these extremely high GC values are associated to

The number of sequences and base pairs analyzedantr?]ngdly b!ﬁsgd ar’rfnno ac:;j Codmposm.o.n.
each category is indicated. 5'and 3 are the unstraslated | N€ distribution of second codon positions cov-

sequences located 5 of the initiation codon and 3"of tH'S & GC range of 45% (12%-57%), and its shape
stop codon, respectively. In total, 336,566 bases wel& unimodal. The mean GC value (30%) is lower
analyzed. than that of the first codon position.
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Fig. 1: compositional patterns of the three codon positions (denoted as |, Il and I11) and eRlassnoflium falciparumAbscissae

and ordinates display the GC% and the number of sequences, respectively. Arrowheads indicate mean GC% values. The broken
line corresponds to the genomic GC%.
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Fig. 2: compositional patterns of introns, 5'- UTR and 3'- UTR. Abscissae, ordinates, arrowheads and broken lines as in Fig. 1.

Concerning the GC poorness of tire
falciparum genome, the most informative distri- 301 __ __
bution is that of third codon positions. The analy- 55
sis of the histogram shows that all sequences aie 1
clustered in a very narrow range of values (31%)- ——q -] ~--q----
and displays genes with GC levels as low as 3-4 157==zd=—d--qQ--1-~ S
with a maximum value of 34%. The distribution 101
of the genes is unimodal and asymmetrical, since
it trails towards relatively higher GC values. Its
mean GC level is 17%, a figure almost identical to
the GC level reported for the whole genome. We
note that the order of GC levels among the three
codon positions is I>1I1>lll as already found in

prokaryotic GC-poor genomes (D’Onofrio & o _ _
Bernardi 1992). Fig. 3: idealized regions of the genome Riasmodium

he hi f | Is of h falciparum showing their different mean GC levels on the or-
The histogram of GC levels of exons shows @linate. Each region is represented as having the same length on

unimodal distribution with a mean value of 29% the abscissa axis.
covering a range of 27%. Minimum and maximum
values are 12% and 39%, respectively.

Fig. 2 shows the histograms of the composi- Base contentsin order to detect compositional
tional distributions of non-coding sequences, i.ebiases in the coding strands, and more precisely,
introns and 5'- and 3'- sequences. The GC levelstef see whether A and T are equally represented,
introns range from 6% to 18%, and the mean valute base contents of each region and codon posi-
is 13%. It is interesting to note that most introngion were analyzed.
display lower GC levels than the whole genome. Table Il displays the percentage of each base
Indeed, only two out of 30 introns reach GC valin the three codon positions (I, Il, Ill), exons (tot),
ues higher than 17.5%. 5'- UTR and 3'- UTR, o®'- UTR, introns and 3'- UTR. As already described
the other hand, show very similar distributions andsing more limited sets of data (Saul & Battistutta
mean values (14% and 15%, respectively). Th£988, Musto et al. 1995), A is the most frequent
only difference between them is that two 5' sebase in the coding strand in all codon positions,
quences display values around 36% whereas tfgllowed by G in | and by T in Il and Ill. Purines
highest value reached by 3' sequences is 29%. /%) are predominant over pyrimidines (Y) in all
in the case of introns, the mean GC level of UTRodon positions. This is more evident in | and Il
is lower than 18% GC of the whole genomeositions (67.7% and 56.1%, respectively),
(Goman et al. 1982, Pollack et al. 1982, McCutchawhereas in Ill position the difference between the
et al. 1984). two types of bases is negligible (R = 51.6% and Y

Finally, the order of GC levels among different= 48.4%). When exons are considered, the pre-
regions of the genome is exons > whole genomedominance of A (41.6% of all bases) and of R
3'-05- UTR > introns (Fig. 3). (58.4%) is evident.
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TABLE Il 06T 1T T T T T T T T T T T T T T
Base frequencies (%) Plasmodium falciparum zi E i i E E E E i 5 E i i E i E E
Nucleotide frequencies 0.3 — ..y

A C G T 021 T

-1

| 389(6.1) 11.0(3.4) 28.8(7.2) 21.3(5.9)
Il 429(80) 17.0(55) 13.2(35) 27.0(6.7) 2.
Il 43.0(6.0) 84(3.8) 86(39) 40.0(75 .,
tot 41.6(44) 121(3.1) 16.8(3.1) 29.4(49)

5 403(101) 7.3(31) 6.4 (41) 459 (10.6) -os
Int 39.7(5.3) 59 (20) 7.2(L5) 47.3(6.4) 05 : -
3 452(82) 67(26) 7.5(3.1) 40.6(9.0) 225388653886 FLRFE

I, 1l and Il are first, second and third codon position Fig. 4: weight-averaged (Observed/Expected)-1 dinucleotide
y ' ‘Hequenues for the total sum of exons.

respectively. tot are total values for exons. 5’, Int an
3" are 5" UT. introns and 3" UT, respectively. Standard

deviations are given in parentheses. ences in translated regions implies a bias in amino
acids usage towards residues coded by GC-poor
In contrast with exons, T > A and Y > R in 5'-codons, which is indeed found (Musto et al. 1995).
UTR and introns, while the biases in 3'- UTR arén the other hand, «GC» diNs are the less frequent
the same as those found in translated regions. Thekmublets (7.3%) but CpC is 50% over the expected
similarities between 3'- UTR and exons extend twalues whereas, as noted, GpC and GpG fluctuate
the order of base levels, since in the two region&lthough in opposite directions) £10% around the
A>T>G>C. On the other hand, this order isexpected values.
T>A>C>G in 5'- UTR and T>A>G>C in introns. CpG is the least frequent diN, whereas TpG
Dinucleotide (diN) analysisDiN biases have and CpA are over the expected values. It has been
been related to diverse phenomena, like level afrgued that the methylation of CpG on the C resi-
expression (Hanai & Wada 1990), CpG methyladue, giving rise to 5mCpG, followed by deamina-
tion (Bird 1980), and conformational structure oftion and mutation to T can explain both the
DNA (Nussinov 1984, Hunter 1993). Moreover,underrepresentation of CpG and the excess of TpG
doublet frequencies (as is the case of codon usageld CpA (Salser 1977, Bird 1980). In this connec-
may be different in different genes in a given ortion, it should be noted that the presence of 5mC
ganism. This variability is evident in composition-has been reported B falciparum(Pollack et al.
ally compartmentalized genomes, like those 0f991), and hence might explain, at least partially,
mammals, where genes located in GC-rich regiortee CpG avoidance and TpG and CpA excess.
are richer in «GC» diNs (GpG, GpC, CpC and DiN O/E ratios of non-coding sequences are
CpG) than sequences located in GC-poor regiomisplayed in Fig. 5, and the corresponding percent-
(Bernardi et al. 1985, Hanai & Wada 1988). Conages are shown in Table llla. In Fig. 5 it can be
versely, the reciprocal is true for «AT» diNs (ApA,seen that ten diNs display biases in the same direc-
ApT, TpA and TpT), which are more frequent intion in the three non-coding regions, but usually
genes located in GC-poor regions of the genomwuith rather different ratios. The most biased diN is
To understand how the constraints imposed by thGpC, which is always over the expected values.
extremely AT-rich genome is expressed at the dodpG and CpG are consistently underrepresented,
blet level, we analyzed the diNs O/E ratios in evbut the avoidance of the former is clearer in 3'-
ery region. UTR, whereas the supression of the latter is evi-
The ratios for exons are shown in Fig. 4, andentin introns. ApT and CpA show similar biases,
the analyses for 5'- UTR, introns and 3'- UTR arsince the two are over the expected values in 5'-
displayed in Fig. 5. In the two cases, the ratios atd¢TR and introns but depleted in 3'- UTR. Among
expressed as (O/E)-1. The actual percentage thfe six pairs of complementary diNs, four (ApA/
doublets for each region analyzed is presented pT; ApC/GpT; ApG/CpT and GpA/TpC) display
Table llla. the same biases in the three non-translated regions,
In exons (Fig. 4) more than half of the dou-whereas this is not the case for CpA/TpG and CpC/
blets display ratios around +10% of the expecte@pG.
values. This is the case for ApA, ApG, ApT, CpT, Concerning the diNs percentages (Table llla),
GpA, GpC, GpG, TpC and TpT. «AT» diNs areitis evident that, as is the case with exons, the three
the most frequent and comprise 52.3% of all douron-translated regions are extremely rich in «AT»
blets (Table Illa). This strong bias in diN prefer-diNs, which together represent about 75% of all

(O/E)
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Fig. 5: weight-averaged (Observed/Expected)-1 dinucleotide frequencies for the total sum of 5'- UTR (5’), introns and 3'- UTR

3).

TABLE I
Dinucleotides frequencies

a)
diN exons 5 UT Introns 3" UT
AA 18.6 17.5 13.3 17.9
AC 4.3 2.6 2.6 29
AG 6.5 2.7 2.0 2.4
AT 13.0 19.3 22.0 19.5
CA 5.4 34 3.2 3.4
cc 1.9 1.1 0.8 1.0
CG 0.9 0.5 0.3 0.6
CT 3.1 2.2 1.9 2.3
GA 7.5 2.8 2.1 2.9
GC 1.8 0.7 0.5 0.7
GG 2.7 1.0 0.5 0.9
GT 4.2 2.8 35 3.1
TA 11.0 18.6 21.4 18.5
TC 3.3 2.7 2.2 2.6
TG 6.0 3.2 3.8 3.8
TT 9.7 18.8 20.1 17.4

b)

Exons

ARCATSTASTTISGASAGS TG CASACGTSTCCT>GCG0CGECCG
5°UT
ATSTTSTASAASCASTEGT=GASAGETCACCT>COGEEGECOG
Introns
ATSTASTTCAASTCGT>CASACTOGASAGCT>COGEGGCOG
3'UT
ATSTASAASTTSTGGASGTSAC-GASTCAGCT>COCGECG
a) Dinucleotide (diN) frequencies, expressed
percentages, in exons, 5°UT, introns and 3"UT.

b) DiNs sorted according to their frequencies in eac

region considered.

than the other three diNs. But in spite of this dif-
ference, the frequencies of doublets and the order
of preferences are very similar in non-coding DNA.
This is clearly shown in Table Illb, where the diNs
are sorted according to their frequencies in each
region.

A very important point is that the similarities
of diNs frequencies is not limited to non-translated
regions but extends to exons. Indeed, it can be seen
in Table IlIb that the four most frequent doublets
in all regions are the «AT» diNs, whereas «GC»
diNs are always the least represented. This point is
not a trivial one, since the frequencies of doublets
in exons reflects the amino acids composition of
the proteins; and further confirms that the extreme
GC-poorness of the genome impose strong com-
positional constraints which operate in the same
direction on the whole genome, on both coding
and non-coding sequences (Bernardi & Bernardi
1986).

The diNs biases reported here are similar to the
ones described earlier when fewer DNA sequence
data were available. Indeed, Hyde and Sims (1987)
analyzed 30 Kb of coding DNA, 3 Kb of 5'- UTR,
6.3 of 3'- UTR and 1.1 kb of intron sequences.
Although we found some differences, specially in
non-translated sequences, the degree of similarity
is such that we propose that the biases described
here are representative of the whole genome and

aRill not change dramatically when more data be-

fome available.
DISCUSSION
The genome oP. falciparumis the most AT-

doublets. Some differences are evident among thigh nuclear genome known, since its GC level is
three regions considered. For instance, whereas itwely 18% (Goman et al. 1982, Pollack et al. 1982,
four «AT» diNs are rather equally frequent in 5'McCutchan et al. 1984). Therefore, it is an excel-
UTR and 3'- UTR, ApA is less frequent in intronslent model to analyze compositional constraints
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(Bernardi & Bernardi 1986) and their effects, botltGC% levels, will display similar features (codon

on coding and non-coding sequences. usage, amino acids frequencies, bases distribution)
In a previous paper (Musto et al. 1995) we reregardless of the taxonomic proximity of the ge-

ported that the biases in base composition of difftomes considered.

ferent codon positions arjd codon pref_erences are REFERENCES

not only almost identical in housekeeping and an- . .

tlgen SequenceS, but blased towards A and T. &prnardl G 1993a. The vertebrate genome: isochores and

the same time, the amino acids frequencies showed €volution.Mol Biol Evol 10 186-204.

the same trend, i.e., the most preferred residues nardi G 1993b. The isochore organization of the hu-

: P man genome and its evolutionary history - a review.
those encoded by codons having A and/or Tinfirst  ~ J1aecs co

and second codon positions. Further, these biasgsnardi G 1995. The human genome: organization and
are almost identical i8. aureusand probably the  eyolutionary historyAnnu Rev Genetics 2845-476.
only genome feature that the two organisms havgernardi G, Bernardi G 1986. Compositional constraints
in common is the extreme low genomic GC level. and genome evolutiod.Mol Evol24: 1-11.

In this paper, we report an updated analysis dfernardi G, Olofsson B, Filipski J, Zerial M, Salinas J,
the compositional (GC%) distribution, base con- Cuny G, Meunier-Rotival M, Rodier F 1985. The
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it H ' ' ence. - .
letjlgr?gésx'?vcgplgmctjgss,egmLtjc-)nk?eac;‘dre?evg:?e.semrd AP 1980. DNA methylation and the frequency of

First, since previous reports (Hyde & Sims %3064'” animal DNA Nucleic Acids Re8: 1499-

198.7' Weber 1988, M_USto (_at al. 1995) the nu_mb%’Onofrio G, Bernardi G 1992. A universal composi-

of different genes available increased dramatically, tjonal correlation among codon positioGenel10

and parameters like the compositional distributions, g1-88.

base contents and dinucleotide biases did nGoman M, Langsley G, Hyde J, Yankovsky N, Zolg J,

change; so it is possible to conclude that the val- Scaife J 1982. The establishment of genomic DNA

ues reported here are representative of the proper- libraries for the human malaria parasttasmodium
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