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Plasmodium parasites of birds have the most AT-rich genes of
eukaryotes

Elin Videvall*

Abstract

The genomic architecture of organisms, including nucleotide composition, can be highly variable, even among closely-related

species. To better understand the causes leading to structural variation in genomes, information on distinct and diverse

genomic features is needed. Malaria parasites are known for encompassing a wide range of genomic GC-content and it has

long been thought that Plasmodium falciparum, the virulent malaria parasite of humans, has the most AT-biased eukaryotic

genome. Here, I perform comparative genomic analyses of the most AT-rich eukaryotes sequenced to date, and show that

the avian malaria parasites Plasmodium gallinaceum, P. ashfordi, and P. relictum have the most extreme coding sequences in

terms of AT-bias. Their mean GC-content is 21.21, 21.22 and 21.60%, respectively, which is considerably lower than the

transcriptome of P. falciparum (23.79%) and other eukaryotes. This information enables a better understanding of genome

evolution and raises the question of how certain organisms are able to prosper despite severe compositional constraints.

DATA SUMMARY

Supplementary data is available with the online version of
this article.

INTRODUCTION

Genomes constitute highly-dynamic landscapes which can
exhibit both structural and physical variation, and their
compositional architecture can have major impacts on evo-
lutionary processes. A major challenge in evolutionary
genomics has been to explain the substantial variation in
the genomic guanine+cytosine (GC) content observed
across species. The mean GC-content of eukaryotic micro-
organisms varies drastically, with parasites commonly dis-
playing a tendency towards evolving GC-poor genomes.
GC-content is highly associated with several genomic fea-
tures, such as gene density, proteome size, chromosomal
region, distribution of repeat elements, and methylation
patterns [1–3]. It has also been significantly correlated with
recombination rate and gene expression levels [4–6]. The
biological relevance of genomic GC-content therefore raises
important questions regarding its evolutionary causes and
consequences.

DNA sequences with higher GC-content are thermally
more stable than sequences with higher adenine+thymine
(AT) content because GC-pairs have an additional

hydrogen bond relative to AT-pairs. As a result, theory has
predicted that high genomic GC-content might be selected
for in environments with high temperature. In light of this,
GC-rich isochores interspersed in the genome sequences of
warm-blooded vertebrates were proposed to have evolved as
an adaptation to body temperature [7]. The thermal adap-
tion hypothesis has, however, been rejected by several stud-
ies [8, 9], and analyses of whole-genome sequence data
found little evidence for the isochore proposition [10].
Nonetheless, some evidence seems to suggest that the GC-
content of structural RNA positively correlates with optimal
temperature of prokaryotes [8, 9], lending some credibility
to the theory.

Interspecific differences in codon usage depend mostly
upon the compositional constraints of the genomes, as
organisms with extreme nucleotide biases are heavily con-
strained with regards to their amino acid usage. The reasons
why certain organisms evolve extreme nucleotide biases
have been debated for decades [5, 11–14]. One of the main
underlying mechanisms believed to be driving increased
genomic GC-content is GC-biased gene conversion during
recombination [5, 15]. This conversion results from mis-
match repair mechanisms that are GC-biased [16–18] and
leads to higher GC-content in genomic regions subjected to
high recombination rates. A process proposed to be a main
driver for increased AT-content is AT-biased mutations
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[19], such as the spontaneous deamination of 5-methylcyto-
sine to thymine. It has been demonstrated in bacteria that
mutations are universally biased towards AT, and that selec-
tion is therefore acting upon genome sequences to increase
GC-content [20, 21]. Intracellular eukaryotic microbes
could, in theory, evolve towards AT-richness as a result of
reduced recombination rates, loss of DNA repair mecha-
nisms, higher nucleotide substitution rates, relaxed selection
pressures, increased selection for AT mutations, or a combi-
nation thereof.

An organism that repeatedly has been highlighted as having
the most extreme eukaryotic genome sequence due to its
low genomic GC-content (19.34%) is the human malaria
parasite Plasmodium falciparum [4, 22, 23]. In contrast, the
related human malaria parasite Plasmodium vivax, exhibits
a much higher genomic GC-content of 42.28% [24]. This
enormous variation in GC-content in the genus Plasmo-
dium has significantly complicated comparative and phylo-
genetic analyses [25] and has sparked questions regarding
its origin [19, 26]. Recent evidence seems to suggest that the
ancestral Plasmodium genome was indeed AT-rich, and
that P. vivax has managed to restore its GC-content to more
normal levels [27, 28]. The underlying causes why Plasmo-
dium parasites, in particular, exhibit such dynamic nucleo-
tide compositions remain to be elucidated [29].

In this study, I perform comparative analyses of the nucleo-
tide composition of all sequenced eukaryotes with extreme
AT-bias in their transcript and coding sequences (CDS) and
compile a list of the most AT-rich eukaryotes sequenced to
date. I further investigate patterns of GC-content in differ-
ent gene categories in the seven eukaryotes with the most
AT-rich genes (Plasmodium spp.), and finally, I evaluate the
amino acid composition and codon usage of the most
extreme organisms in terms of CDS AT-bias, the avian
malaria parasites.

METHODS

Organisms

Genome and transcriptome sequences of a wide range of
eukaryotic species containing the lowest GC-content
sequenced to date were identified via extensive literature
and database searches. The sequences were downloaded,
analysed, and the most AT-rich eukaryotic organisms are
described in Table 1. The introns and intergenic regions of
AT-rich genomes always display lower GC-content relative
to the coding sequences, mainly due to stronger negative
selection pressure on coding sequences to remain functional
[11]. The difficulties in comparing intergenic repetitive
DNA across species, and the direct functional relevance of
coding regions, are why GC comparative analyses normally
focus solely on CDS [27], as I do in this study. The tran-
scriptome of P. ashfordi was derived from the annotated
published transcriptome assembly [30] as no genome
sequence was available for this organism. Genome, tran-
scriptome, and coding sequences for all other species of the
genus Plasmodium were downloaded from PlasmoDB

release 32 [31]. The following Plasmodium lineages were
used: P. falciparum 3D7, P. berghei ANKA, P. chabaudi cha-
baudi, P. gaboni SY75, P. gallinaceum 8A, P. reichenowi
CDC, P. relictum SGS1-like (DONANA05), P. vivax Sal1,
P. vinckei vinckei, P. yoelii yoelii 17X and P. ashfordi GRW2
[22, 24, 30, 32–34]. The organism P. gaboni was included in
the analyses due to its extraordinarily low GC-content, but
note that this Plasmodium lineage has yet to achieve taxo-
nomical species status [35]. Genomic datasets of the follow-
ing non-Plasmodium lineages were downloaded from
AmoebaDB release 32 [36]: Entamoeba nuttalli P19 and
Entamoeba dispar SAW760, from MicrosporidiaDB release
32 [36]: Anncaliia algerae PRA109 [37] and Nosema ceranae
BRL01 [38], from Ciliate.org [39]: Tetrahymena thermo-
phila (v. June2014) and Tetrahymena elliotti (v. Oct2012)
[40]. All other sequences have been obtained from their
public repositories, including Hepatospora eriocheir and
Enterocytozoon hepatopenaei [41], Dictyostelium discoideum
(v. 2.7) [42], Pecoramyces ruminantium (Orpinomyces sp.
C1A) [43], Nosema apis BRL01 [44], and Strongyloides ratti
[45]. According to the list of sequenced genomes at The
National Center for Biotechnology Information (NCBI), the
eukaryote with the most AT-rich genome as of May 2017 is
the protist Ichthyophthirius multifiliis (a ciliate parasite of
fish, GC Transcripts: 24.18%, CDS: 24.41%, Non-CDS:
13.70%, Genome: 15.96%) [46], followed by Pseudocohni-
lembus persalinus (another ciliate parasite of fish, CDS:
25.19%, Non-CDS: 14.67%, Genome: 18.81%) [47]. Both
genome sequences of I. multifiliis and Ps. persalinus have,
however, been filtered of contigs with high GC-content,
making the assemblies inherently biased towards AT-rich-
ness; they were therefore excluded from all analyses in this
study. Anaerobic fungi from the genus Neocallimastix have
also been suggested to have an extreme AT-bias [48],
though the species that have been sequenced, Neocallimastix
patriciarum and Neocallimastix californiae, have relatively
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high transcriptome/CDS GC-content (37.1 and 29.6%,
respectively) [49].

Sequences

CDS represent the protein-coding regions of the genome,
while transcripts can additionally include 5¢ and 3¢ untrans-
lated regions (UTRs) and possibly also poly-A-tails.
Non-CDS include both introns and intergenic sequences.
Potential structural differences between transcripts and CDS
is the reason why both of these datasets are presented in
Table 1 to facilitate assessment. However, overall GC-con-
tent for all species was virtually identical between transcripts
and CDS, which differed by only a few per ten thousand
(%oo) (Table 1). For example, P. falciparum differed by
exactly 1%oo in GC-content between its transcripts (0.2379)
and CDS (0.2378). All Plasmodium genome sequences
included in the comparative analyses have been well-
sequenced and gene annotations are of good quality.
Though no species of Plasmodium has a genome that is
entirely ‘complete’, the CDS (which are the focus of this
paper) are well-assembled and highly comparable across
species (Table 2). Genes from organellar genomes (such as
mtDNA and apicoplast DNA) are present in all Plasmodium
sequences included in the overall comparative GC analyses
(Table 2). The transcript and coding sequences evaluated

were derived directly from annotated genome assemblies,
and are therefore not biased to specific life-cycle stages.
P. ashfordi does not currently have a genome assembly, and
therefore constitutes the exception, with the transcriptome
obtained from the erythrocytic life stages at two time-points
in three host individuals [30]. P. ashfordi was included in
the overall GC analyses due to the limited number of non-
mammalian Plasmodium species sequenced, showing strong
correspondence in GC-content to the two other avian
malaria parasites (Fig. 1), but was not included in down-
stream comparative analyses because of the incomplete gene
sets resulting from the lack of a genome sequence. To allow
for fair comparisons between datasets, all GC analyses that
included P. ashfordi were performed using annotated tran-
scripts, and the analyses without P. ashfordi utilized CDS.
Gene categories of the seven eukaryotes with the most AT-
rich genes (and available genome sequences) were selected
with the intention to cover both highly-conserved and rap-
idly-evolving genes, as well as genes with documented
unusual GC-content (highly-expressed and sub-telomeric
genes). The CDS of gene sets, by category, were downloaded
via PlasmoDB [31]. The category ‘non-orthologs to Pf’ was
created by obtaining genes without orthologs to P. falcipa-
rum in the evaluated species; ‘orthologs in genus’ were genes

Table 1. GC content (%) of the most AT-rich eukaryotes sequenced to date

Species Host Transcripts CDS Non-CDS* Genome

Plasmodium gallinaceum Birds 21.21 21.19 14.85 17.83

Plasmodium ashfordi† Birds 21.22 NA NA NA

Plasmodium relictum Birds 21.60 21.57 15.27 18.33

Plasmodium gaboni Primates 22.42 22.44 12.78 18.21

Plasmodium falciparum Primates 23.79 23.78 14.28 19.34

Plasmodium berghei Rodents 23.79 23.75 19.95 22.04

Plasmodium yoelii Rodents 23.94 23.91 19.62 21.74

Plasmodium reichenowi Primates 24.07 24.06 13.72 19.26

Plasmodium vinckei Rodents 24.70 24.66 20.62 22.89

Nosema apis Insects NA 24.83 16.64 18.78

Plasmodium chabaudi Rodents 25.58 25.53 21.25 23.62

Hepatospora eriocheir Crustaceans NA 25.62 20.46 22.60

Pecoramyces ruminantium‡ Ruminants NA 26.76 14.31 17.00

Nosema ceranae Insects 27.42 27.36 24.40 25.27

Dictyostelium discoideum NA 27.42 27.41 14.40 22.44

Tetrahymena thermophila NA NA 27.53 17.24 22.32

Entamoeba dispar Mammals 27.72 27.72 20.09 23.67

Tetrahymena elliotti NA NA 27.74 19.10 22.94

Entamoeba nuttalli Mammals 27.78 27.78 21.50 25.02

Enterocytozoon hepatopenaei Crustaceans NA 27.82 19.53 25.45

Anncaliia algerae§ Insects 27.74 27.84 21.92 23.21

Strongyloides ratti Rodents NA 27.98 16.91 21.43

*Introns and intergenic sequences (non-coding).

†Data from this species are derived from a transcriptome assembly [30]

‡This species was previously known under the name Orpinomyces sp. C1A [57].

§This species was previously known under the name Brachiola algerae [37].
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in which the orthology phylogenetic profile (determined by
the OrthoMCL algorithm [50]) was constrained to all spe-
cies of Plasmodium analysed (Fig. 3); and the gene set
‘orthologs in phylum’ was constrained to all available Api-
complexa species in the orthology phylogenetic profile at
PlasmoDB. The dataset ‘sub-telomeric genes’ was created by
collecting all protein-coding genes located within a 50 kb
distance to the telomeres in each species, and ‘highly
expressed genes’ were created by obtaining orthologs in
each species to the most highly-expressed genes (top 5%) in
the P. falciparum blood-stage transcriptome dataset pro-
duced by Otto et al. [51]. Amino acid composition was cal-
culated using annotated protein sequences, graphs were
made using ggplot2 [52], and analyses were performed using
BEDTools [53] and R (v. 3.3.2) [54].

RESULTS AND DISCUSSION

GC-content of the eukaryotes with the most AT-rich
genes

The mean GC-content of all CDS/transcripts was found to
be very low in several parasitic and free-living eukaryotes
(Table 1), but exceptionally low in three Plasmodium para-
sites that infect birds [30, 32]: P. gallinaceum, P. ashfordi
and P. relictum (21.2--21.6%). In fact, by a wide margin,
these avian malaria species take the current lead as the
eukaryotes with the most AT-rich gene sequences to date
(Table 1 and Fig. 1). The human malaria parasite, P. falcipa-
rum, repeatedly designated as the organism with the most
AT-rich genome sequence, has a transcriptomic mean GC-
content of 23.79%, which is significantly higher than that of
the avian malaria parasites (Wilcoxon rank sum test:
W=9 966 100, P<2.2e-16). Closely related to P. falciparum
are two chimpanzee parasites that recently had their
genomes sequenced, P. reichenowi and P. gaboni [33]. These
two organisms contain a low transcriptomic GC-content
as well (Table 1), although significantly higher than for

example P. ashfordi (Wilcoxon test, P. reichenowi:
W=9 905 000, P<2.2e-16, and P. gaboni: W=11 935 000,
P<2.2e-16) (Fig. 1). This information challenges the com-
monly held view that P. falciparum is the most extreme
eukaryote in terms of AT-bias, and facilitates future Plasmo-
dium phylogenetic inferences. The evolutionary causes driv-
ing the extreme nucleotide composition in avian
Plasmodium require further research and additional geno-
mic resources, yet we can improve our understanding of the
processes involved in genome evolution by characterizing
the nucleotide composition of these AT-biased eukaryotic
organisms.

Avian and reptile blood parasites have been particularly chal-
lenging to sequence because of the nucleated erythrocytes of
their hosts. The three most AT-rich organisms, P. gallina-
ceum, P. ashfordi and P. relictum, therefore constitute the
first non-mammalian species of the genus Plasmodium with
genome or transcriptome sequences available. In addition,
all three species were sequenced using Illumina technology
[30, 32], which suffers from a well-known underrepresenta-
tion bias of AT-rich sequences due to difficulties in sequenc-
ing reads composed of homogenous bases [55, 56]. This
problem was also encountered by Youssef et al. [43], who
struggled with assembling the fungal genome of Pecoramyces
ruminantium [57] due to low intronic GC-content. The solu-
tion to this challenge was a hybrid genome sequence assem-
bly based on both Illumina and PacBio reads -- allowing the
AT-rich introns to be properly assembled, leading to the low-
est genome-wide GC-content so far observed in any eukary-
ote (17.0%; Table 1). Because of the Illumina sequencing
bias, we can suspect that fewer Plasmodium reads with
extremely high AT-content were successfully sequenced
compared to reads with higher GC-content. As a result, it is
likely that the three avian Plasmodium species even have a
slightly lower GC-content than their current calculated
values show.

Table 2. Genome statistics of the Plasmodium species analysed

Species GC (%) CDS Genome

size (Mbp)

Organellar

genomes

Protein

coding

genes

Contigs* Transcripts CDS Orthologs Version

P. gallinaceum 21.19 25.03 Yes 5307 154 5439 5307 5233 2017-01-09

P. relictum 21.57 22.61 Yes 5178 514 5306 5178 5108 2017-01-09

P. gaboni 22.44 20.39 Yes 5286 833 5590 5774 5196 2016-06-16

P. falciparum 23.78 23.33 Yes 5460 16 5800 5734 5458 2015-06-18

P. berghei 23.79 18.78 Yes 5067 21 5254 5094 5067 2017-01-09

P. yoelii 23.91 23.08 Yes 6091 16 6258 6094 6091 2016-10-27

P. reichenowi 24.06 24.06 Yes 5769 372 6071 6012 5733 2015-06-18

P. vinckei 24.66 18.22 No 4954 49 5009 4954 4944 2014-06-17

P. chabaudi 25.53 18.97 Yes 5217 16 5364 5217 5216 2015-06-18

P. vivax 46.30 27.01 Yes 5552 2748 5631 5552 5550 2015-06-18

*Number of contigs/chromosomes making up the genome assembly, including organellar genome sequences. Example: the P. berghei genome

assembly includes 14 nuclear chromosomes, one mitochondrial genome, one apicoplast genome, and five extra contigs with unplaced sequences

[31].
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Intriguingly, the passerine-infecting species P. ashfordi dis-
plays a pattern indicating a transcriptome GC-content pos-
sibly lower than that of the chicken parasite P. gallinaceum
(Fig. 1). It is likely that highly AT-rich sequences from
P. ashfordi may have been filtered during the strict assembly
criteria, leading to a higher mean GC-content than the true
value. In fact, besides the annotated transcriptome of
P. ashfordi, the dataset includes a smaller, unannotated
transcriptome assembly [30] which encompasses a remark-
ably low GC-content of 17.26% (not used in this study).
Since this particular species’ GC-content is based solely on a

blood-stage transcriptome, future whole-genome sequenc-
ing efforts will have to determine just how low GC-
content P. ashfordi has evolved.

Comparative GC analyses of subsets of genes in
the most AT-rich eukaryotes

To evaluate whether the overall pattern of AT-bias in the
avian malaria parasites was skewed towards specific groups
of genes or evident across multiple gene categories, compar-
ative GC analyses of subsets of genes were performed using
the seven eukaryotes with the most AT-rich genes for which

Fig. 1. Comparative transcriptome GC-content of the eight eukaryotes with the most AT-rich genes. (a) Density GC curves of P. ashfordi

(first row, in green), P. gallinaceum (second row, in blue), and P. relictum (third row, in turquoise). (b) Violin plot of transcriptome GC-

content. The grey shaded area represents the bird-infecting malaria parasites and the dashed horizontal line shows the mean GC-con-

tent of P. ashfordi and P. gallinaceum (21.2%). Pa, P. ashfordi; Pgal, P. gallinaceum; Prel, P. relictum; Pgab, P. gaboni; Pf, P. falciparum;

Prei, P. reichenowi; Pb, P. berghei; Py, P. yoelii.
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a complete genome sequence was available (P. ashfordi was
therefore not included) (Tables 2, S1 and S2, available in the
online version of this article). The GC-content of all ortho-
logs in the genus Plasmodium (n=4499--4582) showed a
strong, consistent AT-bias in the two avian parasites P. galli-
naceum and P. relictum compared to the mammalian para-
sites P. gaboni, P. falciparum, P. reichenowi, P. berghei and
P. yoelii (Fig. 2). Next, highly-conserved orthologs present
in the phylum Apicomplexa were investigated (n=619--631),
and these sequences also displayed a strong AT-bias in the
avian parasites (Fig. 2). Highly-expressed genes and genes
located in the sub-telomeric regions of the P. falciparum
genome have previously been shown to exhibit compara-
tively higher GC-content relative to other genes [4, 22, 28].
Analyses of the seven AT-rich species of Plasmodium
showed that highly-expressed genes were indeed higher in
GC-content for all species, though still comparatively lower
in P. gallinaceum and P. relictum (Fig. 2). Similarly, sub-
telomeric genes showed high GC-content in P. falciparum,
and low GC-content in the avian species of the genus Plas-
modium. Genes without orthologs to P. falciparum (non-
conserved genes) were the only group where the avian

species of the genus Plasmodium did not show a clear AT-
bias compared to other species (Fig. 2). However, the num-
ber of genes in this category varies drastically across species
(n=77--1530) (Table S1), complicating any potential infer-
ences about their nucleotide content. Additional GC com-
parative analyses of three Plasmodium multigene families
involved in host–parasite interactions (with somewhat simi-
lar gene numbers across species) showed no difference in
mean GC-content between avian (22.48%) and mammalian
parasites (22.23%) for the RBP family (Wilcoxon test:
W=1140, P=0.68) (Table S2). However, the two gene fami-
lies RhopH1 and eTRAMP showed significantly reduced
GC-content in the avian parasites (RhopH1=22.34%;
eTRAMP=26.32%) relative to the mammalian parasites
(RhopH1=26.35%; eTRAMP=31.14%) (Wilcoxon test:
RhopH1, W=341, P=3.78e-5; eTRAMP, W=1319.5,
P=4.01e-7) (Table S2).

Genomic compositional constraints of avian
Plasmodium parasites

To generate an overview of the compositional constraints
the extremely AT-biased bird-infecting Plasmodium species

Fig. 2. GC-content by gene category in the seven eukaryotes with the most AT-rich genes and with genome sequences available.

Points signify mean GC-percentages and horizontal lines delineate the 95% confidence interval. The shaded area represents the bird-

infecting malaria parasites. Pgal, P. gallinaceum; Prel, P. relictum; Pgab, P. gaboni; Pf, P. falciparum; Prei, P. reichenowi; Pb, P. berghei;

Py, P. yoelii.
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must be subjected to, codon usage in both P. gallinaceum
and P. relictum was investigated, and compared to that of an
AT-rich congeneric (P. falciparum) and a GC-rich conge-
neric (P. vivax). Overall, the AT-bias in the avian parasites’
coding sequences was reflected in drastically biased codon
usage (Table S3). While P. vivax has a diverse and heteroge-
neous codon usage, alternating between several codon var-
iants for each amino acid, P. gallinaceum and P. relictum
exhibit a highly homogenous usage for codons ending in
adenine or thymine. This biased usage of AT-rich codons
was even more pronounced than that observed in P. falcipa-
rum for most amino acids (Table S3).

Finally, to get a glimpse into the amino acid production of
severely nucleotide constrained eukaryotes, overall amino
acid proportions in the genomes of P. gallinaceum and

P. relictum were compared to the human-infecting parasites
P. falciparum and P. vivax. As expected, a larger difference
in the proportion of amino acids was found in the compari-
son to the GC-rich P. vivax than to the AT-rich P. falcipa-

rum (Fig. 3). However, not only the relative scale of amino
acid proportion was different, the composition of amino
acids differed substantially in the comparison to P. falcipa-
rum versus the comparison to P. vivax. Compared to

P. falciparum, lysine (K) was the amino acid with highest
relative difference in the coding sequences of the avian spe-
cies of the genus Plasmodium, while aspartic acid (D) and
histidine (H) were more abundant in P. falciparum (Fig. 3).
Compared to P. vivax, however, the coding sequences of the
avian malaria parasites had a relative increase of asparagine
(N) and a scarcity of glycine (G) and alanine (A). Both gly-
cine and alanine are GC-rich amino acids (alanine requires
a codon composed of GCN, and glycine requires a codon of
GGN), so it is not surprising that these particular amino
acids have declined in relative proportion in AT-biased
organisms if the selection pressure to keep them intact has
not been able to overcompensate mechanisms of GCfiAT
substitutions [19].

Conclusion

In conclusion, this comparative genomic study shows that
the eukaryotic organisms with the most AT-rich genes
sequenced to date are distributed across fungi, ciliates,
apicomplexans and amoebas though dominated by
Plasmodium species. Interestingly, it is the Plasmodium par-
asites infecting birds that have evolved the most extreme
coding sequences in terms of AT-bias. The genes of avian
malaria parasites are subject to remarkable compositional

Fig. 3. Relative pairwise differences in amino acid proportions of predicted proteins in the genomes of P. gallinaceum versus P. falcipa-

rum (an AT-rich congeneric) and versus P. vivax (a GC-rich congeneric). The same comparison is made for P. relictum versus P. falcipa-

rum and versus P. vivax. Positive values (red bars) indicate a larger relative proportion of the denoted amino acids in the genomes of

either P. gallinaceum or P. relictum. Note the differences in scale in the y-axes between the P. falciparum and the P. vivax comparison.
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constraints, such as biased codon usage, which makes these
organisms excellent candidates for studying genomic archi-
tecture, and incites further questions about the evolutionary
causes and biological consequences of extreme genomic
AT-bias.

Funding information

This work was supported by Jörgen Lindström’s foundation.

Acknowledgements

The inspiration for this study originally resulted from discussions with
Bengt Hansson, Staffan Bensch, Dag Ahr�en, Olof Hellgren and Charlie
Cornwallis. Ulrike Böhme generously gave permission to use P. relic-

tum and P. gallinaceum sequence data, and Guy Leonard provided
advice on NCBI genome databases. Comments by the editor and
reviewers improved this paper.

Conflicts of interest

The author declares that there are no conflicts of interest.

References

1. Jabbari K, Bernardi G. CpG doublets, CpG islands and Alu repeats
in long human DNA sequences from different isochore families.
Gene 1998;224:123–128.

2. Mouchiroud D, D’Onofrio G, Aïssani B, Macaya G, Gautier C et al.

The distribution of genes in the human genome. Gene 1991;100:
181–187.

3. Massey SE. The proteomic constraint and its role in molecular
evolution. Mol Biol Evol 2008;25:2557–2565.

4. Musto H, Romero H, Zavala A, Jabbari K, Bernardi G. Synony-
mous codon choices in the extremely GC-poor genome of Plasmo-

dium falciparum: compositional constraints and translational
selection. J Mol Evol 1999;49:27–35.

5. Birdsell JA. Integrating genomics, bioinformatics, and classical
genetics to study the effects of recombination on genome evolu-
tion. Mol Biol Evol 2002;19:1181–1197.

6. Pessia E, Popa A, Mousset S, Rezvoy C, Duret L et al. Evidence
for widespread GC-biased gene conversion in eukaryotes. Genome

Biol Evol 2012;4:675–682.

7. Bernardi G, Olofsson B, Filipski J, Zerial M, Salinas J et al. The
mosaic genome of warm-blooded vertebrates. Science 1985;228:
953–958.

8. Galtier N, Lobry JR. Relationships between genomic G+C content,
RNA secondary structures, and optimal growth temperature in
prokaryotes. J Mol Evol 1997;44:632–636.

9. Hurst LD, Merchant AR. High guanine-cytosine content is not an
adaptation to high temperature: a comparative analysis amongst
prokaryotes. Proc R Soc B Biol Sci 2001;268:493–497.

10. Lander ES, Linton LM, Birren B, Nusbaum C, Zody MC et al. Initial
sequencing and analysis of the human genome. Nature 2001;409:
860–921.

11. Bernardi G, Bernardi G. Compositional constraints and genome
evolution. J Mol Evol 1986;24:1–11.

12. Xue HY, Forsdyke DR. Low-complexity segments in Plasmodium

falciparum proteins are primarily nucleic acid level adaptations.
Mol Biochem Parasitol 2003;128:21–32.

13. Zilversmit MM, Volkman SK, Depristo MA, Wirth DF, Awadalla P

et al. Low-complexity regions in Plasmodium falciparum: missing
links in the evolution of an extreme genome. Mol Biol Evol 2010;
27:2198–2209.

14. Sueoka N. Correlation between base composition of deoxyribonu-
cleic acid and amino acid composition of protein. Proc Natl Acad

Sci USA 1961;47:1141–1149.

15. Galtier N, Piganeau G, Mouchiroud D, Duret L. GC-content evolu-
tion in mammalian genomes: the biased gene conversion hypothe-
sis. Genetics 2001;159:907–911.

16. Acosta S, Carela M, Garcia-Gonzalez A, Gines M, Vicens L et al.

DNA repair is associated with information content in bacteria,
archaea, and DNA viruses. J Hered 2015;106:644–659.

17. Garcia-Gonzalez A, Rivera-Rivera RJ, Massey SE. The presence
of the DNA repair genes mutM, mutY, mutL, and mutS is related to
proteome size in bacterial genomes. Front Genet 2012;3:1–11.

18. Wernegreen JJ, Funk DJ. Mutation exposed: a neutral explanation
for extreme base composition of an endosymbiont genome. J Mol

Evol 2004;59:849–858.

19. Hamilton WL, Claessens A, Otto TD, Kekre M, Fairhurst RM et al.

Extreme mutation bias and high AT content in Plasmodium falcipa-

rum. Nucleic Acids Res 2017;45:1889–1901.

20. Hildebrand F, Meyer A, Eyre-Walker A. Evidence of selection upon
genomic GC-content in bacteria. PLoS Genet 2010;6:e1001107.

21. Hershberg R, Petrov DA. Evidence that mutation is universally
biased towards AT in bacteria. PLoS Genet 2010;6:e1001115.

22. Gardner MJ, Hall N, Fung E, White O, Berriman M et al. Genome
sequence of the human malaria parasite Plasmodium falciparum.
Nature 2002;419:498–511.

23. Pollack Y, Katzen AL, Spira DT, Golenser J. The genome of Plas-
modium falciparum. I: DNA base composition. Nucleic Acids Res

1982;10:539–546.

24. Carlton JM, Adams JH, Silva JC, Bidwell SL, Lorenzi H et al. Com-
parative genomics of the neglected human malaria parasite Plas-

modium vivax. Nature 2008;455:757–763.

25. D�avalos LM, Perkins SL. Saturation and base composition bias
explain phylogenomic conflict in Plasmodium. Genomics 2008;91:
433–442.

26. McCutchan TF, Dame JB, Miller LH, Barnwell J. Evolutionary
relatedness of Plasmodium species as determined by the struc-
ture of DNA. Science 1984;225:808–811.

27. Nikbakht H, Xia X, Hickey DA, Golding B. The evolution of genomic
GC content undergoes a rapid reversal within the genus Plasmo-

dium. Genome 2014;57:507–511.

28. Bensch S, Canb€ack B, DeBarry JD, Johansson T, Hellgren O et al.

The genome of Haemoproteus tartakovskyi and its relationship to
human malaria parasites. Genome Biol Evol 2016;8:1361–1373.

29. Kissinger JC, DeBarry J. Genome cartography: charting the api-
complexan genome. Trends Parasitol 2011;27:345–354.

30. Videvall E, Cornwallis CK, Ahr�en D, Palinauskas V, Valkiūnas G

et al. The transcriptome of the avian malaria parasite Plasmodium

ashfordi displays host-specific gene expression. Mol Ecol 2017;26:
2939–2958.

31. Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S

et al. PlasmoDB: a functional genomic database for malaria para-
sites. Nucleic Acids Res 2009;37:D539–D543.

32. Böhme U, Otto TD, Cotton J, Steinbiss S, Sanders M et al. Com-
plete avian malaria parasite genomes reveal host-specific para-
site evolution in birds and mammals. bioRxiv 2016:1–32.

33. Otto TD, Rayner JC, Böhme U, Pain A, Spottiswoode N et al.

Genome sequencing of chimpanzee malaria parasites reveals
possible pathways of adaptation to human hosts. Nat Commun

2014;5:4754.

34. Otto TD, Böhme U, Jackson AP, Hunt M, Franke-Fayard B et al. A
comprehensive evaluation of rodent malaria parasite genomes
and gene expression. BMC Biol 2014;12:86.

35. Valkiūnas G, Ashford RW, Bensch S, Killick-Kendrick R, Perkins

S. A cautionary note concerning Plasmodium in apes. Trends

Parasitol 2011;27:231–232.

36. Aurrecoechea C, Barreto A, Brestelli J, Brunk BP, Caler EV et al.

AmoebaDB and MicrosporidiaDB: functional genomic resources
for Amoebozoa and Microsporidia species. Nucleic Acids Res 2011;
39:D612–D619.

37. Williams BA, Lee RC, Becnel JJ, Weiss LM, Fast NM et al. Genome
sequence surveys of Brachiola algerae and Edhazardia aedis reveal
microsporidia with low gene densities. BMC Genomics 2008;9:200.

Videvall, Microbial Genomics 2018;4

8



Downloaded from www.microbiologyresearch.org by

IP:  81.231.232.207

On: Tue, 23 Jan 2018 19:07:12

38. Cornman RS, Chen YP, Schatz MC, Street C, Zhao Y et al. Genomic
analyses of the microsporidian Nosema ceranae, an emergent
pathogen of honey bees. PLoS Pathog 2009;5:e1000466.

39. Stover NA, Punia RS, Bowen MS, Dolins SB, Clark TG. Tetrahy-

mena genome database Wiki: a community-maintained model
organism database. Database 2012;2012:bas007.

40. Eisen JA, Coyne RS, Wu M, Wu D, Thiagarajan M et al. Macronu-
clear genome sequence of the ciliate Tetrahymena thermophila, a
model eukaryote. PLoS Biol 2006;4:e286.

41. Wiredu Boakye D, Jaroenlak P, Prachumwat A, Williams TA,

Bateman KS et al. Decay of the glycolytic pathway and adaptation
to intranuclear parasitism within Enterocytozoonidae microsporidia.
Environ Microbiol 2017;19:2077–2089.

42. Eichinger L, Pachebat JA, Glöckner G, Rajandream MA, Sucgang

R et al. The genome of the social amoeba Dictyostelium discoi-

deum. Nature 2005;435:43–57.

43. Youssef NH, Couger MB, Struchtemeyer CG, Liggenstoffer AS,

Prade RA et al. The genome of the anaerobic fungus Orpinomyces

sp. strain C1A reveals the unique evolutionary history of a
remarkable plant biomass degrader. Appl Environ Microbiol 2013;
79:4620–4634.

44. Chen Y, Pettis JS, Zhao Y, Liu X, Tallon LJ et al. Genome sequenc-
ing and comparative genomics of honey bee microsporidia,
Nosema apis reveal novel insights into host-parasite interactions.
BMC Genomics 2013;14:451.

45. Hunt VL, Tsai IJ, Coghlan A, Reid AJ, Holroyd N et al. The genomic
basis of parasitism in the Strongyloides clade of nematodes. Nat
Genet 2016;48:299–307.

46. Coyne RS, Hannick L, Shanmugam D, Hostetler JB, Brami D et al.

Comparative genomics of the pathogenic ciliate Ichthyophthirius

multifiliis, its free-living relatives and a host species provide
insights into adoption of a parasitic lifestyle and prospects for dis-
ease control. Genome Biol 2011;12:R100.

47. Xiong J, Wang G, Cheng J, Tian M, Pan X et al. Genome of the fac-
ultative scuticociliatosis pathogen Pseudocohnilembus persalinus

provides insight into its virulence through horizontal gene trans-
fer. Sci Rep 2015;5:15470.

48. Brownlee AG. Remarkably AT-rich genomic DNA from the anaero-
bic fungus Neocallimastix. Nucleic Acids Res 1989;17:1327–1335.

49. Wang TY, Chen HL, Lu MJ, Chen YC, Sung HM et al. Functional
characterization of cellulases identified from the cow rumen fun-
gus Neocallimastix patriciarum W5 by transcriptomic and secre-
tomic analyses. Biotechnol Biofuels 2011;4:24.

50. Li L, Stoeckert CJ, Roos DS. OrthoMCL: identification of ortholog
groups for eukaryotic genomes. Genome Res 2003;13:2178–2189.

51. Otto TD, Wilinski D, Assefa S, Keane TM, Sarry LR et al. New
insights into the blood-stage transcriptome of Plasmodium falcipa-

rum using RNA-Seq. Mol Microbiol 2010;76:12–24.

52. Wickham H. ggplot2: elegant graphics for data analysis. New York:
Springer; 2009.

53. Quinlan AR, Hall IM. BEDTools: a flexible suite of utilities for com-
paring genomic features. Bioinformatics 2010;26:841–842.

54. R Core Team. 2017. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria. www.r-project.org/.

55. Hansen KD, Brenner SE, Dudoit S. Biases in Illumina transcrip-
tome sequencing caused by random hexamer priming. Nucleic
Acids Res 2010;38:e131.

56. Benjamini Y, Speed TP. Summarizing and correcting the GC con-
tent bias in high-throughput sequencing. Nucleic Acids Res 2012;
40:e72.

57. Hanafy RA, Elshahed MS, Liggenstoffer AS, Griffith GW, Youssef

NH. Pecoramyces ruminantium, gen. nov., sp. nov., an anaerobic
gut fungus from the feces of cattle and sheep. Mycologia 2017;
109:231–243.

Videvall, Microbial Genomics 2018;4

9

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.

2. We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.

3. Our journals have a global readership with subscriptions held in research institutions around
the world.

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good’.

5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.

http://www.r-project.org/
http://www.microbiologyresearch.org

