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The evolution of genomic GC content undergoes a rapid
reversal within the genus Plasmodium
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Abstract: The genome of the malarial parasite Plasmodium falciparum is extremely AT rich. This bias toward a low GC content is
a characteristic of several, but not all, species within the genus Plasmodium. We compared 4283 orthologous pairs of proteincoding sequences between Plasmodium falciparum and the less AT-biased Plasmodium vivax. Our results indicate that the common
ancestor of these two species was also extremely AT rich. This means that, although there was a strong bias toward A+T during
the early evolution of the ancestral Plasmodium lineage, there was a subsequent reversal of this trend during the more recent
evolution of some species, such as P. vivax. Moreover, we show that not only is the P. vivax genome losing its AT richness, it is
actually gaining a very signiﬁcant degree of GC richness. This example illustrates the potential volatility of nucleotide content
during the course of molecular evolution. Such reversible ﬂuxes in nucleotide content within lineages could have important
implications for phylogenetic reconstruction based on molecular sequence data.
Key words: malaria, nucleotide bias, biased gene conversion, nucleotide content, molecular phylogeny.
Résumé : Le génome du parasite responsable de la transmission du paludisme, Plasmodium falciparum, est extrêmement riche en
AT. Ce biais en direction d’un faible contenu en GC est caractéristique de plusieurs mais pas toutes les espèces au sein du genre
Plasmodium. Les auteurs ont comparé 4283 paires orthologues de séquences codantes entre le Plasmodium falciparum et le
Plasmodium vivax, une espèce qui présente un biais plus faible. Les résultats indiquent que l’ancêtre commun de ces deux espèces
était également très riche en AT. Cela suggère que, bien qu’il ait existé un fort biais en faveur des A+T au cours de l’évolution
antérieure de l’ancêtre des Plasmodium, il se serait produit un renversement subséquent de cette tendance au cours de l’évolution
plus récente chez certaines espèces comme le P. vivax. De plus, les auteurs montrent que le génome du P. vivax a non seulement
perdu sa richesse en AT, mais encore il a acquis une richesse très signiﬁcative en GC. Cet exemple illustre la volatilité potentielle
de la composition en nucléotides au cours de l’évolution moléculaire. De tels changements réversibles en composition nucléotidique au sein d’un embranchement pourraient avoir des implications importantes pour la reconstruction de phylogénies sur
la base des séquences moléculaires. [Traduit par la Rédaction]
Mots-clés : paludisme, biais nucléotidique, conversion génique biaisée, composition nucléotidique, phylogénie moléculaire.

Introduction
Genomic nucleotide content (usually measured as GC content)
varies widely among prokaryotic genomes (Jukes and Bhushan
1986; Muto and Osawa 1987; Sueoka 1988; Haywood-Farmer and
Otto 2003; Xia 2003) and mitochondrial genomes (Jermiin et al.
1994; Foster et al. 1997). In contrast to the prokaryote and organelle
genomes, however, overall nucleotide content varies relatively little
among the nuclear genomes of vertebrates, although there are signiﬁcant variations in GC content within individual vertebrate genomes (Ikemura and Aota 1988; Galtier and Mouchiroud 1998). But
if we consider other nonvertebrate eukaryotic groups, e.g., insects, plants, and protists, we can also see considerable levels of
variation in GC content between genomes (see, e.g., Serres-Giardi
et al. 2012). In this paper, we consider the nucleotide content of
the malarial parasite Plasmodium falciparum, which is known to
have one of the lowest values for genomic GC content among
eukaryotes (Gardner et al. 2002).
The intergenomic variation in nucleotide content is correlated
with a corresponding bias in the amino acid composition of the
encoded proteomes (Collins and Jukes 1993; Foster et al. 1997;
Singer and Hickey 2000; Wang et al. 2004; Bastien et al. 2004;

Urbina et al. 2006). The underlying causes of these variations in
nucleotide content are of considerable interest to molecular evolutionary biologists. The main focus of interest has been on
whether these variations are a reﬂection of the action of natural
selection (see, e.g., Xia 1996; Xia and Palidwor 2005) or whether
they reﬂect some form of biased mutational pressure (Sueoka
1988; Wang et al. 1999, 2004; Galtier et al. 2001; Duret et al. 2006;
Pessia et al. 2012; Lartillot 2013).
These correlated biases in nucleotide and amino acid content
are also of great practical importance to evolutionary biologists
because the accuracy of phylogenetic reconstruction based on
molecular sequence data can be misleading if such biases are not
properly taken into account (Foster and Hickey 1999). Indeed, the
unusually low GC content of the Plasmodium genome has presented
unique challenges both for gene discovery (Gardner et al. 2002; Paila
et al. 2008) and for phylogenetic reconstruction (Nabholz et al. 2011;
Blanquart and Gascuel 2011).
Our motivation for this study was the observation that although
P. falciparum has a very AT-rich genome, less than 20% GC, other
species within the genus Plasmodium, such as P. vivax, are characterized by genomic GC contents that are much closer to 50% GC
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Table 1. GC content of six species of
Plasmodium.
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(Carlton et al. 2008). We wished to know if the common ancestor
of these two species had an AT-biased genome like that of
P. falciparum or a relatively unbiased genome like that of P. vivax.
Our results support the ﬁrst option: i.e., they indicate that the
common ancestor of these two species was characterized by an
extremely low GC content like that of P. falciparum. Therefore,
we can infer that although the ancestral lineage of the genus
Plasmodium evolved toward an exceptionally low GC content,
some species within the genus, e.g., P. vivax, have subsequently
evolved in the opposite direction, i.e., toward higher GC content.
The implication of this result is that the evolutionary changes in
genomic nucleotide content can be much more rapid and more
complex than is generally appreciated.

1

G+C content (%)

Plasmodium vivax
Plasmodium falciparum
Plasmodium knowlesi
Plasmodium berghei
Plasmodium chabaudi
Plasmodium yoelii

46.2
23.8
40.2
23.7
25.5
24.2

Note: These values are based on the GC content of the coding sequences only (i.e., introns
and intergenic noncoding sequences are not
included). Note that the exclusion of noncoding sites results in values that are a little
higher than the results based on whole genome
sequences.

Methods
We used the PlasmoDB database, release 7.1 (Bahl et al. 2003), to
access the complete genome sequences for six species of Plasmodium:
P.vivax, P. falciparum, P. knowlesi, P. berghei, P. chabaudi, and P. yoelii.
Since these genomes were fully annotated we were able to identify
and download the coding sequences for all of the protein-coding
genes. We focussed on the protein-coding regions because this
allowed us to align homologous sequences. Next, we calculated
the average nucleotide content of the coding sequences for each
of the six species.
Based on the average GC contents of the six species, we chose to
focus on the comparison of two species, P. falciparum and P. vivax.
We calculated the GC content of the coding sequences as follows.
We began with 5491 coding sequences from P. falciparum and 5435
coding sequences from P. vivax but, after discarding unusually
long (greater than 30 kb) and short (less than 150 bp) sequences,
along with sequences lacking an ATG start codon, we retained
5449 coding sequences from P. falciparum and 5335 from P. vivax.
We also downloaded the amino acid sequences corresponding to
these coding regions for the next steps in our analysis.
Next, we identiﬁed orthologous sequences between these two
species and calculated the GC contents in orthologous pairs of
genes. To create the orthologous datasets, we aligned the 5449
P. falciparum protein sequences against 5335 protein sequences
from P. vivax using standalone BLAST (Altschul et al. 1990). We
used protein sequences for the alignment to avoid any bias arising
from codon degeneracy affecting the homology search. Those hits
with expectation values larger than 1E−20 and low alignment scores
were discarded. The resulting dataset contains 4283 orthologous
gene pairs from P. falciparum and P. vivax.
To calculate the GC content at conserved and variable sites, we
performed pairwise alignments, using stand-alone ClustalW
(Larkin et al. 2007). We began by aligning each pair of orthologous
protein sequences (4283 orthologous pairs). Next, we removed the
gapped columns and trimmed the unaligned end sequences. We
then assigned the nucleotide sequences to their corresponding
protein sequences and removed the codons corresponding to amino acid gaps in the corresponding protein alignment. We used
this dataset for all the analyses on conserved and variable sites, as
well as different codon positions.
Using the 4283 DNA alignments, we ﬁrst calculated the GC
content of the individual orthologs (shown in the supplementary
data, Table S11). We then partitioned the data into conserved sites
and variable sites as follows: conserved sites are those sites in the
alignment at which the same nucleotide is found in both sequences, while variable sites are those sites where there is nucleotide difference between the two aligned sequences. We then
calculated the GC content of the conserved and variable sites
separately. Finally, we partitioned the data by codon position and

Species

calculated the GC content at each of the three codon positions
separately (see Table S2).

Results
We ﬁrst compared the average GC content of the protein-coding
sequences from six different species within the genus Plasmodium
that were available on the Plasmodium database (http://www.
plasmodb.org). The results are shown in Table 1. From the Table, we can see that four species, including P. falciparum, have very
low GC contents, while two species, P. knowlesi and P. vivax, have
relatively high GC contents. We chose to focus our attention on
the two species P. falciparum and P. vivax because both species are
important human parasites and because their coding sequences
differ in GC content by almost a factor of two (see Table 1).
Our goal was to trace the patterns of nucleotide substitution
since the divergence of the GC-poor P. falciparum and the seemingly GC-neutral P. vivax. Normally, one would use a phylogenetic
approach to investigate such a problem. Speciﬁcally, one would
plot the various species of Plasmodium on a phylogenetic tree and
add some appropriate outgroup species. But this normal approach is
complicated by some special challenges in the case of Plasmodium.
Because of its lack of a fossil record, combined with its reduced
morphology (a result of the parasitic lifestyle), most phylogenies
for this group are based almost solely on molecular sequence data.
But, as has been shown in a series of recent publications, these
phylogenies are themselves prone to the effects of the nucleotide
biases (e.g., Silva et al. 2011; Perkins 2014; Bensch et al. 2013). In
other words, the phylogenetic reconstruction methods presuppose a prior knowledge of the effect that we are trying to investigate. Ideally, one would like to use a phylogeny-free approach.
By restricting ourselves to some very basic questions about the
evolution of nucleotide content since the divergence of these two
species, we have been able to avoid invoking a particular phylogenetic branching pattern. Basically, we posed some simple questions about the general statistical properties of the sequences
rather than asking about particular patterns of nucleotide substitution. We were inspired by the simple approach used by M. Kimura
to show that rates of substitution at synonymous sites were more
frequent than at nonsynonymous sites. This was achieved by a simple comparison of aligned sequence pairs (Kimura 1981).
As mentioned in the Methods, we identiﬁed 4283 orthologous
coding sequences between P. falciparum and P. vivax. We then calculated the GC content of each of the orthologs. In addition to
calculating the overall GC content of each gene, we also identiﬁed
the conserved and nonconserved nucleotides in the alignments of
each orthologous pair and calculated the GC content of each type
of site (i.e., conserved sites and variable sites). We reasoned that,
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on average, the conserved sites would tend to reﬂect the ancestral
sequence composition, whereas the nonconserved sites would
provide an indication of the changed sequence composition since
the divergence of the two species. Our results (see Table 1; Fig. 1)
show that the conserved sites in the apparently GC-neutral P. vivax
are very AT rich (GC content 27.63% ± 0.08%), whereas the variable
sites are, in fact, strongly GC biased (GC content 72.08% ± 0.10%). In
other words, the seemingly unbiased overall sequence of P. vivax
(overall GC content 45.7% ± 0.08% for the orthologous subset of
genes) is a result of averaging a strong AT bias at the conserved
sites and an equally strong GC bias at the variable sites. Since this
pattern is seen consistently in all of the 4283 aligned sequence
pairs (see Table S1), the effects are highly signiﬁcant (p < 0.0001).
In an effort to explore this large difference in GC content between the conserved and variable sites, we decided to examine the
P. vivax coding sequences more closely. To do this, we calculated
the GC content of these sequences at each of the three codon
positions separately. This was done because the effects of nucleotide bias are often seen most clearly at the third codon position,
while there is usually least bias seen at the selectively constrained
second codon position. The results, shown in Fig. 2 and in Table S2, reveal a complex pattern. We see a strong AT bias at the
second codon position (GC content 32.95% ± 0.09%) and a signiﬁcant GC bias at the third codon position (GC content 58.60% ±
0.14%); the ﬁrst codon position has an intermediate nucleotide
composition (GC content 45.55% ± 0.09%). Moreover, the effect is
again very consistent over the 4283 individual genes (see Table S2), which again results in a high level of statistical signiﬁcance for these differences between codon positions (p < 0.0001).
Taken separately, the two different patterns of nucleotide content heterogeneity presented in Figs. 1 and 2 are difﬁcult to explain. By combining the two results, however, we can come up
with a relatively simple explanation (see Discussion below).

Fig. 1. GC content of Plasmodium vivax coding sequences. The left
bar indicates GC content of the sites that are conserved in the
alignment with the orthologous sequence from Plasmodium
falciparum, while the middle bar represents the GC content of the
variable, i.e., nonconserved sites; the right-hand bar indicates the
GC content of the entire P. vivax sequence (conserved and variable
sites combined). The data are the averages of 4283 individual genes.
Because the number of gene sequences was large and the trend was
very consistent among the sequences, the standard errors (values given
in the Results) were of the order of 0.1% or less; such values are too
small to be visible in the Figure. The dotted line indicates 50% GC
(i.e., the unbiased value). The raw data for the 4283 individual genes
are shown in the supplementary data, Table S1.

Discussion

Fig. 2. The average GC content of Plasmodium vivax genes at each of
the three codon positions. These values were also based on the
averages of the 4283 individual genes. The raw data for the
individual genes are shown in the supplementary data, Table S2.

Let us ﬁrst consider the variations in nucleotide content at each
of the three codon positions in P. vivax (see Fig. 2). This pattern
deﬁes a simple explanation based on either the action of natural
selection or of mutational bias. A selectionist explanation would
have to invoke translational selection at the third codon positions
that favored a high GC content. In addition, we would have to invoke
a simultaneous selection based on the coding capacity of the second
codon position that happened to favor a low GC content. And, ﬁnally,
we would have to explain why these complicated patterns of selection do not affect other species of Plasmodium, such as P. falciparum.
A consideration of a simple mutational bias, including the mismatch repair biases associated with biased gene conversion, does
not provide a plausible explanation either; we would have to invoke a mutational bias toward higher than average GC at the third
codon position along with a simultaneous bias toward low GC at
the neighboring second codon position.
If we now consider this same pattern of codon-speciﬁc heterogeneity in GC content in light of the information provided in
Fig. 1, we can come up with a relatively simple explanation. Speciﬁcally, considering that the ancestor of P. vivax had an AT-rich
genome at the point of its divergence from P. falciparum, all we
need to invoke is an overall mutational bias toward high GC, but
starting from this overall low GC level. It is already known that
mutational bias affects the less constrained third codon position
more than it affects the selectively constrained second codon position (Kimura 1981). Therefore, an overall mutational bias toward
high GC, starting from an AT-rich ancestral sequence, and ﬁltered
through different levels of selective constraint at each of the three
codon positions, would yield the pattern observed in Fig. 2. In
other words, the data presented in Figs. 1 and 2 ﬁt nicely together
to provide us with an explanation of the current complex composition of the P. vivax sequences. According to this explanation, the

P. vivax genome, while appearing to be relatively GC neutral overall, is actually in transition from an ancestral AT-rich genome
toward becoming a very GC-rich genome. For example, the GC
content at the third codon position among the variable sites is 76%
GC. This illustrates how quickly (in macroevolutionary terms) a
genome may switch from AT richness to GC richness, and it also
raises a number of unanswered questions.
The most obvious question is why there should be a relatively
rapid increase in the genomic GC content of P. vivax since its
Published by NRC Research Press
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divergence from its AT-rich ancestor, especially given that there is
no such increase seen within the P. falciparum lineage. While we
cannot give a deﬁnitive answer to this question, a number of
suggestions can be made based on what we already know about
the mutational biases and DNA repair biases. Early studies on
mismatch repair within artiﬁcially created DNA heteroduplexes
showed that the AT bias of mutation is balanced by a GC bias in
DNA heteroduplex repair (Brown and Jiricny 1988). At about the
same time (Bishop et al. 1987) it was shown that meiotic gene
conversion in yeast results from the correction of heteroduplex
DNA. Combining these two results led to the prediction that increased levels of recombination and gene conversion could lead to
increases in GC content because of the increased frequency of
biased heteroduplex repair. Support from this prediction came
from the observation that duplicated genes undergoing concerted
evolution within the Drosophila genome become GC rich because
they are subjected to increased levels of recombination and, consequently, increased levels of biased heteroduplex repair (Hickey
et al. 1991; Wang et al. 1999; Bettencourt and Feder 2002). This idea
was applied more generally to the GC-content evolution of mammalian genomes by Galtier et al. (2001) who referred to the phenomenon as biased gene conversion. Duret et al. (2006) suggested
that such GC-biased heteroduplex repair associated with meiotic
recombination could explain variations in GC content within human genomes. Smith and Lee (2008) invoked a similar explanation
for differences in GC content between mitochondrial genomes.
Recently, there is growing evidence that this mechanism is widespread among eukaryotes (Pessia et al. 2012) and that it is a major
determinant of the nucleotide composition of mammalian genomes (Lartillot 2013).
The studies (cited above) of duplicated genes in the Drosophila
genome show that the GC content can change even when the
species-speciﬁc rates of mutation and repair remain the same;
what changes in the case of the duplicated genes is the frequency
of heteroduplex formation. Considering these facts, we have
asked in what ways the genome of P. vivax might be subject to less
AT-biased mutation, and (or) more GC-biased heteroduplex repair,
i.e., more biased gene conversion, than that of P. falciparum. Some
clues may come from considering differences in the biology of the
two species. First, there is evidence that P. vivax infects reticulocyte cells preferentially, whereas P. falciparum infects red blood
cells at all stages, including the oxygen-rich mature erythrocytes
(see Gunalan et al. 2013 for a recent review). This might explain
why the P. vivax genome would be subject to less oxidative damage
and, consequently, less AT-biased mutation. But we need to explain not only that the P. vivax sequences are less AT biased, we
also need to explain why they are becoming GC rich at the variable sites. This increase in GC suggests the possibility that the
P. vivax sequences might be subject to increased levels of heteroduplex repair. It turns out that the population biology of P. vivax
lends some support to this idea. Speciﬁcally, it has been shown that
P. vivax is characterized by higher frequencies of multiple-clone infections than P. falciparum and that P. vivax also shows higher levels of
sequence polymorphism (see, e.g., Havryliuk and Ferreira 2009).
These population characteristics would result in a higher frequency
of heteroduplex formation during meiotic recombination in P. vivax,
as compared to the more monomorphic and inbred P. falciparum. A
further piece of evidence that the increased GC content of the P. vivax
nuclear genome is related to meiotic recombination comes from the
fact that the mitochondrial sequences of this species (which are not
subject to meiotic recombination and heteroduplex repair) remain
extremely AT rich (McIntosh et al. 1998; Rathore et al. 2001; Blanquart
and Gascuel 2011).
Regardless of the mechanisms underlying these changes in nucleotide content, our results have relevance to the construction of
molecular phylogenies. For example, they alert us to the fact that
the average nucleotide content of a group of organisms may not
be a reliable guide to the patterns of nucleotide bias within each
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member of that group because the GC content of the group members can potentially oscillate over a wide range. The results also
show, and perhaps more importantly, that a nucleotide content
that appears to be GC neutral overall does not necessarily mean
that there were no nucleotide biases occurring during the evolution of the lineage; speciﬁcally, the seemingly bias-free genome of
P. vivax has been subject to a strong AT bias followed by a strong
GC bias. Finally, our results illustrate the fact that the overall
nucleotide content of a sequence may be a poor indicator of the
biases at the variable sites, i.e., those sites where the evolution is
actually happening; this would be especially true for recent divergences where the variable sites, being a small minority of all sites,
would contribute relatively little to the overall average nucleotide
composition.
In summary, our results indicate that the P. vivax genome is in
the process of evolving relatively rapidly from an extremely ATrich ancestral genome toward becoming a GC-rich genome. This
shows that genomic nucleotide content may be subject to more
rapid ﬂuxes than was previously appreciated. It also raises questions about the evolutionary forces underlying such switches in
nucleotide composition. And ﬁnally it points to new complexities
that should be taken into account when constructing molecular
phylogenies.
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