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Sequencing of more than 1,600 microbial genomes has been
complete, and rigorous studies are underway to reveal the
mechanisms of evolution which gave rise to the great variety
in combination of gene functions encoded on these genomes.
Although comparative genomics based on orthologous genes
has elucidated a great deal of the phylogenetic relationship
among the sequenced genomes, the mechanisms which have
shaped the current states of the microbial genomes remain
elusive. Particularly, the contribution of external forces such
as horizontal gene transfer and pressure from environmental
factors to genome evolution has yet to be investigated. This
special issue presents six, three, and two papers related, re-
spectively, to bacterial, fungal, and viral evolutionary mech-
anisms.

Among the six papers regarding bacterial evolution, H.
Nishida and C. -S. Yun in “Phylogenetic and guanine-cytosine
content analysis of Symbiobacterium thermophilum genes”
reported a mechanism of the Symbiobacterium genome
which increased GC content of horizontally transferred genes
and thereby maintained the genome with high GC content.
K. Oshima et al. in “Unique evolution of Symbiobacterium
thermophilum suggested from gene content and orthologous
protein sequence comparisons” performed phylogenetic anal-
yses of more than 50 Clostridia by comparing gene content
and orthologous protein sequence and demonstrated that
these two phylogenetic relationships are topologically differ-
ent, strongly suggesting that each Clostridia has a species-
specific gene content likely due to frequent genetic exchanges
or gene losses which have occurred during evolution.

H. -Y. Dou et al. in “Prevalence of Mycobacterium tuber-
culosis in Taiwan: a model for strain evolution linked to
population migration” presented an association study of dis-
tinct Mycobacterium tuberculosis strains prevalent in Taiwan
with historical migrations of different ethnic populations
based on a comparison of the tandem repeat sequences as
genetic markers. T. Takeda et al. in “Distribution of genes
encoding nucleoid-associated protein homologs in plasmids”
reported biases associated with certain bacterial plasmids,
that is, increase of nucleoid-associated protein genes in
large bacterial plasmids and low GC content of plasmids
encoding (histone-like nucleoid structuring protein) H-NS.
V. Pérez-Brocal et al. in “New insights on the evolutionary
history of aphids and their primary endosymbiont Buchnera
aphidicola” presented a study which supports the hypotheses
of divergence of Buchnera aphidicola from their host lineages
during an early Cretaceous period by demonstrating a closer
relationship of a subfamily Eriosomatinae with Lachninae
than with Aphidinae. A. Moreno-Letelier et al. in “Parallel
evolution and horizontal gene transfer of the pst operon in Fir-
micutes from oligotrophic environments” demonstrated that
the phosphate transport system gene operon of Firmicutes
has two highly divergent clades which do not correlate either
with the type of habitat or with a phylogenetic congruence
and proposed parallel evolution of this gene after horizontal
gene transfer events.

Of the three papers dealing with fungal evolution, R.
T. Morris and G. Drouin in “Ectopic gene conversions in
the genome of ten hemiascomycete yeast species” found that



ectopic gene conversions in the genome of ten hemias-
comycetes tend to occur more frequently between closely
linked genes and proposed that the mechanisms responsible
for the loss of introns in Saccharomyces cerevisiae were also
involved in the 3'-end gene conversion bias observed among
the paralogs. E. van Zijll de Jong et al. in “Sequence analysis of
SSR-flanking regions identifies genome affinities between pas-
ture grass fungal endophyte taxa” demonstrated that some
asexual Neotyphodium species arose following interspecies
hybridization between sexual Epichloe ancestors and charac-
terized Neotyphodium isolates based on sequence analysis of
genomic regions flanking simple sequence repeats. N. Khaldi
and K. H. Wolfe in “Evolutionary origins of the fumonisin sec-
ondary metabolite gene cluster in Fusarium verticillioides and
Aspergillus niger” compared the fumonisin secondary met
abolite gene cluster and proposed that the gene cluster
was horizontally transferred to Aspergillus niger from a
Sordariomycete.

As for the two papers of viral evolution, K. Tang and
X. Wu in “Computational analysis suggests that Lyssavirus
glycoprotein gene plays a minor role in viral adaptation”
found no significant evidence of positive selection on any
site of the Lyssavirus glycoprotein-coding gene (except for
AY987478) and proposed that the glycoprotein gene has been
under purifying selection and that the evolution of this gene
may not play a significant role in Lyssavirus adaptation.
S. A. B. Miele et al. in “Baculovirus: molecular insights on
their diversity and conservation” reported an evidence which
supports the current division of the Baculoviridae into
four genera, Alpha-, Beta-, Gamma-, and Deltabaculovirus
based on comparative studies of 57 genome sequences from
baculoviruses.

In closing this introduction to the special issue, we
would like to express our full appreciation to all the authors
and reviewers for their enormous efforts that have made
the timely completion of our assignment successful. We
sincerely hope that this special issue will stimulate further
the investigation of evolutionary mechanisms of microbial
genomes.

Hiromi Nishida
Shinji Kondo
Hideaki Nojiri
Ken-ichi Noma
Kenro Oshima
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Although the bacterium Symbiobacterium thermophilum has a genome with a high guanine-cytosine (GC) content (69%), it
belongs to a low GC content bacterial group. We detected only 18 low GC content regions with 5 or more consecutive genes whose
GC contents were below 65% in the genome of this organism. S. thermophilum has 66 transposase genes, which are markers of
transposable genetic elements, and 38 (58%) of them were located in the low GC content regions, suggesting that Symbiobacterium
has a similar gene silencing system as Salmonella. The top hit (best match) analyses for each Symbiobacterium protein showed that
putative horizontally transferred genes and vertically inherited genes are scattered across the genome. Approximately 25% of the
3338 Symbiobacterium proteins have the highest similarity with the protein of a phylogenetically distant organism. The putative
horizontally transferred genes also have a high GC content, suggesting that Symbiobacterium has gained many DNA fragments
from phylogenetically distant organisms during the early stage of Firmicutes evolution. After acquiring genes, Symbiobacterium
increased the GC content of the horizontally transferred genes and thereby maintained a genome with a high GC content.

1. Introduction

Symbiobacterium thermophilum is a syntrophic bacterium
that grows effectively when cocultured with a cognate Ge-
obacillus sp. [1]. Because of the lack of carbonic anhydrase
in the course of Symbiobacterium evolution [2, 3], the
major growth factor for this organism is CO, generated
by the growth of Geobacillus [4]. S. thermophilum has
a 3.57 Mbp circular genome that consists of 3338 protein-
coding sequences [3]. On the basis of the comparative
genomic studies, Symbiobacterium is classified as a member
of the class Clostridia [3, 5]. Although Symbiobacterium
phylogenetically belongs to Clostridia (low guanine-cytosine
(GC) content bacterial group), the species S. thermophilum
has a genome with a high GC content (69%).

GC content is commonly used as a marker in bacte-
rial systematics; for example, actinobacteria have a high
GC content genome, and clostridia have a low GC content

genome. This variation in nucleotide content in bacteria is
not clearly understood [6-8]. Analyzing a high GC content
genome of a bacterium that belongs to a low GC content
group or vice versa is useful and important. Symbiobacterium
belongs to the class Clostridia (low GC content group), but
its genome has a high GC content (69%). One possibility
is that Symbiobacterium has acquired this high GC content
from DNA fragments through horizontal gene transfer [9,
10], homologous gene recombination [11, 12], or both.
Another possibility is that Symbiobacterium has increased the
GC content of the acquired genes and maintained the high
GC content during evolution. In this study, we identified GC
content of each gene of S. thermophilum. In addition, we
identified the horizontally transferred and vertically inher-
ited genes. In order to elucidate why the Symbiobacterium
genome has a high GC content, we compared the GC
contents of the horizontally transferred genes with those of
the vertically inherited genes.
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FIGURE 1: Pie chart of the categories of the 3338 Symbiobacterium protein-coding genes. A BLAST search was conducted for all proteins from
147 eukaryotes, 1047 bacteria, and 84 archaea in the KEGG database (http://www.kegg.jp) considering the parameter values given on the
GenomeNet website (http://www.genome.jp). The query amino acid sequence was each protein of Symbiobacterium thermophilum. The top
hit (best match) for each Symbiobacterium protein was recorded. However, if the top hit was absent or if the E-value of the top hit exceeded
0.1, the Symbiobacterium protein was considered to have no similar protein (category, “No hit”). We categorized the 3338 Symbiobacterium
proteins into the following 17 categories: “Actinobacteria,” “Aquificae,” “Archaea/Eukaryota,” “Bacilli,” “Bacteroidetes/Chlorobi,” “Chlo-
roflexi,” “Clostridia,” “Cyanobacteria,” “Deinococcus-Thermus,” “Dictyoglomi,” “Fibrobacteres/Acidobacteria,” “No hit,” “Proteobacteria,”

“Symbiobacterium,” “Thermobaculum,” “Thermotogae,” and “Other bacteria.” If the top hit was another protein(s) of Symbiobacterium,

» «

then the query protein was considered to belong to the category “Symbiobacterium.”

2. Materials and Methods

In this study, we classified the 3338 protein-coding sequences
of S. thermophilum on the basis of the amino acid sequence
of each coded protein. A BLAST search was conducted for all
proteins from 147 eukaryotes, 1047 bacteria, and 84 archaea
in the KEGG database (http://www.kegg.jp/) considering
the parameter values given on the GenomeNet website
(http://www.genome.jp/). The top hit (best match) for each
Symbiobacterium protein was recorded. However, if the top
hit was missing or if the E-value of the top hit exceeded
0.1, we considered the Symbiobacterium protein to have
no similar protein (category, “No hit”). If the top hit was
another protein(s) of Symbiobacterium (category, “Symbio-
bacterium”), the protein-coding gene was considered to have
duplicated during evolution. Top hit analysis at the genome
level is a powerful tool for elucidating the phylogenetic
lineage of an organism [13, 14].

3. Results and Discussion

On the basis of the phylogenetic lineage of the organ-
ism possessing the top hit protein shown in the BLAST
result, the 3338 S. thermophilum protein-coding genes
were classified into 17 categories (Figure 1). The largest

category was “Clostridia,” and the second largest cate-
gory was “Bacilli” This is consistent with the results of
previous phylogenetic analyses [3]. The third and fourth
largest categories were “No hit” and “Symbiobacterium,”
respectively (Figure 1). Most genes belonging to the category
“Symbiobacterium” might share their origin with other genes
of the same category because 300 of the 341 genes had
a similar protein sequence as that of the other organisms
that appeared below the top hit of the BLAST result
(Table 1 (see Supplementary matrial available online at
doi:10.4061/2011/634505)). For example, most transposable
elements belonged to “Symbiobacterium,” indicating that
they were duplicated on the Symbiobacterium genome after
invasion.

When each gene was plotted on the basis of its category,
we detected 52 clusters containing 5 or more consecutive
genes belonging to “Clostridia” (Figure 2, pink regions in
Supplementary Table 1). These conserved gene clusters are
probably not acquired by horizontal gene transfer and are
strongly considered to be vertically inherited. The putative
vertically inherited genes were scattered across the genome of
S. thermophilum (Figure 2). In addition, we detected 18 low
GC content regions containing 5 or more consecutive genes
whose GC contents were below 65% (Figure 3, yellow regions
in Supplementary Table 1). These low GC content regions
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do not overlap with the 52 vertically inherited clusters
(Supplementary Table 1). On the basis of the KEGG gene
cluster database, we found 12 gene clusters in the 18 low GC
content regions (Supplementary Table 2).

Approximately 25% of the 3338 Symbiobacterium pro-
tein-coding genes belonged to categories consisting of
organisms phylogenetically distant from Symbiobacterium
(Figure 1), suggesting that Symbiobacterium frequently
acquired genes during evolution. The proportion of hori-
zontally transferred genes in the Symbiobacterium genome
is strongly suggested to be the highest among bacteria [15].
These putative horizontally transferred genes are scattered
across the genome of S. thermophilum (Figure 2). In addi-
tion, considering the species diversification of Bacilli and
Clostridia, it is suggested that the categories “Bacilli” and
“Clostridia” include not only vertically inherited genes but
also horizontally transferred genes.

Transposase genes are generally used as markers of trans-
posable genetic elements [16]. Most transposase-coding
genes flank horizontally transferred genes [13]. S. ther-
mophilum has 66 putative transposase-coding genes, of
which 38 (58%) are located in the low GC content
regions (P-value = 1.3 X 10~%%; Pearson’s chi-square test)
(Figure 3), suggesting that Symbiobacterium has a similar
silencing system as that of Salmonella [17, 18]. In the
silencing system, a histone-like nucleoid structuring (H-NS)
protein binds to the region with a low GC content. Similar
functional (H-NS) proteins were reported in Mycobacterium
and Pseudomonas [19, 20]. If Symbiobacterium also has such
proteins that bind the low GC content regions, the expres-
sion of the transposable elements located in these regions
might be inhibited. As mentioned above, most transposable
elements belong to the category “Symbiobacterium,” which
is consistent with the fact that the genes of this category
have lower GC contents than those of the other categories
(Supplementary Figure 1). The regions consisting of low
GC content genes cannot be explained by the directional
mutation pressure or amelioration of bacterial genomes
[21, 22]. Interestingly, although H-NS proteins bind the low
GC content regions in Mycobacterium, Pseudomonas, and
Salmonella [17-20], the H-NS protein of Escherichia coli does
not specifically bind only these regions [23].

In addition, S. thermophilum has 30 group II intron-
encoding maturase genes. Group II introns are transpos-
able elements [24] that encode maturase as an intron-
specific splicing factor [25]. The GC content of each
maturase gene is approximately 65% (Figure 3). These
maturase genes are classified in “Symbiobacterium,” on the
basis of amino acid sequence similarity. In contrast to
the transposase genes, the group II intron-encoding mat-
urase genes are not located in the 18 low GC content regions
(Figure 3). If Symbiobacterium has both an H-NS protein
binding the low GC content regions and a gene silencing sys-
tem similar to Mycobacterium, Pseudomonas, and Salmonella,
these maturases could be activated and the group II introns
could be transposed to the Symbiobacterium genome. Of
course, it is also possible that this transposition of the group
Il introns is inhibited by another gene silencing system.

International Journal of Evolutionary Biology

It is suggested that Symbiobacterium has gained many
DNA fragments from phylogenetically distant organisms
during the early stage of evolution in the Firmicutes (consist-
ing of Bacilli and Clostridia). As the Symbiobacterium genes
of all categories have a high GC content (Supplementary
Figure 1), it can be concluded that, after acquiring genes,
Symbiobacterium increased the GC content of the horizon-
tally transferred genes and thereby maintained a genome
with a high GC content.

In contrast to the Symbiobacterium genome, the Fusobac-
terium (phylogenetically closely related to Firmicutes)
genome has a low GC content (27%) [13]. It is suggested
that Fusobacterium has gained many genes from phyloge-
netically distant organisms [13]. In the course of evolution,
Fusobacterium has probably decreased the GC content of the
horizontally acquired genes and maintained a genome with a
low GC content.

Does Symbiobacterium benefit from maintaining a
genome with a high GC content? Considering that CO, is
the major growth factor of Symbiobacterium, its symbiotic
partners may not be limited to Geobacillus. Symbiobacterium
is widespread in different natural environments [26, 27].
The difference in the genome base compositions between
Symbiobacterium and its symbiotic partners may lead to a
decrease in the frequency of a homologous recombination
between the 2 genomes. For example, the 5 sequenced chro-
mosomal genomes of Geobacillus have a GC content ranging
from 42.8% to 52.5% (http://insilico.ehu.es/oligoweb/).

In addition, homologous recombination is generally
effective for adaptive evolution [11]. However, if the popu-
lation density is low or the recombining population is rare
in the environment, adaptive evolution is hampered [11].
Considering the wide distribution of Symbiobacterium in
natural environments, the population size of Symbiobac-
terium may be adequately large, suggesting that homologous
recombination between the Symbiobacterium strains and
different symbiotic partners may be effective for adaptive
evolution. Thus, it is hypothesized that Symbiobacterium
has maintained its extreme genome composition to avoid
homologous recombination between its genome and the
genomes of different species and to promote homologous
recombination between its genome and the genomes of the
same species (or genus).
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Comparisons of gene content and orthologous protein sequence constitute a major strategy in whole-genome comparison
studies. It is expected that horizontal gene transfer between phylogenetically distant organisms and lineage-specific gene loss have
greater influence on gene content-based phylogenetic analysis than orthologous protein sequence-based phylogenetic analysis.
To determine the evolution of the syntrophic bacterium Symbiobacterium thermophilum, we analyzed phylogenetic relationships
among Clostridia on the basis of gene content and orthologous protein sequence comparisons. These comparisons revealed
that these 2 phylogenetic relationships are topologically different. Our results suggest that each Clostridia has a species-specific
gene content because frequent genetic exchanges or gene losses have occurred during evolution. Specifically, the phylogenetic
positions of syntrophic Clostridia were different between these 2 phylogenetic analyses, suggesting that large diversity in the living
environments may cause the observed species-specific gene content. S. thermophilum occupied the most distant position from the
other syntrophic Clostridia in the gene content-based phylogenetic tree. We identified 32 genes (14 under relaxed selection and 18
under functional constraint) evolving under Symbiobacterium-specific selection on the basis of synonymous-to-nonsynonymous
substitution ratios. Five of the 14 genes under relaxed selection are related to transcription. In contrast, none of the 18 genes under

functional constraint is related to transcription.

1. Introduction

Symbiobacterium thermophilum is a phylogenetically unique
bacterium that effectively grows only in coculture with a
cognate Geobacillus sp. [1]. 16S rDNA-based phylogenetic
analysis has shown that it is actually a Gram-positive
bacterium [2]. Although S. thermophilum phylogenetically
belongs to Clostridia (low GC-content bacterial group), the
genome of S. thermophilum has a high GC content (68.7%)
[3]. Furthermore, 2 recent independent analyses concluded
that Symbiobacterium affiliates with Clostridia (a class of
Firmicutes): Ding et al. [4] carried out genome-context
network analysis of 195 fully sequenced representative

species, including S. thermophilum, and we analyzed the
concatenated alignment of ribosomal protein sequences [5].

In a previous phylogenetic analysis that was based
on ribosomal protein sequence comparisons [5], S. ther-
mophilum was closely related to 6 recently sequenced
Clostridia that have distinct properties, that is, Carboxy-
dothermus hydrogenoformans, Desulfitobacterium hafniense,
Moorella thermoacetica, Pelotomaculum thermopropionicum,
Desulfotomaculum reducens, and Syntrophomonas wolfei.
Symbiobacterium is dependent on the multiple functions of
Geobacillus, including the supply of CO; [1]. C. hydrogeno-
formans [6] grows by utilizing CO as a sole carbon source
and water as an electron acceptor, which produces CO;



and hydrogen as waste products. D. hafniense [7] carries
out anaerobic dechlorination of tetrachloroethene (PCE).
M. thermoacetica [8] is an acetogenic bacterium that has
been widely used to study the Wood-Ljungdahl pathway of
CO and CO; fixation (reductive acetyl-CoA pathway). P
thermopropionicum [9] is a member of a complex anaerobic
microbial consortium where it catalyzes the intermediate
bottleneck step by digesting volatile fatty acids (VFAs)
and alcohols produced by upstream fermenting bacteria
and it supplies acetate, hydrogen, and CO, to downstream
methanogenic archaea. D. reducens is an anaerobic sulfate-
reducing bacterium [10]. S. wolfei is a fatty-acid-degrading
hydrogen/formate-producing anaerobic bacterium [11].

Comparisons of gene content and orthologous protein
sequence constitute the major strategy in the whole-genome
comparison study [12]. Clostridia have the large amount
of bacteria. The phylogenetic position of Symbiobacterium
remains uncertain in Clostridia. In this study, we recon-
structed phylogenetic trees of Clostridia on the basis of the
2 different methods and compared them.

2. Methods

2.1. Phylogenetic Analysis on the Basis of Gene Con-
tent Comparisons. We used the following 51 bacteria (50
Clostridia and 1 Bacillus belonging to Firmicutes) in this
analysis: Alkaliphilus metalliredigens, Alkaliphilus oremlandii,
Ammonifex degensii, Anaerocellum thermophilum, Anaerococ-
cus prevotii, Bacillus subtilis, Caldicellulosiruptor saccharolyti-
cus, Candidatus Desulforudis audaxviator, Carboxydother-
mus hydrogenoformans, Clostridium acetobutylicum, Clostrid-
ium beijerinckii, Clostridium botulinum A ATCC 19397, C.
botulinum A ATCC 3502, C. botulinum A Hall, C. botulinum
A2, C. botulinum A3 Loch Maree, C. botulinum B Eklund
17B, C. botulinum B1 Okra, C. botulinum Ba4, C. botulinum
E3, C. botulinum F Langeland, Clostridium cellulolyticum,
Clostridium difficile 630, C. difficile CD196, Clostridium
kluyveri DSM 555, C. kluyveri NBRC 12016, Clostridium
novyi, Clostridium perfringens ATCC 13124, C. perfringens
SM101, C. perfringens 13, Clostridium phytofermentans,
Clostridium tetani E88, Clostridium thermocellum, Coprother-
mobacter proteolyticus, Desulfitobacterium hafniense DCB-
2, D. hafniense Y51, Desulfotomaculum acetoxidans, Desul-
fotomaculum reducens, Eubacterium eligens, Eubacterium
rectale, Finegoldia magna, Halothermothrix orenii, Heliobac-
terium modesticaldum, Moorella thermoacetica, Natranaero-
bius thermophilus, Pelotomaculum thermopropionicum, Sym-
biobacterium thermophilum, Syntrophomonas wolfei, Ther-
moanaerobacter pseudethanolicus, Thermoanaerobacter sp.
X514, and Thermoanaerobacter tengcongensis. Ortholog clus-
ter analysis among the above 51 bacteria was performed
using the MBGD [13] (Microbial Genome Database for
Comparative Analysis; http://mbgd.nibb.ac.jp/). The analysis
(minimum cluster size, 2) provided a gene presence/absence
data matrix (10,636 genes X 51 organisms), which served as
the basis for a distance matrix between all pairs of the 51
organisms. The distance was calculated from the different
ratios between the presence/absence patterns of the 10,636
genes. On the basis of distance matrix, a neighbor-joining
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tree was reconstructed using MEGA software version 4 [14].
The bootstrap was performed with 1000 replicates.

2.2. Phylogenetic Analysis on the Basis of 112 Orthologous
Protein Sequence Comparisons. We used the following 55
bacteria (54 Clostridia and 1 Bacillus) in this analysis:
Acidaminococcus fermentans, A. metalliredigens, A. degensii,
A. thermophilum, A. prevotii, B. subtilis, C. saccharolyticus,
Candidatus D. audaxviator, C. hydrogenoformans, Clostridi-
ales genomosp. BVAB3 UPII9-5, C. acetobutylicum, C. beijer-
inckii, C. botulinum A ATCC 19397, C. botulinum A ATCC
3502, C. botulinum A Hall, C. botulinum A2 Kyoto, C.
botulinum A3 Loch Maree, C. botulinum B Eklund 17B, C.
botulinum B1 Okra, C. botulinum Ba4 657, C. botulinum
E3 Alaska E43, C. botulinum F Langeland, C. cellulolyticum,
C. difficile 630, C. difficile CD196, C. difficile R20291, C.
kluyveri DSM 555, C. kluyveri NBRC 12016, C. novyi, C.
perfringens ATCC 13124, C. perfringens SM101, C. perfrin-
gens 13, C. phytofermentans, C. tetani, C. thermocellum,
C. proteolyticus, D. hafniense DCB-2, D. hafniense Y51, D.
acetoxidans, D. reducens, E. eligens, E. rectale, F. magna,
H. orenii, H. modesticaldum, M. thermoacetica, N. ther-
mophilus, P. thermopropionicum, S. thermophilum, S. wolfei,
Thermoanaerobacter italicus, T. pseudethanolicus, T. sp. X514,
T. tengcongensis, and Veillonella parvula. From the above 55
bacteria, 112 proteins were extracted as orthologous proteins
by using a previously described method [15]. Thus, we
constructed 112 multiple alignments using Clustal W [16].
Then, a concatenated multiple alignment of the 112 multiple
alignments was generated. The complete multiple alignment
had 52,204 amino acid sites, including 19,818 gap/insertion
sites. Hence, phylogenetic analyses were performed on the
basis of 32,386 amino acid sites without the gap/insertion
sites. The neighbor-joining tree was reconstructed using
MEGA software version 4 [ 14]. The bootstrap was performed
with 1000 replicates. The rate variation among sites was
considered to have a gamma-distributed rate (« = 1). The
other default parameters (e.g., Poisson distance) were not
changed.

2.3. Extraction of Genes Evolving under Symbiobacterium—
Specific Selection among Syntrophic Clostridia. Among Bacil-
lus subtilis, Carboxydothermus hydrogenoformans, Desulfi-
tobacterium hafniense, Moorella thermoacetica, Pelotomacu-
lum thermopropionicum, Desulfotomaculum reducens, Sym-
biobacterium thermophilum, and Syntrophomonas wolfei,
472 genes were extracted as orthologous genes by the
previously described method [15]. Synonymous substitution
occurs more frequently than nonsynonymous substitution
in protein-coding sequences because of relaxed functional
constraints (nonsynonymous-to-synonymous ratio w < 1)
[17], whereas they occur equally in noncoding regions and
pseudogenes (w = 1). We calculated the likelihood of both
the codon substitution model allowing for one w (model
R1) and the S. thermophilum branch-specific model allowing
for 2 ratios (wy and w;; model R2), using PAML version
3.14 [18]. In model R2, the branches of the gene tree
were partitioned into the Symbiobacterium branch (w;) and
other related branches (wq). Likelihood ratio test statistics
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were calculated as twice the difference between the 2log-
likelihoods (2A1n) and compared with a y? distribution with
degrees of freedom equal to the difference in the number
of parameters between the 2 models [19]. According to
this method, the genes evolving under the Symbiobacterium-
specific selection among Bacillus and 7 Clostridia were
extracted.

3. Results and Discussion

Phylogenetic relationships among Clostridia on the basis
of gene content comparison (Figure 1) were topologically
different from those generated on the basis of orthologous
protein sequence comparison (Figure 2). For example, in the
gene content-based phylogenetic tree, Alkaliphilus, Clostrid-
ium (except for C. cellulolyticum and C. thermocellum),
Desulfitobacterium, and Eubacterium formed a monophyletic
lineage with 85% bootstrap support (Figure 1). In contrast,
in the 112 orthologous protein sequence-based phylogenetic
relationships, Alkaliphilus, Anaerococcus, Clostridium (except
for C. cellulolyticum and C. thermocellum), Eubacterium, and
Finegoldia formed a monophyletic lineage with 98% boot-
strap support (Figure 2). Thus, the phylogenetic positions
of Anaerococcus, Desulfitobacterium, and Finegoldia were
different between these 2 trees. In addition, Coprothermobac-
ter proteolyticus was positioned differently in the 2 trees.
Moreover, the very long branch in the orthologous protein-
based tree suggests that C. proteolyticus has a substitution
pattern that is different from other related Clostridia.

We expected horizontal gene transfer between phy-
logenetically distant organisms and lineage-specific gene
loss to have greater influence on the gene content-based
phylogenetic analysis than the orthologous protein-based
analysis [12, 20]. Bacteria make their gene content suitable
for the living environment by changing it through gene
acquisition and loss.

The phylogenetic positions of 2 D. hafniense strains are
located near those of Alkaliphilus, Clostridium (except for C.
cellulolyticum and C. thermocellum), and Eubacterium in the
gene content-based phylogenetic tree (Figure 1). However,
those phylogenetic positions were located in the phylogenetic
lineage of syntrophic Clostridia in the orthologous protein-
based tree (Figure 2). The gene content-based phylogenetic
tree (Figure 1) indicates that Symbiobacterium branched off
at the earliest stage of Clostridia species diversification. In
contrast, Natranaerobius branched off at the earliest species
diversification stage in the orthologous protein sequence-
based phylogenetic tree (Figure 2).

Although S. thermophilum occupied the most basal posi-
tion in the gene content-based Clostridia lineage (Figure 1),
it was located in the syntrophic Clostridia lineage on the basis
of orthologous protein sequence comparisons (Figure 2).
Syntrophic bacteria evolved to acquire different sets of genes
despite their close phylogenetic relationship. Thus, although
Symbiobacterium clusters with syntrophic Clostridia, its gene
content is very different. S. thermophilum has the most
distant position from the other syntrophic Clostridia in the
phylogenetic tree on the basis of gene content comparisons.

Although the physiological reason for the high CO,
requirement of S. thermophilum is not yet known, we
assumed that it is related to the carbonic anhydrase defi-
ciency (the ubiquitous enzyme catalyzing interconversion
between CO; and bicarbonate; EC 4.2.1.1), as deficiency of
this enzyme results in the need for high CO, levels in several
model microorganisms [1]. S. thermophilum lost this enzyme
in the course of evolution [5]. In this previous analysis,
we inferred that C. hydrogenoformans and M. thermoacetica
have also lost the gene for carbonic anhydrase; however, we
recently noticed that C. hydrogenoformans had 2 potential
carbonic anhydrase coding genes with structures different
from the other syntrophic Clostridia carbonic anhydrases.
Therefore, only Moorella has lost the carbonic anhydrase
gene, in addition to Symbiobacterium. However, according to
our results, these two bacteria are not closely related to each
other (Figures 1 and 2), suggesting that the gene loss in these
2 species occurred independently during evolution.

Our results imply that each syntrophic Clostridial organ-
ism, especially Symbiobacterium, would have genes that
evolved in an organism-specific manner. We expect that
characterization of such genes will provide useful informa-
tion with regard to the evolutionary history and physiological
features specific to the corresponding organism [21, 22]. We
identified 32 genes evolving under Symbiobacterium-specific
selection (Table 1). The analysis revealed that the likelihood
of model R2 was significantly higher (P < .05) than that
of model RI in the 32 genes. Of these, 14 genes showed
wi/wy > 1 and 18 showed wi/wy < 1.

Among the 32 genes evolving under Symbiobacterium-
specific selection, the RNA chaperone Hfg-coding gene has
the highest w; value (0.5347) (Table 1). Hfq facilitates pairing
interactions between small regulatory RNAs and their mRNA
targets, which has a variety of functions in bacteria [23].
Among 73 conserved amino acid sites of Hfq (Figure 3),
S. thermophilum has more specific sites (7 sites) than the
outgroup Bacillus (4 sites), indicating that the Hfq gene is
one of the genes evolving under Symbiobacterium-specific
selection.

Two genes related to transcription, sigA (RNA poly-
merase sigma factor coding gene) and rpoC (RNA poly-
merase subunit beta’ coding gene) have evolved under
relaxed selection (Table 1). These results could be related to
the high GC content of Symbiobacterium genes. Thus, we
hypothesized that the GC bias of the promoter sequence
induced Symbiobacterium-specific SigA, a DNA-binding pro-
tein, which led to the structural change of RNA polymerase
complex (including RpoC). We discussed the relationships
between the GC content and phylogeny of the Symbiobac-
terium genes [24].

In addition, spolIAB and cheY are also related to
transcription. Thus, 5 of the 14 genes under more relaxed
selection than other Clostridia are related to transcription.
However, none of the 18 genes under functional constraint
is related to transcription. Those results suggest that, under
relaxed selection, the transcription system may be related
to S. thermophilum-specific gene content. In fact, Sym-
biobacterium lost the transcriptional regulator genes arsR,
GntR, and Lrp compared to other syntrophic Clostridia
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Ficure 1: Phylogenetic relationships on the basis of gene content comparisons among 50 Clostridia and Bacillus subtilis. The ortholog
cluster analysis (minimum cluster size, 2) among the 51 bacteria was performed using the MBGD [13]. This analysis produced the gene
presence/absence data matrix (10,636 genes X 51 organisms), which was used to generate the distance matrix between all pairs of the 51
bacteria. On the basis of the distance matrix, a neighbor-joining tree was reconstructed using MEGA software version 4 [14]. The bootstrap
was performed with 1000 replicates. The bar indicates a 200-gene difference.

(See in the Supplementary Material available online at doi: ~ under relaxed selection whereas argC (N-acetyl-gamma-
10.4061/2011/376831 Table S1.). glutamyl-phosphate reductase coding gene) has evolved

It is noteworthy that some functionally related genes  under functional constraint. Another example is the genes
exhibited opposite nucleotide substitution patterns  encoding flagella-associated proteins; flgG (flagellar hook
in S. thermophilum (Table 1). For example, argD (N-  protein coding gene) has evolved under relaxed selection,
acetylornithine aminotransferase coding gene) has evolved ~ whereas flgD (flagellar hook assembly protein coding gene)
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F1GURE 2: Phylogenetic relationships on the basis of 112 orthologous protein sequence comparisons among 54 Clostridia and B. subtilis. The
112 proteins were extracted as orthologous proteins from the 55 bacteria by a previously described method [15]. We constructed the 112
multiple alignments by using Clustal W [16]. Then, a concatenated multiple alignment of the 112 multiple alignments was generated. The
complete multiple alignment had 52,204 amino acid sites, including 19,818 gap/insertion sites. Hence, phylogenetic analyses were performed
on the basis of 32,386 amino acid sites without the gap/insertion sites. The neighbor-joining tree was reconstructed using MEGA software
version 4 [14]. The bootstrap was performed with 1000 replicates. The rate variation among sites was assumed to have a gamma distributed
rate (« = 1). No other default parameters were changed. The bar indicates a 10% difference.

and fliS (flagellar protein coding gene) have evolved under
functional constraint. flgG exhibited the highest w;/wq value
(75.48) (Table 1). Flagella mediate interactions between P.
thermopropionicum and methanogenic archaea [25]. Similar
specialized functions in syntrophic association could have

been a limiting factor for the evolution of the above 2
flagellum genes in Symbiobacterium.

In conclusion, our results suggest that S. thermophilum
has evolved in a unique manner compared to other syn-
trophic Clostridia from the perspective of gene content.
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TABLE 1: Genes evolving under Symbiobacterium-specific selection.

Gene W) w1/ wy 2AIn
w/wy > 1

hfg (RNA chaperone, STH1746) 0.5347 24.3046 5.7413
spolIAB (anti-sigma F factor, STH1813) 0.3967 5.9744 8.7835
flgG (flagellar hook protein, STH2995) 0.3774 75.4800 6.4323
ilvC (ketol-acid reductoisomerase, STH2688) 0.2240 3.4675 10.7272
rplL (50S ribosomal protein L7/L12, STH3086) 0.2183 8.3640 13.4750
argD (N-acetylornithine aminotransferase, 0.2084 2.0292 41224
STH2881)

rpIK (508 ribosomal protein L11, STH3090) 0.1869 9.3450 42192
ylmE .(alanine racemase domain-containing 0.1526 242222 15.4681
protein, STH1227)

proJ (gamma-glutamyl kinase, STH2540) 0.1497 26.2632 4.4715
sigA (RNA polymerase sigma factor, STH0588) 0.1315 3.7679 17.9996
rpoC (RNA polymerase subunit beta’, 0.0838 21487 7876
STH3084)

glmS (glucosamine-fructose-6-phosphate 0.0156 27857 13.0700
aminotransferase, STH1279)

aroE (3—p.hosphoshikimate 1 0.0125 2.8409 4.4748
carboxyvinyltransferase, STH1419)

.cheY (twc.)-compone.nt response regulator 0.0044 29333 6.7786
involved in modulation of flagellar, STH1540)

w/wy < 1

flgD (flagellar hook assembly protein, 0.0123 0.0715 4.4609
STH2996)

fliS (flagellar protein FliS, STH2976) 0.0073 0.0885 4.0842
yloM (ribosomal RNA small subunit 0.0045 0.0441 12.0081
methyltransferase B, STH1349)

ftsH (cell division protease, STH3198) 0.0040 0.0655 11.9908
spoVFB (dipicolinate synthase subunit B, 0.0039 0.0591 6.5852
STH1546)

rplW (508 ribosomal protein L23, STH3073) 0.0039 0.1429 3.9835
trmD (tRNA methyltransferase, STH1470) 0.0038 0.0574 5.7865
argC (N-acetyl-gamma-glutamyl-phosphate 0.0038 0.0721 41368
reductase, STH2892)

rpsC (308 ribosomal protein S3, STH3069) 0.0037 0.1504 4.1064
prfA (peptide chain release factor RF-1, 0.0035 0.0750 6.3618
STH0073)

ligA (NAD-dependent DNA ligase, STH2825) 0.0034 0.0654 4.5717
spo0] .(ParB—like nuclease domain-containing 0.0034 0.0397 10.1363
protein, STH3332)

ftsE (cell division ATP-binding protein, 0.0027 0.0407 5.6285
STHO0139)

metG (methionyl-tRNA synthetase, STH3252) 0.0027 0.0470 4.1885
rplC (50S ribosomal protein L3, STH3075) 0.0023 0.0920 4.3304
rplB (508 ribosomal protein L2, STH3072) 0.0020 0.0617 3.9836
rpsH (308 ribosomal protein S8, STH3061) 0.0018 0.1047 4.5829
infA (translation initiation factor IF-1, 0.0004 0.0234 47842

STH3052)
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FIGURE 3: Alignment of amino acid sequences of Hfq. Sth, Symbiobacterium thermophilum; Bsu, Bacillus subtilis; Chy, Carboxydothermus
hydrogenoformans; Dre, Desulfotomaculum reducens; Dha, Desulfitobacterium hafniense; Mth, Moorella thermoacetica; Pth, Pelotomaculum
thermopropionicum; Swo, Syntrophomonas wolfei. Red and blue sites indicate Symbiobacterium- and Bacillus-specific sites, respectively. The

dots represent identical residues of S. thermophilum amino acid.

Codon substitution analysis also suggests several unique
genes that evolved in a Symbiobacterium-specific manner.
Although speculative, the gene loss or relaxed evolution
of several transcriptional regulator genes implies that envi-
ronmental response might be involved in Symbiobacterium-
specific evolution.
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The global evolution and spread of Mycobacterium tuberculosis (MTB), one of the most successful bacterial pathogens, remain
a mystery. Advances in molecular technology in the past decade now make it possible to understand MTB strain evolution and
transmission in the context of human population migration. Taiwan is a relatively isolated island, serving as a mixing vessel over the
past four centuries as colonization by different waves of ethnic groups occurred. By using mycobacterial tandem repeat sequences as
genetic markers, the prevalence of MTB strains in Taiwan revealed an interesting association with historical migrations of different

ethnic populations, thus providing a good model to explore the global evolution and spread of MTB.

1. Introduction

Tuberculosis (TB) remains a major worldwide health con-
cern and has been characterized as one of three epidemics
by the World Health Organization [1]. In 2006, more than
1.5 million people died of TB, an estimated 9.1 million
new cases appeared, and the number of total TB cases
worldwide reached about 14 million [2]. Findings from
sites representative of Neolithic Europe, ancient Egypt, and
the Greek and Roman empires revealed that TB is an
ancient human disease [3]. Population migration due to
wars and New World expedition accounts for the major
transmission patterns of microbial pathogens, including
Mycobacterium tuberculosis (MTB). In the past decade, the
prevalence of MTB strains in different geographic regions
and ethnic populations has been explored by molecular
methods [4-6]. The reports revealed interesting patterns of
strain distribution in different ethnic populations, which
matched well to historical population migrations [5, 6].
Therefore, strain variations in different populations may be
used to elucidate the transmission patterns of MTB.

The distribution of TB in different geographic regions is
characterized by the prevalence of different MTB strains with
varied virulence and drug resistance. Both environmental

and host factors are responsible for the transmission and
prevalence of different MTB strains. Because MTB has no
detectable horizontal gene transfer [7, 8], large sequence
polymorphisms (LPSs) can be used as phylogenetic markers
to trace the evolutionary relationships of different strain
families. Hirsh et al. presented a phylogenetic analysis
of genomic deletions or LSPs, which were identified by
comparative genome hybridization using DNA microarrays
[7]. Mycobacterial interspersed repetitive units (MIRUs)
loci comprise variable numbers of tandem repeat (VNTR)
sequences, which allow them to be used as powerful genotyp-
ing markers [9]. In terms of genetic diversity and mutation
rates, they resemble human microsatellites, which are widely
used in human population genetics studies. By conducting
MIRU-VNTR typing, Supply et al. were able to detect strong
linkage disequilibrium between allele variants at these loci,
indicative of a predominant clonal evolution in the MTB
complex [8].

Taiwan is a relatively isolated island situated to the
southeast of mainland China. The ethnic populations of
Taiwan include Han Chinese who migrated to the island in
two major waves: the first during the Ming dynasty around
1600 and the second between 1945 and 1950, when members
of the military, veterans, and some civilians emigrated from
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FIGURE 1: Proposed origins and routes of spread of four strains of MTB to Taiwan.

mainland China due to the civil war there [4]; in total, about
two million mainland Chinese have migrated to Taiwan to
date. Taiwan was occupied by the Dutch beginning in 1660
for 40 years, and by the Japanese from 1895 until 1945.
There are 12 tribes of aboriginals on this island, which are
presumed to represent the ethnics who have inhabited the
island for at least four thousand years (Figure 1).

Although both the incidence and mortality rate of TB
have shown steadily declined since 1950, TB is still a leading
notifiable infectious disease on Taiwan. The populations
of Taiwan that have tuberculosis among them include
aborigines, veterans, and Taiwanese (Hoklo). Therefore, the
heterogeneous components of ethnic populations constitute
a good model with which to study MTB transmission and
host-pathogen relationships. An important question to be
answered here is whether distinct genotypes or lineages of
MTB are distributed differently according to their hosts’
ethnic origins and birthplaces. In the past years, we applied
MIRU-VNTR sequences as genetic markers and discovered
interesting findings on the origin and evolution of MTB in
Taiwan, as described below.

2. Associations of Mycobacterium
tuberculosis Genotypes with Different Ethnic
and Migratory Populations in Taiwan

Some epidemiologic studies have revealed that MTB geno-
type distribution is closely associated with geography, eth-
nicity, and population migrations [4, 5, 7]. Similar phylogeo-
graphical population structures have been reported for other
human pathogens [10-13], some of which have been linked
to ancient human migrations [11, 12, 14].

In Taiwan, TB is a major disease with an annual
incidence of about 16,000 confirmed cases. The proportion

of ethnic populations on the island is about 2% native
aborigines and 98% Han Chinese (Council of Indigenous
Peoples, Executive Yuan Taiwan, 2007). Previous studies in
Taiwan have demonstrated a fivefold higher incidence of
TB among aborigines compared to Han Chinese [15]. In
addition, polymorphism at the NRAMPI gene appears to be
associated with susceptibility to TB among aborigines but
not among the Han Chinese population [15]. Preliminary
studies on Beijing family MTB strains reveal differential
distributions by geographic region in Taiwan [16]. These
multifactor influences, including waves of immigration,
allow us to trace the evolutionary history of pulmonary
TB in Taiwan. Accordingly, we investigated TB evolution or
transmission in (1) the aborigines of Austronesian ethnicity,
whose ancestors came to Taiwan more than 500 years ago;
(2) the veterans of Han Chinese origin, first-generation
immigrants who moved to Taiwan 55-60 years ago; (3) the
general Taiwanese population of Han Chinese, most of whose
ancestors migrated to Taiwan around 200-400 years ago
[4].

Based on spoligotyping classification, six distinct clades
of MTB isolates among three Taiwanese subpopulations
were identified: Beijing, Haarlem, East-African Indian (EAI),
Latin American and Mediterranean (LAM), U, and the
ill-defined T clade. Of the six known clades, the Beijing
genotype overall was the most prevalent, being found in 40%
of TB-positive aborigines, 72% of TB-positive veterans, and
56% of the TB-positive general population [4]. This result
coincides with the global situation, with the most prevalent
MTSB strain worldwide being the Beijing genotype. Because
Beijing strains are rapidly spreading worldwide, major TB
outbreaks are most often associated with this strain [6, 17—
19]. The second most frequent clade was that of the Haarlem
family, which was present in 27% of aborigines and 13%
of the general population, but in only 7% of veterans [4].
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The third most frequent type was the T family, which was
present in 5% of aborigines, 10% of veterans, and 6% of the
general population. The remaining types were, in descending
order of frequency, LAM, EAI and U [4].

The Beijing family, which has the highest prevalence in
the three Taiwanese subpopulations, can be further grouped
into ancestral, modern, and recent strains by NTF locus
analysis and RD deletion analysis. The NTF region and
RD deletion are associated with the length of time since
an MTB strain emerged in the human population; thus,
they can be used to estimate the relative age of Beijing
family clusters. Results of NTF and RD analyses revealed that
ancient Beijing strains are prevalent among the aborigines,
and modern Beijing strains predominate among veterans
and the general population [4]. The retention of ancient
characteristics of MTB among aborigines may be due to the
historical tendency of Taiwan aborigines to live separately
from the general population and thus have relatively little
intermingling with Han Chinese.

The Haarlem genotype is the second prevalent type of
TB in Taiwan. The Haarlem strain was first isolated from a
patient living in Holland [20, 21] and is found mainly in
Central America, the Caribbean, Europe, and West Africa,
suggesting a link between Haarlem and post-Columbus
Europeans [19]. ogt and mgtC gene analyses for the Haar-
lem lineage demonstrated that Haarlem strains circulating
among aborigines in Taiwan are wild-type strains, whereas
most Haarlem strains currently isolated in Europe contain
single nucleotide polymorphisms (SNPs) and are compara-
tively modern. These results are similar to those of the Beijing
strains. Given Taiwan aborigines’ geographic isolation, the
first transmission or exchange of Haarlem strains between
the Dutch and the aborigines in Taiwan may have occurred
in the 16th century during the Dutch colonization period.
The late 16th century of Ming Dynasty was also the period in
which Han Chinese began to migrate from mainland China
to Taiwan. Thus, the Han Chinese may have introduced
Beijing ancient strains into the MTB gene pool in Taiwan at
that time.

3. Molecular Epidemiology and
Evolutionary Genetics of Mycobacterium
tuberculosis in Taipei

We then turn to study the strain distribution of MTB in
Taipei, which is located in northern Taiwan and is the island’s
capital city. The strain distribution of MTB in Taipei provides
us with the transmission pattern in this metropolitan city
against the background described above. The city proper
occupies 272 square km and has a population of 2.6 million,
with an additional 4.3 million inhabitants in the surrounding
metropolitan area. The population of Taipei includes the
same ethnicities as described above for the entire island:
Han Chinese, veterans, and Taiwanese aborigines [22]. The
prevalence of TB in large urban areas such as Taipei is
complicated by the close human-to-human contacts and
potential multiple sources of MTB strains from different
ethnic and migratory populations.

In a molecular epidemiologic analysis undertaken to
investigate the prevalence of genotypes, cluster pattern, and
drug resistance of MTB isolates in metropolitan Taipei, 356
MTSB isolates from patients presenting with pulmonary TB
were studied; the major spoligotypes found were Beijing
lineages (52.5%), followed by Haarlem lineages (13.5%) and
EAI plus EAI-like lineages (11%) [1]. Based on NTF and RD
analyses, as well as on drug-resistance testing, strains of the
Beijing family were more likely to be modern strains and have
a higher percentage of multiple drug resistance than all of
the other families combined. Because Han Chinese make up
almost all of the general population of Taipei City, Beijing
isolates found there were overwhelmingly modern strains
(96%). The predominance of the Beijing strain in Taipei city
constitutes a big challenge for TB control. Another important
observation was that patients infected with the Beijing family
were statistically younger than those infected with other
genotypes (Table 1). These results suggest a possible recent
spread of the Beijing genotype among younger individuals in
this area. Thus, even though Taiwan has had comprehensive
BCG vaccinations for more than 40 years, the predominance
of the Beijing family strain in the younger cohort in our study
suggests that BCG may not adequately protect young people
from the Beijing strain of MTB.

This situation warrants closer attention to control policy
and suggests that a better BCG vaccine is needed.

Of the 356 strains in this study, 281 isolates (79%)
were sensitive to all four of the first-line agents tested
and 75 (21%) were resistant to at least one drug; 2.8%
were multidrug resistant (MDR) (Table 2). Analysis of the
association between MDR and genotypes (as determined by
spoligotyping) showed that the Beijing genotype is more
likely to be MDR than all other genotypes (Haarlem, T, EAI,
others, and orphan combined) (P = .08, OR = 3.73, and 95%
C.I. = (0.78-17.83)). The EAI family is significantly more
likely to be sensitive to all drugs compared to other genotypes
(P = .02, OR = 3.64, and 95% C.I. = (1.09-12.15)). EAI
belongs to a branch in the early evolution of MTB and shows
more antibiotic-sensitive properties, perhaps due to a lack
of drug selection pressure. Interestingly among the orphan
strains, 5% were MDR and 20% were resistant to one drug,
showing a distribution similar to that of the Beijing family.

Taken together, our data summarized in Figure 2 show
the evolutionary relationships within the Beijing family of
strains in Taipei city. RD group 1 sublineage: 1 isolate of
ST11; this isolate shows a deletion of the RD105 region.
RD group 2 sublineages include ST11 and ST26; these
isolates show deletion of the RD105 and RD207 regions.
RD group 3 sublineages include ST3, ST10, ST19, ST22,
STK, and STN; these isolates show deletion of the RD105,
RD207, and RD181 regions. RD group 4 sublineages include
ST10 and ST19; these isolates show deletion of the RD105,
RD207, RD181, and RD150 regions. RD group 5 sublineages
include ST3, ST10 ST19, and ST22; these isolates show
deletion of the RD105, RD207, RD181, and RD142 regions.
RD group 6 sublineages include ST10 and ST19; these
isolates show deletion of the RD105, RD207, RD181, RD142,
and RD150 regions. It has been suggested that insertion
sequence- (IS-) mediated deletion events are an important
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TaBLE 1: Association of Beijing MTB genotype and different age groups of patients®.

No. (%) isolates

No. (%) of Beijing isolates

1 0
Age group (yr) 356 187 (52.53) Odds ratio 95% C.I. P value
<25 34 (9.55) 29 (85.29) 5.80 2.11-15.98 .0002
<30 54 (15.17) 37 (68.52) 2.18 1.11-4.28 .02
31-60 95 (26.69) 50 (52.63) 1.11 0.65-1.90 7
61-75 85 (23.88) 39 (45.88) 0.85 0.49-1.48 .56
>76 122 (34.27) 61 (50.00) 1 reference group
aAdapted from [1].
TABLE 2: Association between MTB genotype and drug resistance in patients®.
Genotype family No. of isolates (%) MDR (%) Any one drug (%) All sensitivity (%)
Beijing? 187 (52.5) 8(4.2) 36 (19.4) 143 (76.4)
Haarlem 48 (13.5) 0 9(18.8) 39 (81.2)
EAI® 40 (11.2) 0 3(7.5) 37 (92.5)
T 25(7.1) 0 8 (32.0) 17 (68.0)
“Others”™ (LAM, U, MANU, Bovis1) 16 (4.5) 0 1(6.3) 15 (93.7)
Unclassifiedd 40 (11.2) 2 (5) 8 (20) 30 (75)
Total 356 10 (2.8) 65 (18.2) 281 (79)

“Including Beijing-like strains.
bIncluding EAI-like strains.
€“Others”, all genotype families with a frequency of less than 10 cases.

dUnclassified, no internationally recognized genotype family assigned, based on the SpolDB4 spoligotype database.

¢Adapted from [1].

mechanism driving mycobacterial genome variation. Based
on our results (Figure 2), the RD105 and RD207 deletions
appear to have been early events in the evolutionary history
of Beijing strains; however, the IS6110 insertion occurred
after the RD181 deletion but has not always persisted in later

sublineage evolution. Thus, neither of the RD type 1 and
type 2 groups (which include ST26 and ST11) have an IS6110
insert in the NTF region (N family). We still found some
characteristics of ancient Beijing strains (N family) in ST19,
ST10, and ST22.
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Figure 1 illustrates the proposed origins and routes of
spread of four strains of MTB in Taiwan.

Route 1. The Beijing strain may have migrated to Taiwan
through two separate historic events: the first during the
Ming dynasty and the second wave shortly after World War
II. Through these two migrations, the ancient Beijing strain
has evolved into the modern Beijing strain.

Route 2. Haarlem originated in the Netherlands. It migrated
to Taiwan during the Dutch reign over the island in the
16th century and continues to be a major strain here. It
is also important to note that there has been no observed
genetic mutation in the strain that was passed onto the
natives of Taiwan. The Haarlem strain that remained in the
Netherlands, however, has mutations in the ogt and mgtC
genes, thus, resulting in SNP variants.

Route 3. LAM originated in both Europe and the Americas.
It may have migrated to Taiwan during the Portuguese reign
in the 16th century and been passed on to the natives of
Taiwan.

Route 4. EAI originated in Taiwanese aborigines, entering
Taiwan four thousand years ago. It may be closely associated
with the Austronesian culture. The Austronesian peoples
are a population in Oceania and Southeast Asia who
speak languages of the Austronesian family. They include
Taiwanese aborigines; the majority ethnic groups of East
Timor, Indonesia, Malaysia, the Philippines, Brunei, Mada-
gascar, Micronesia, and Polynesia; the Polynesian peoples of
New Zealand and Hawaii and the Austronesian peoples of
Melanesia.

Problems are remaining to be solved. Molecular genetic
analysis of clinical MTB strains delineates relationships
among closely related strains of pathogenic microbes and
allows construction of genetic frameworks for examining
the distribution of biomedically relevant traits such as
virulence, transmissibility, and host range. Based on the
strain distribution in different ethnic populations, we will
attempt to identify factors that determine the disease
transmission. Comparative genomic hybridization (CGH)
microarray chips will be designed based on the genomic
sequence to conduct the population genetic study efficiently.
The information we provided in this paper will help us
to better understand the dynamics of TB transmission in
Taiwan and hence is a good model to understand the global
distribution of MTB strains among different geographic
regions and ethnic populations.
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Bacterial nucleoid-associated proteins (NAPs) form nucleoprotein complexes and influence the expression of genes. Recent studies
have shown that some plasmids carry genes encoding NAP homologs, which play important roles in transcriptional regulation
networks between plasmids and host chromosomes. In this study, we determined the distributions of the well-known NAPs Fis,
H-NS, HU, IHF, and Lrp and the newly found NAPs MvaT and NdpA among the whole-sequenced 1382 plasmids found in Gram-
negative bacteria. Comparisons between NAP distributions and plasmid features (size, G+C content, and putative transferability)
were also performed. We found that larger plasmids frequently have NAP gene homologs. Plasmids with H-NS gene homologs
had less G+C content. It should be noted that plasmids with the NAP gene homolog also carried the relaxase gene involved in the
conjugative transfer of plasmids more frequently than did those without the NAP gene homolog, implying that plasmid-encoded

NAP homologs positively contribute to transmissible plasmids.

1. Introduction

Bacterial chromosomal DNA is folded to form a compacted
structure, the nucleoid. The proteins involved in folding
the chromosome are known as nucleoid-associated proteins
(NAPs) [1, 2]. Because of their DNA-binding ability, NAPs
can also play an important role in global gene regula-
tion [1, 2]. Each well-known NAP in Enterobacteriaceae
may be categorized as a “factor for inversion stimulation”
(Fis), “histone-like nucleoid structuring protein” (H-NS),
“histone-like protein from Escherichia coli strain U93” (HU),
“integration host factor” (IHF), or “leucine-responsive reg-
ulatory protein” (Lrp) [1]. Fis is one of the most abundant
NAPs in exponentially growing E. coli cells, and its role as
a transcriptional regulator has been investigated [3]. H-NS
binds DNA, especially A+T-rich regions including promoter
regions or horizontally acquired DNA and acts as a global
transcriptional repressor [4]. HU and IHF are similar in
amino acid sequence level, and both are global regulators

[5, 6], although they have distinct DNA-binding activities:
HU binds to DNA nonspecifically whereas IHF binds to
a consensus sequence [7]. Lrp has a global influence on
transcription regulation and is also involved in microbial
virulence [8]. In addition to these well-known NAPs, many
other NAPs are found not only in Enterobacteriaceae but
also in other organisms. For instance, NdpA, a functionally
unknown NAP, has been found in Gram-negative bacteria
[9]. The MvaT family protein is the functional homolog of
H-NS in Pseudomonas bacteria [10].

Horizontal gene transfer (HGT), which is mediated by
transduction, transformation, and conjugation, plays an
important role in the evolution of prokaryotic genomes
[11, 12]. Genes acquired by HGT can provide beneficial
functions such as resistance to antibiotics and advantages
to their host under selective pressures [13]. However, the
mechanisms underlying the integration of newly acquired
genes into host regulatory networks are still unclear. Recent
investigations have shown that some plasmids carry the genes



encoding NAP homologs, which play important roles in
transcriptional regulation networks between plasmids and
host chromosomes and in maintaining host cell fitness.
For example, Doyle et al. [14] reported that plasmid-
encoded H-NS-like protein has a “stealth” function that
allows for plasmid transfer into host cells without disrupting
host regulatory networks, maintaining host cell fitness. Yun
and Suzuki et al. [15] reported that plasmid-encoded H-
NS-like protein can also play a key role in optimizing
gene transcription both on the plasmid and in the host
chromosome.

In this study, we determined the distributions of NAP
homologs among plasmids and discussed their roles in the
maintenance of plasmid and host cell fitness.

2. Materials and Methods

2.1. Plasmid Database Collection and Local BLAST Analyses.
The completely sequenced plasmid database was down-
loaded from the NCBI ftp site (ftp://ftp.ncbinih.gov/
genomes/Plasmids/). Some duplicated sequence data of the
same plasmids were removed from the database. Iden-
tification of plasmids that contain the genes encoding
NAP homologs was performed using the local TBLASTN
program (ver. 2.2.24, ftp://ftp.ncbi.nlm.nih.gov/blast/execu-
tables/blast+/LATEST/) under strict conditions (i.e., thresh-
olds of 30% identity and 70% query coverage). The complete
amino acid sequences of Fis (DDBJ/EMBL/GenBank acces-
sion no. AP_003801), H-NS (AP_001863), Hha (AP_001109),
HUa« (AP_003818), HUB (AP_001090), IHF«a (AP_002332),
IHFS (AP_001542), Lrp (AP_001519), and NdpA (P33920)
from E. coli K-12 W3110 and MvaT (AAP33788) from
Pseudomonas aeruginosa PAO1 were used as query sequences.

2.2. Bacterial Genome Analyses. The complete genome
sequences of bacteria were downloaded from the NCBI ftp
site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). The number
of NAP genes on proteobacterial genomes was investigated
using the TBLASTN program (http://www.ncbi.nlm.nih
.gov/sutils/genom_table.cgi) under strict conditions (i.e.,
thresholds of 30% identity and 70% query coverage).

2.3. Plasmid Classification. Plasmids in the database were
classified into six groups according to their source organisms:
Gram-negative, Gram-positive, archaeal, eukaryotic, viral,
and unclassified. Putative transferability of each Gram-
negative plasmid was determined by whether it carried
the relaxase gene of each MOB family that Garcillan-
Barcia et al. proposed [16]. Instead of using the local
PSI-BLAST program (ver. 2.2.24, ftp://ftp.ncbi.nlm.nih.gov/
blast/executables/blast+/LATEST/) as described by Gar-
cillain-Barcia et al. [16], we used the local TBLASTN
program.

3. Results and Discussion

3.1. Database Collection and Plasmid Classification by Origin.
We downloaded the whole sequences of 2278 plasmids
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from the NCBI ftp site (April 2010). Duplicated plasmids
were removed manually, and the resultant 2260 plasmid
sequences were used in this study. To understand what types
of plasmids were included in the database, we classified them
into six groups according to their source organisms. The
database included 1382 Gram-negative, 725 Gram-positive,
81 archaeal, 43 eukaryotic, 1 viral, and 28 unclassified
plasmids.

3.2. Identification of the Plasmids Containing NAP Gene
Homologs. Using the amino acid sequences of well-known
NAPs (Fis, H-NS, HU, IHF, and Lrp) and newly found NAPs
(MvaT and NdpA), their distributions were surveyed for
plasmids using the TBLASTN program. Some plasmids had
ORFs showing sequence similarities to both HU and IHF. We
adopted the one with the higher E value. Of 2260 plasmids,
155 (7%) contained the gene encoding NAP homolog. Of
those, 116 (75%) contained only one NAP gene homolog and
39 (25%) contained more than one NAP gene homolog. No
plasmids carried the Fis gene homolog. Twenty-two plasmids
carried the H-NS gene homolog, and all of them had a
Gram-negative origin (Table 1). Sixty-six plasmids had the
HU gene homolog; of these, 51 had a Gram-negative origin
and 15 had a Gram-positive origin (Table 2). Twenty-seven
plasmids (25 with Gram-negative and 2 with Gram-positive
origins) carried the IHF gene homolog (Table 3). Forty-eight
plasmids (46 with Gram-negative, 1 with a Gram-positive,
and 1 with an archaeal origin) carried the Lrp gene homolog
(Table 4). Of these, 23 (48%) contained more than one
Lrp gene homolog. On the other hand, MvaT and NdpA
homologs were encoded on only 3 plasmids, and all of them
were of Gram-negative origin (Table 5). Previously reported
plasmids that are known to have NAP gene homologs
were included in those 155 plasmids. These included R27
(NC_002305) and pHCM1 (NC_003384) [18, 19] with the H-
NS gene homolog; pQBR103 (NC_009444) [20] with the HU
and NdpA gene homologs; and pCARI (NC_004444) [21,
22] with the MvaT, HU, and NdpA gene homologs. These
results indicated the adequacy of our search. Because we
used NAPs from Gram-negative bacteria as query sequences,
it may be reasonable that 136 (88%) of 155 plasmids with
the NAP gene homolog belonged to the group isolated from
Gram-negative bacteria. Therefore, in further studies we
discussed the Gram-negative plasmid group.

3.3. Relationships between Plasmid Size and NAP Gene
Homolog Distributions. We first compared the sizes of 136
plasmids with NAP gene homologs with those of all 1382
Gram-negative group plasmids. All 1382 plasmids could be
divided into 4 groups according to size, small (<10kb),
intermediate (10 to 100 kb), large (100 kb to 1 Mb), and mega
(>1 Mb) plasmids. The distribution of the 136 plasmids, each
of which had one or more genes encoding NAP homologs,
is shown in Figure 1(a): none of 415 small plasmids, 34
(5%) of 686 intermediate plasmids, 90 (33%) of 269 large
plasmids, and 12 (100%) of 12 mega plasmids carried at
least one NAP gene homolog. The average size of the 136
plasmids was larger (364 kb) than that of all 1382 plasmids
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FIGURE 1: Size comparison of the Gram-negative plasmids with and without NAP gene homologs. (a) A total of 136 Gram-negative plasmids
with one or more NAP gene homologs and 1246 Gram-negative plasmids without NAP gene homologs are shown by black and white bars,
respectively. (b) Gram-negative plasmids with each NAP gene homolog are as follows: H-NS, red; HU, blue; IHF, green; Lrp, purple; MvaT,

yellow; and NdpA, orange.

(83kb). These results suggest that larger plasmids, especially
>100kb, frequently have NAP gene homologs. Carrying
large plasmids may reduce host fitness more than carrying
small plasmids because the former have more genes that
can disrupt transcriptional networks in the host cell. In
addition, large plasmids may have more binding sites for
NAPs than small plasmids. Because chromosome-encoded
NAPs bind to both chromosomes and plasmids, carrying
large plasmids may also result in a reduction in the binding
of NAPs to the host chromosome, causing undesirable
effects on the host cell. Plasmid-encoded NAP homologs
may interact with chromosome-encoded NAPs, coordinately
sustain the structure of both chromosome and plasmid, and
regulate the transcriptional regulation network [23]. In fact,
recent studies have shown that some plasmid-encoded NAP
homologs can complement the depletion of chromosomal
NAPs and optimize gene transcription both on plasmids
and in the host chromosome [14, 15, 24]. Thus, larger
plasmids may have NAP gene homologs to maintain host
cell fitness. In addition, the average size of the 38 plasmids
containing more than one NAP gene homolog was larger
(790kb) than that of the 98 plasmids containing only one
NAP gene homolog (199 kb). This suggests that particularly
large plasmids have many NAP gene homologs to maintain
themselves in the host cell.

Distributions of the NAP genes on proteobacterial
genomes were also surveyed using the TBLASTN program.
The average size of the completely sequenced bacterial
genomes was 3.25 Mb and 1054 NAP genes (100, Fis; 125, H-
NS; 236, HU; 247, IHF; 127, Lrp; 119, MvaT; and 100, NdpA)

were found in 588 proteobacterial genomes. Frequency of
NAP genes in plasmids was higher (1 per 236 kb) than that
in proteobacterial genomes (1 per 1.8 Mb), also suggesting
that larger plasmids frequently have NAP gene homologs to
minimize their negative effects on the host cell.

Of the plasmids with the NAP gene homolog, the average
size of those with the H-NS gene homolog was relatively
small (132 kb) while that of those with the Lrp gene homolog
was relatively large (725kb). The average sizes of those
with the other NAP gene homologs were as follows: HU
(301kb), IHF (230kb), MvaT (244 kb), and NdpA (235kb)
(Figure 1(b)). H-NS exists in an oligomeric form and binds
to DNA, especially A+T-rich regions, by bridging it [25]. This
function may be important for regulating gene expression
on relatively small plasmids among those with the NAP
gene homolog. The activity of H-NS can also be modulated
by Hha-like proteins [26]. Intriguingly, TBLASTN analysis
showed that 12 (55%) of 22 plasmids with the H-NS
gene homolog also carried gene encoding Hha-like protein
although only 65 (5%) of all 1382 plasmids carried Hha-like
protein gene (Table 6). This suggests the close relationship
of H-NS and Hha-like protein. On the other hand, Lrp
exists in dimeric, octameric, and hexadecameric forms and
compacts DNA by wrapping it [27]. This distinctive DNA-
binding ability may be essential for maintaining the structure
of particularly larger plasmids.

3.4. Relationships between Plasmid G+C Content and NAP
Gene Homolog Distributions. Next, we surveyed the G+C
content of the Gram-negative group plasmids with and
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FIGURE 2: G+C content comparison of the Gram-negative plasmids with and without NAP gene homologs. (a) A total of 136 Gram-negative
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without NAP gene homologs. The average G+C content
of the 136 plasmids with NAP gene homologs was higher
(56.4%) than that of all 1382 plasmids (44.8%) (Figure 2(a)).
Note that the average G+C content of large and mega
plasmids (55.0% and 62.9%, resp.) was higher than that
of small and intermediate plasmids (44.8% and 40.4%).
Considering that larger plasmids frequently had NAP gene
homologs, this seems reasonable. Nevertheless, plasmids
with H-NS gene homologs had a lower G+C content (48.3%)
than did those with other NAP gene homologs, including
HU (54.2%), IHF (58.7%), Lrp (62.3%), MvaT (55.6%),
and NdpA (52.9%) (Figure 2(b)). H-NS family protein binds
A+T-rich regions not only on chromosomes but also on
plasmids [15]. Acquisition of a large A+T-rich plasmid with
many H-NS binding sites may result in a reduction in
the binding of H-NS to the host chromosome and host
cell fitness [14]. It is therefore possible that large A+T-
rich plasmids may have to supply another H-NS encoded
on themselves to minimize the effect on the host cell. On
the other hand, although MvaT-family proteins are the
functional homolog of H-NS [10, 15], plasmids containing
the MvaT gene homolog were not particularly low in G+C
content. Although only three plasmids contained the MvaT
gene homolog and thus we cannot discuss this interesting
phenomenon in detail, the difference between H-NS and
MvaT may be derived from their different origin or host
bacteria.

3.5. Relationships between Plasmid Transferability and NAP
Gene Homolog Distributions. Conjugative transfer is an

essential function of plasmids, through which they play an
important role in bacterial evolution and host cell behavior
[11, 12]. Relaxase is an essential protein for plasmid trans-
mission involved in the cleavage of the transferring DNA at
the origin of transfer (oriT) site, and plasmids with relaxase
genes are thought to be transmissible. Garcillan-Barcia et al.
[16] proposed that transmissible plasmids can be classified
into 6 MOB families (MOBc, MOBg, MOBy, MOBp, MOBg,
and MOBy) according to the amino acid sequences of
6 prototype relaxase proteins. MOBr and MOBy families
are predominantly composed of conjugative plasmids, also
called self-transmissible plasmids, and the other 4 families
are composed of both mobilizable and conjugative plasmids.
Recent studies have reported that plasmid-encoded H-NS
family proteins have a “stealth” function and aide horizontal
transfer of plasmids [14, 15]. Other NAPs also act as global
transcriptional regulators and may regulate expression of
genes involved in plasmid transmission. To discuss the
relationship between NAP gene homolog distribution and
plasmid transferability, we determined the distribution of
genes encoding relaxase proteins in Gram-negative plasmids
according to the classification by Garcillan-Barcia et al.
[16]. Four hundred and nine (30%) of 1382 Gram-negative
plasmids carried relaxase genes, and 71 (17%) of those 409
plasmids carried NAP gene homologs. Note that 71 (52%)
of 136 plasmids with NAP gene homologs carried relaxase
genes. This indicates that plasmids with NAP gene homologs
frequently carried the relaxase genes than did those without
NAP gene homologs. This phenomenon may be related to the
average size of the plasmids. That of the 409 plasmids with
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relaxase genes was relatively larger (145kb) than that of all
1382 plasmids (83 kb), corresponding to the fact that larger
plasmids frequently had NAP gene homologs.

Four hundred and nine plasmids were classified into each
MOB family (13, MOBc; 128, MOBg; 29, MOBy; 86, MOBp;
131, MOBq; and 26, MOBy). Plasmid 1 (NC_008545)
was classified into both the MOBc and MOBr families.
In addition, the MOBp, MOBq, and MOBy families were
partially overlapped as described by Garcillin-Barcia et al.
[16]. Seventy-one plasmids with NAP gene homologs were
contained in each MOB family (1, MOB¢; 11, MOBg; 20,
MOBgy; 8, MOBp; 30, MOBq; and 2, MOBy). Intriguingly,
20 (69%) of 29 MOBy-family plasmids encoded some NAP
homologs, and most of them were H-NS or HU (Table 7).
The MOBy family was composed of predominantly large
conjugative plasmids, such as the IncHI1 group of plasmids,
suggesting that HU may also contribute to plasmid transmis-
sion as does H-NS. Furthermore, 30 (23%) of 131 MOBq-
family plasmids also contained some NAP gene homologs,
and 15 (50%) of those carried Lrp gene homologs (Table 8).
The MOBq family was composed of both mobilizable
and conjugative plasmids, such as those of Rhizobium and
Agrobacterium, implying that Lrp may also affect plasmid
conjugation. In the other MOB families, plasmids containing
NAP gene homologs were less than 10% (8%, MOBc; 9%,
MOBg; 9%, MOBp; and 8%, MOBy). This phenomenon may
also be related to the average size of the plasmids contained in
each MOB family. MOBy (220 kb) and MOBq (198 kb) were
larger than MOB¢ (78kb), MOBg (117 kb), MOBp (87kb),
and MOBy (149kb). On the other hand, the average G+C
content of all plasmids belonging to each MOB family was as
follows: MOB¢ (52%), MOBg (52%), MOBy (51%), MOBp
(53%), MOBq (54%), and MOBy (46%). No relationship
between the distribution of NAP gene homologs of each
MOB family and the G+C content of plasmids was found.

3.6. Conclusions. We compared the distribution of NAP gene
homologs among plasmids and plasmid features. Larger
plasmids frequently had NAP gene homologs, possibly to
maintain themselves and host cell fitness. Plasmids with
NAP gene homologs also frequently carried relaxase genes.
Although this may be related to their relatively larger sizes,
together with the fact that NAPs affect global gene regulation,
it is likely that NAPs contribute to plasmid transmission.
Considering the fact that NAPs encoded on plasmids actually
help the host cell to integrate newly acquired genes into host
regulatory networks [14, 15], large plasmids with NAP gene
homologs may be generally more beneficial not only for the
host cell, but also for their own existence.

NAP homologs encoded on plasmids can interact with
different types of NAPs encoded on the host chromosome
and cooperatively regulate host transcriptional networks.
Understanding these mechanisms in more detail will shed
light on the meanings of the distributions of NAPs on
plasmids and chromosomes. Comprehensive analysis of their
binding sites in the host and plasmid genomes will help
us to understand the relationships between G+C content
and the presence of NAPs. Such information will explain
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how bacteria adapt and evolve by acquiring foreign genes by
HGT.
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Since the establishment of the symbiosis between the ancestor of modern aphids and their primary endosymbiont, Buchnera
aphidicola, insects and bacteria have coevolved. Due to this parallel evolution, the analysis of bacterial genomic features constitutes
a useful tool to understand their evolutionary history. Here we report, based on data from B. aphidicola, the molecular evolutionary
analysis, the phylogenetic relationships among lineages and a comparison of sequence evolutionary rates of symbionts of four
aphid species from three subfamilies. Our results support previous hypotheses of divergence of B. aphidicola and their host lineages
during the early Cretaceous and indicate a closer relationship between subfamilies Eriosomatinae and Lachninae than with the
Aphidinae. They also reveal a general evolutionary pattern among strains at the functional level. We also point out the effect of

lifecycle and generation time as a possible explanation for the accelerated rate in B. aphidicola from the Lachninae.

1. Introduction

Aphids constitute a diversified group of insects widespread
and of economical relevance as crop pests. The underlying
reason of their ecological success is their novel capability to
exploit ecological niches with little competitors, mainly due
to their diet based on phloem, which is abundant and of
easy access but represents an unbalanced source of nutrients,
rich in sugars and poor in amino acids [1]. The clue to the
use of new resources lies in the establishment of an obligate
endosymbiotic relationship between the ancestor of aphids
and a gamma-proteobacterium, the ancestor of Buchnera
aphidicola. This single event of infection has been dated at
least 150-200 million years ago (MYA) [2] according to the
fossil record or to 80—150 MYA based on molecular data [3].
As a result of millions of years of cospeciation of host and
endosymbiont, the current species of aphids carrying their
specific strains of B. aphidicola emerged.

The vertical mode of transmission of B. aphidicola, from
mother to eggs and embryos, together with the location in
specific host cells (the bacteriocytes), determines a pop-
ulation scenario for this bacterium characterized by their
low effective population size, with frequent bottlenecks and
little chance of genetic recombination with other bacteria.
As a result, the genome reductive process undergone by
B. aphidicola encompasses a decrease in the genomic size
due to the loss of unnecessary genes in the new intracellular
context, the increase in A+T content compared to its free-
living relatives, a significant acceleration in evolutionary
rates, mainly due to the accumulation of nonsynonymous
substitutions, the loss in codon bias, loss of many regulatory
proteins and functions, as well as the retention of genes
linked to their symbiotic role [4-9].

This particular history of genome reduction is pertinent
to understand the coevolution between particular aphid
hosts and B. aphidicola. Many of the genes that are involved



in recombination and/or genetic transference were lost at the
beginning of the symbiotic association and, consequently,
the B. aphidicola clones have evolved independently in each
particular host with no or little chance of gene exchange
among B. aphidicola from different aphid hosts [10].

The comparison of the topology of phylogenetic trees
based on aphid genes and those from B. aphidicola reveals
a perfect match [2, 11]. As a result of this parallel evolu-
tionary pattern, B. aphidicola can be regarded as an excellent
marker in order to elucidate the evolutionary relationship of
aphids harboring particular B. aphidicola strains.

The analysis of B. aphidicola genes that follow an evolu-
tionary pattern that agrees with the molecular clock hypoth-
esis [12, 13] can be used to estimate the divergence time
between pairs of aphids. This is possible because two aphid
species, Acyrthosiphon pisum and Schizaphis graminum
belonging to two tribes of the subfamily Aphidinae, have an
estimated divergence time calibrated from their fossil record
of 50 to 70 MY [14]. In addition, using molecular data
from complete B. aphidicola genomes available, Pérez-Brocal
and coworkers calculated the divergence time of aphids
belonging to subfamilies Eriosomatinae (Baizongia pistaciae)
and Lachninae (Cinara cedri) [15]. Based on morphological
traits, the subfamilies Eriosomatinae and Lachninae have
traditionally been considered very divergent. In fact, most
phylogenetic hypotheses based both on morphological and
molecular data consider the Lachninae as a sister group
of the Aphidinae [11, 16]. However, the position of this
subfamily remains controversial, as recent phylogenies based
on molecular sequences located the subfamily in a basal
position [17-19]. Here, we follow a genomic approach to
deepen the evolutionary analyses and propose a phylogeny
of the three subfamilies of aphids based on the genome
sequence of their primary endosymbionts B. aphidicola. In
addition, in order to detect if there is any selective effect
related to the specific role of the genes, we also gave a closer
look to the acceleration pattern of each functional category.

2. Materials and Methods

2.1. Genome Sequences Used in This Study. The genome se-
quences used in this study were retrieved from GenBank
database. The four B. aphidicola strains are B. aphidicola
Acyrthosiphon pisum str. APS (BAp, Accession no. BA000003
[20]), B. aphidicola Schizaphis graminum (BSg, Accession no.
AE013218 [21]), B. aphidicola Baizongia pistaciae (BBp,
Accession no. AE016826 [22]), and B. aphidicola Cinara cedri
(BCc, Accession no. CP000263 [15]). Escherichia coli was
used as out-group in all comparisons: E. coli str. K12 substr.
MG1655 (Eco, Accession no. U00096).

2.2. Sequence Alignments. For protein-coding genes, nucle-
otide sequences were translated into amino acids using the
ClustalW tool implemented in the MEGA4 package [23].
The generated amino acid sequences were used, in turn,
as a template to align the corresponding nucleotides with
MUSCLE v3.6 [24], to reduce ambiguities.

2.3. Estimate of Strain-Specific Evolutionary Rates. B. aphidi-
cola BCc was used as a reference strain since it is the one
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with the lowest gene complement of those analyzed. For
each one of the genes present in B. aphidicola BCc having
an orthologous in at least one of the other B. aphidicola
strains, an analysis of relative substitution rates between pairs
of B. aphidicola strains was carried out, using E. coli as out-
group. Specifically, we applied a Tajima’s relative rate test [25]
with MEGA4, generating six comparisons for each of the
aligned genes. Genes showing accelerated rates were grouped
according to a nonredundant categories classification based
on that used in the sequencing work on Aquifex aeolicus [26],
with some modifications [27].

2.4. Estimate of Evolutionary Acceleration among Genomes.
The sequence from the 338 protein-coding genes shared
by the four B. aphidicola strains plus E. coli was used to
quantify the relative degree of evolutionary acceleration
among strains. To do this, nucleotide sequences were con-
catenated with BioEdit and aligned using the ClustalW
tool implemented in the MEGA4 [23]. Three different
estimates of substitution rates per site between species i
and j (Kj;) were carried out with MEGA4, using (a) the
total and (b) nonsynonymous nucleotide positions, under
the Kimura 2-parameters and the modified Nei-Gojobori
methods, respectively, and (c) amino acid sequences, using
the JTT substitution matrix. Ko; and Ky, were calculated
according to Moran [28], being taxon 0 the last common
ancestor of the endosymbiont strains compared in each test
(taxa 1 and 2). The calculation of total and nonsynonymous
substitutions allowed us to account for the phenomenon
of saturation. To check for saturation, the “transition and
transversion versus divergence” plot was implemented by
DAMBE v4.2.13 for the concatenation of shared genes using
the first and second positions as well as the third one
[29]. This method has been successfully used previously to
estimate saturation due to divergence [30-33].

Additionally, for each protein-coding gene under study,
the values of both synonymous (ds) and nonsynonymous
(dn) nucleotide substitutions were calculated, using a mod-
ified Nei-Gojobori model (Jukes Cantor) implemented by
MEGAA4 [23]. To calculate the synonymous (As) and non-
synonymous (Ay) nucleotide substitutions per million years,
we used the expression A = K/2T, where K is the number of
nucleotide differences per site and T' the estimated divergence
time. The T values used in these analyses were 107 MY
for (B. aphidicola BAp-BSg-)BBp, 111 MY for (B. aphidicola
BAp-BSg-)BCc, and 112 MY for B. aphidicola BBp-BCc.
These are the previously determined lowest values for each
range of estimated divergence times among strains [15],
based on the range of 50 to 70 MY since the strains used
for calibration (B. aphidicola BAp and BSg) diverged as
estimated from the fossil record [14]. The global average
As and Ay values for each pair of B. aphidicola strains was
calculated, as well as the partial average As and Ay values for
each functional category [26, 27] between all the strain pairs.

2.5. Phylogenetic Analyses. Since saturation was achieved at
the third position in all comparisons but BAp and BSg, in
order to reduce the loss of phylogenetic signal we excluded
this position when working with nucleotides to perform
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our phylogenetic analyses. The concatenated sequence of the
338 protein-coding genes shared by the four B. aphidicola
strains was used to reconstruct the phylogenetic relation-
ships among them. Maximum Likelihood (ML) analyses
were carried out with PAUP4.0b10 [34] for nucleotides,
and Phyml_v2.4.5 [35] for amino acids, according to the
best models of nucleotide (GTR+I+G) and amino acid
(CpREVAHI+G+F) substitutions for those genes derived
from jModelTest [36] and ProtTest 1.4 [37], respectively.
Nucleotides and amino acids were also used for Bayesian
analysis, with MrBayes v3.1.2 [38], using four MCMC
strands, 1,000,000 generations, with trees sampled every 100
generations. Consensus trees were produced after excluding
an initial burn-in of 25% of the samples, as recommended.
In a previous study, the evolutionary analyses of the
four B. aphidicola strains showed that only 21 genes fulfill
the molecular clock hypothesis [15]. The topologies of the
21 phylogenetic trees based on these genes were obtained
by ML using PAUP 4.0b10 [34], in order to determine the
most plausible evolutionary relationships among strains and
compare them with the phylogenetic reconstruction.

2.6. Statistical Analyses. All statistical analyses were per-
formed using the software package R (http://www.r-pro-
ject.org) [39]. A chi-square analysis was applied to the global
distribution of the accelerated genes among B. aphidicola
strains compared to the distribution within functional
families, to test whether any particular functional category
contains a significantly increased or reduced number of
accelerated genes. Twelve comparisons with Yates’ correction
were carried out, at a significance level a = 0.05.

The average rates of synonymous (As) and nonsynony-
mous (Ay) substitutions per site per million years of the
six possible comparisons among B. aphidicola strains were
compared using a one-way ANOVA analysis followed by
Tukey’s range tests to find which means are significantly
different from one another.

3. Results

3.1. Comparison of the Evolutionary Rates in B. aphidicola
Strains at a Genome Level. The relative rate test on the 338
concatenated protein-coding genes (Table 1) reveals that,
since the last common ancestor of each pair of strains, the
accumulation of both nucleotide and amino acid substi-
tutions, as well as the nonsynonymous substitution rates
follows different rates in the different strains, but the values
obtained using all three parameters are equivalents for any
given strain pair. Thus, for the nucleotide sequences, a similar
pattern of relative evolutionary rates was observed when total
and nonsynonymous substitution rates are considered. B.
aphidicola BSg and BAp show a similar rate (1.12:1), the
one in B. aphidicola BBp being slightly higher (1.3-1.4-fold
that of B. aphidicola BSg and BAp) and B. aphidicola BCc
being the one with more accelerated rates (1.7-fold that of
B. aphidicola BBp and more than 2-fold that of B. aphidicola
BAp and BSg). As for the amino acid sequences, the relative
acceleration shows a similar patter as the one observed for

the nucleotides, but with values in B. aphidicola BCc of 2 to
3-fold those of B. aphidicola BBp and BAp-BSg, respectively.

The evolutionary acceleration among genomes was also
determined through the analysis of the synonymous (As)
and nonsynonymous (Ay) nucleotide substitutions per mil-
lion years. The results show that both rates exhibit an
opposite pattern (Figure 1). Differences in both As and Ay
are statistically significant (ANOVA test, significance level
0.05), clustering into three separate groups for As and two
groups for Ay, according to Tukey’s range tests. When
synonymous substitutions (Figure 1(a)) are considered, the
more accelerated rate is found in the comparison between
strains B. aphidicola BAp and BSg, a second group includes
B. aphidicola BBp with the two aforementioned, and the least
accelerated one includes all rates in which B. aphidicola BCc
is involved. A different pattern is found for nonsynonymous
substitutions (Figure 1(b)), where the more accelerated
group includes all the comparisons involving B. aphidicola
BCc, and the other one includes the remaining three
comparisons.

3.2. Analyses of the Evolutionary Rates at a Functional
Level. The general pattern identified at a genomic level is
reproduced at every functional category (see Section 2), with
the same three and two groups of B. aphidicola strain pairs
found in Ag and Ay, respectively (Figure 2). On the other
hand, no significant differences are found among functional
categories in any strain for Ag (Figure 2(a)). However, a
significant increase in Ay is found for the genes involved in
cell envelope in all the strains (P < .05) and to a lesser extent
in the category of poorly characterized genes (Figure 2(b)).
This could be due to a significant acceleration of the flagellar
genes still remaining in B. aphidicola, especially in BCc, the
strain which has undergone the most drastic reduction in the
flagellar machinery.

In a previous study, we determined the global relative
distribution of accelerated genes displayed by the strains,
using Tajima’s relative rate test [15]. According to this test, B.
aphidicola BCc presents a higher number of accelerated genes
(56%—83%), while B. aphidicola BBp presents intermediate
values (0.6%-35%), and the fewest appear in B. aphidicola
BSg and specially BAp. This trait is observed in each
functional category with no significant differences (Figure 3).
This homogeneous distribution of the accelerated genes
across functional categories was tested by the application of
x? tests, based on the observed number of accelerated genes
for each category and the expected number of genes based on
the totality of them for each pair of strains. None of the tests
was statistically significant at P < .05 (Table 2).

3.3. Phylogenetic Analyses Show an Evolutionary Radiation
Pattern. According to the molecular clock hypothesis, two
taxa sharing a common ancestor should have accumulated
the same number of substitutions since they diverge. In the
B. aphidicola case, only 21 genes do not reject the molecular
clock hypothesis [15]. These genes can be used to identify the
phylogenetic relationships among the strains under study,
which will also reflect the relationships among their insect
hosts. However, three different tree topologies appear in
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TaBLE 1: Relative rate tests for the 338 concatenated protein-coding genes shared by the four B. aphidicola strains included in this study plus

E. coli *: (a) nonsynonymous sites, (b) all nucleotides, and (¢) amino acids.

(a)

Taxon 1 Taxon 2 Taxon 3 K, K Ko K3 —Kx Ko1/Koz
BAp BSg Eco 0.152 0.339 0.348 —0.009 0.89
BAp BBp Eco 0.319 0.339 0.395 —0.056 0.70
BAp BCc Eco 0.380 0.339 0.494 —0.155 0.42
BSg BBp Eco 0.319 0.348 0.395 —0.047 0.74
BSg BCc Eco 0.377 0.348 0.494 —0.146 0.44
BBp BCc Eco 0.392 0.395 0.494 —0.099 0.60
(b)
Taxon 1 Taxon 2 Taxon 3 K, Kis Ky K3 — Ky Ko/Ko,
BAp BSg Eco 0.242 0.617 0.630 -0.013 0.89
BAp BBp Eco 0.421 0.617 0.685 —0.068 0.72
BAp BCc Eco 0.452 0.617 0.791 -0.174 0.50
BSg BBp Eco 0.417 0.63 0.685 —0.055 0.77
BSg BCc Eco 0.445 0.63 0.791 —0.161 0.47
BBp BCc Eco 0.463 0.685 0.791 —-0.106 0.62
(c)
Taxon 1 Taxon 2 Taxon 3 K, K KJs K13 — K3 Ko1/Koz
BAp BSg Eco 0.350 0.814 0.842 —0.028 0.85
BAp BBp Eco 0.845 0.814 1.001 -0.187 0.64
BAp BCc Eco 1.126 0.814 1.410 —-0.596 0.30
BSg BBp Eco 0.850 0.842 1.001 —0.159 0.68
BSg BCc Eco 1.180 0.842 1.410 —0.568 0.33
BBp BCc Eco 1.186 1.001 1.410 —0.409 0.48

In each test, taxa 1 and 2 represent B. aphidicola strains, taxon 3 represents E. coli, and taxon 0 represents the last common ancestor of taxa 1 and 2.

Kij is the estimate of substitutions per site between taxon i and taxon j.
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FIGURE 1: Global average values (and confidence interval of 95%) of (a) synonymous (As) and (b) nonsynonymous (Ay) nucleotide sub-
stitutions per site per million years. The divergence times among strains are 50 (BAp-BSg), 107 (BAp-BBp and BSg-BBp), 111 (BAp-BCc
and BSg-BCc), and 112 (BBp-BCc) MY, respectively. The numbers of shared protein-coding genes are 348 (BAp-BSg), 347 (BAp-BBp), 354
(BAp-BCc), 343 (BSg-BBp), 350 (BSg-BCc), and 350 (BBp-BCc), respectively.
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TaBLE 2: Yates’ chi-square tests for the accelerated genes classified by functional category in four B. aphidicola strains compared in pairs.
Acceleration is based on Tajima’s relative rate tests. The total number of comparisons for each particular category and pair of strains is shown

in brackets ( ). A/B: number of accelerated genes in A compared to B and in B compared to A, respectively.

Observed Pairs of strains

Functional category BAp/BSg BAp/BBp BAp/BCc BSg/BBp BSg/BCc BBp/BCc
(1) Information storage and processing 5/12 (160) 0/54 (160) 0/137 (162) 0/47 (158) 0/122 (160) 1/86 (160)
(2) Protein processing, folding, and secretion 1/1(25) 0/11 (24) 0/19 (25) 0/10 (24) 0/18 (25) 0/14 (24)
(3) Cellular processes 0/0 (10) 0/5 (10) 0/7 (10) 0/3 (10) 0/7 (10) 1/7 (10)
(4) Metabolism 2/9 (103) 3/34(103)  0/86(104)  2/32(104)  0/88(105)  0/61 (106)
(5) Cell envelope 0/0 (14) 1/7 (13) 0/12 (14) 1/7 (13) 0/12 (14) 0/10 (13)
(6) Poorly characterized 1/1 (33) 1/10 (34) 0/29 (35) 0/7 (32) 0/23 (33) 0/15 (34)
Total 9/23 (345) 5/121 (344) 0/290 (350) 3/106 (341) 0/270 (347) 2/193 (347)
Expected Pairs of strains

Functional category BAp/BSg BAp/BBp BAp/BCc BSg/BBp BSg/BCc BBp/BCc
(1) Information storage and processing 4.17/10.67 2.33/56.28  0.00/134.23 1.39/49.11 0.00/124.50  0.92/88.99
(2) Protein processing, folding and secretion 0.65/1.67 0.35/8.44 0.00/20.71 0.21/7.46 0.00/19.45 0.14/13.35
(3) Cellular processes 0.26/0.67 0.15/3.52 0.00/8.29 0.09/3.11 0.00/7.78 0.06/5.56
(4) Metabolism 2.69/6.87 1.50/36.23 0.00/86.17 0.91/32.33 0.00/81.70 0.61/58.96
(5) Cell envelope 0.36/0.93 0.19/4.57 0.00/11.60 0.11/4.04 0.00/10.89 0.07/7.23
(6) Poorly characterized 0.86/2.20 0.49/11.96 0.00/29.00 0.28/9.95 0.00/25.68 0.20/18.91
x%s (with Yates’ correction, 5 d.f.) 0.501/0.933 3.491/1.908 0.000/0.195  4.776/2.762 0.000/0.720 7.455/1.598
P value .992/.968 .625/.862 1.000/.999 .444/.737 1.000/.982 .189/.902

a similar number of cases for these 21 genes (see Figure 4).
Six genes generated the topology a (B. aphidicola BCc basal),
seven the topology b (B. aphidicola BBp basal), and eight the
topology ¢ (B. aphidicola BCc and BBp clustered). Therefore,
the analysis of these genes, individually considered, does
not resolve the position of the B. aphidicola BCc and BBp
strains. This result points at the possibility of a radiation
within a relatively short period of time, giving rise to the
subfamilies. To confirm this point, and in order to solve the
deepest relationship among subfamilies, a more exhaustive
phylogenetic reconstruction was carried out, based on all
the concatenated protein-coding genes shared by the four B.
aphidicola strains. The resulting phylogenetic tree (Figure 5)
shows the same topology as tree c¢ in Figure 4, that is,
a well supported clade consisting of both members of the
subfamily Aphidinae, as expected, and another clade that
shows a clustering of B. aphidicola BBp and BCc, also with
the maximum statistical support. The uneven branch length,
being that of B. aphidicola BCc significantly longer, indicates
the evolutionary acceleration experienced by this strain. The
topology obtained using amino acid sequences is identical,
but the relative length of B. aphidicola BCc’s branch is
even longer, reflecting a higher value of nonsynonymous
substitutions.

4. Discussion

4.1. Reconstruction of the Evolutionary History of Aphids
Belonging to Subfamilies Aphidinae, Eriosomatinae and Lach-
ninae. Aphids emerged as a monophyletic group of

viviparous insects about 250 MYA as a divergent group from
the oviparous Adelgidae and Phylloxeridae [11]. The basal
radiation of the family Aphididae was dated by molecular
data to the Cretaceous, 80 to 150 MYA [3]. Although the
initial development of aphids took place on gymnosperms
during the Mesozoic, most of their current diversity is linked
to angiosperms, especially to grass [40]. The extraordinary
diversity of aphids found today, affecting specially the sub-
family Aphididae, started during the Tertiary (Miocene), as a
consequence of the proliferation of herbaceous angiosperms
[41, 42].

The phylogenetic position of the subfamily Lachninae
within the Aphididae is controversial. Traditionally, phyloge-
nies based on both morphological characters [11, 16] and on
mitochondrial rDNA [3] have placed them as a monophyletic
group clustering with the Aphidinae. However, phylogenies
based on sequences from both nuclear and mitochondrial
aphid genes (long-wavelength opsin gene, the elongation
factor la gene, and mitochondrial genes encoding ATPase
6 subunit and the subunit II of the cytochrome oxidase),
as well as those based on their primary endosymbiont
B. aphidicola (16S rDNA and the  subunit of the F-ATPase
complex) [17-19] place them as a basal group apart from
the Aphidinae. This fact has implications about those aphids
feeding on conifers (such as most members of the subfamily
Lachninae, including C. cedri) being regarded as ancestral
to groups feeding on angiosperms or, alternatively, as more
recent secondarily derived conifer suckers.

Our phylogenetic analysis supports the presence of one
clade clustering B. aphidicola BBp and BCc, and another
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clade consisting of B. aphidicola BAp and BSg. This result
is consistent with a panorama of a rapid evolutionary
radiation of the main subfamilies of aphids, during the
early Cretaceous (144-100 MYA), which seems concordant
with previous proposals [3]. In addition, our evolutionary
molecular data from B. aphidicola point out that aphids
belonging to subfamilies Eriosomatinae and Lachninae share
a common ancestor more closely related than compared to
the members of subfamily Aphidinae. If true, our data refute
the traditional phylogenetic reconstructions that placed
Aphidinae and Lachninae as a monophyletic group [11].
However, we do not have evidence to conclude whether,
within the subfamily Lachninae, tribes feeding on conifers
are ancestral or more recent than those living on herbaceous
angiosperms, since our analysis does not resolve which strain
(and thus which host aphid) is basal compared to the others.
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To solve this point, it would be necessary to sequence
the genome of a greater number of B. aphidicola strains,
including members of the different tribes from the subfamily
Lachninae (work in progress). This would allow us to estab-
lish the date of divergence between those tribes and, thus,
try to relate this fact to the change of vegetal host in either
direction.

4.2. Accelerated Evolutionary Rates in B. aphidicola within the
Subfamily Lachninae. From an evolutionary perspective, the
protein-coding genes of B. aphidicola show higher ratios of
nonsynonymous versus synonymous substitutions (dy/ ds)
than those of free-living bacteria, due to an accelerated rate
of nonsynonymous substitutions, a characteristic of bacterial
endosymbionts [14, 28], where mutations with amino acid
replacement are not efficiently eliminated by a relaxed puri-
fying selection, leading to a greater accumulation of amino
acid changes than in free-living bacteria. These nonsynony-
mous substitutions end up in fixation by genetic drift, due
to the mode of transmission and the population dynamics of
B. aphidicola. This acceleration of evolutionary rates is par-
ticularly evident in B. aphidicola BCc, presumably because
factors promoting the accumulation of nonsynonymous
substitutions are more intense in this strain. One of those
factors is the extreme reduction of the repair machinery,
barely able to counterbalance the accumulation of slightly
deleterious mutations. In addition, there is a stronger effect
of genetic drift that promotes the fixation of slightly delete-
rious mutations probably imposed by its coexistence within
the aphid with a secondary symbiont, Serratia symbiotica,
and its larger size compared to other B. aphidicola lineages
[43]. A closer look at the particular genes that contribute to
this acceleration observed in B. aphidicola BCc allows us to
conclude that they are distributed among different functional
categories, with none of them accumulating significant
differences in the proportion of accelerated genes (as seen in
Figure 3 and Table 2). This fact reveals that the process of
gene degradation acts on any type of gene independently of
their functional role. However, our results indicate that even
if the accelerated genes are scattered homogeneously across
all the functional categories in all B. aphidicola strains, genes
of some functional categories, such as cellular envelope, are
significantly more accelerated within all the lineages. That
points to the ongoing action of selective constraints affecting
nonsynonymous substitution rates.

Regarding synonymous substitutions, when pairs of
strains of B. aphidicola were compared based on the average
number of synonymous substitutions per site (ds), a greater
accumulation was observed in the B. aphidicola BBp strain
compared to bacteria from aphids of the subfamily Aphid-
inae (B. aphidicola BAp and BSg), while the smallest value
is found between the B. aphidicola BAp and BSg strains
[15]. However, if the temporary factor is considered, the
rates of synonymous nucleotide substitutions per site and
million years are greater in the endosymbionts from the
Aphidinae (B. aphidicola BAp and BSg strains), registering
the B. aphidicola BCc strain the smallest values. These results
demonstrate that the synonymous substitution rate in B.
aphidicola is a variable character, yet the explanation for
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these divergent patterns is not obvious. As stated elsewhere =~ compared to the other two aphid lineages. Additionally
[7, 14, 44], these differences can be attributed to differences a differential mutation rate per generation cannot be ruled
in the host’s life cycle, as well as ecological factors such as  out. For example, endosymbionts from aphids with short
host-alternation and variations in the effective population  generation times can accumulate more synonymous muta-
size showed by the two members of the Aphidinae subfamily ~ tions per million years (case of the Aphidinae) than those
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FIGURE 5: Phylogenetic tree obtained by maximum likelihood using
PAUP4.0b10 on nucleotide sequences and the GTR+I+G evolution-
ary model. Topologies obtained from amino acid sequences, using
Phyml_v2.4.5 and MrBayes v3.1.2, are identical. Trees are based
on the concatenated sequence of the 338 protein-coding genes
shared by the four B. aphidicola strains and E. coli. Numbers beside
the internal nodes are the maximum likelihood bootstrap values
from 300 resamplings obtained with PAUP4.0b10, Phyml and the
Bayesian MCMC posterior probability, respectively. The scale bar
represents the number of nucleotide substitutions per site.

with longer generation times, such as the Eriosomatinae and
the Lachninae. Future studies are required to understand the
evolutionary processes driving these patterns.
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The high affinity phosphate transport system (pst) is crucial for phosphate uptake in oligotrophic environments. Cuatro Cienegas
Basin (CCB) has extremely low P levels and its endemic Bacillus are closely related to oligotrophic marine Firmicutes. Thus, we
expected the pst operon of CCB to share the same evolutionary history and protein similarity to marine Firmicutes. Orthologs of
the pst operon were searched in 55 genomes of Firmicutes and 13 outgroups. Phylogenetic reconstructions were performed for the
pst operon and 14 concatenated housekeeping genes using maximum likelihood methods. Conserved domains and 3D structures
of the phosphate-binding protein (PstS) were also analyzed. The pst operon of Firmicutes shows two highly divergent clades with no
correlation to the type of habitat nor a phylogenetic congruence, suggesting horizontal gene transfer. Despite sequence divergence,
the PstS protein had a similar 3D structure, which could be due to parallel evolution after horizontal gene transfer events.

1. Introduction

Phosphorus is an essential nutrient for multiple processes
such as the synthesis of DNA, RNA, ATP, and many other
pathways involving phosphorylation [1]. However, it is not
an abundant element on the planet and can only be obtained
form organic detritus or from tectonics and volcanism [2, 3],
so, its availability is a limiting factor for all life forms. As
growth rate and primary productivity are highly dependent
on phosphorus [4-6], bacteria have different mechanisms for
the uptake and storage of phosphates to be able to cope with
this limitation [1, 7-9].

Some of the genes involved in phosphorus metabolism
belong to the pho regulon that is induced by phosphorus
starvation by a two-component regulatory system in sev-
eral bacteria such as Escherichia coli, Bacillus subtilis, and

Cyanobacteria [8, 10—13]. The pho regulon is comprised of 20
or so genes that include phosphatases, phosphate transport
systems, and other enzymes used to assimilate phosphorus
form other sources such as phosphonates [8]. Even though
the pho regulon is found in both Eubacteria and Archaea,
the number and identity of the genes are highly variable and
not always congruent with the 16S rRNA gene phylogeny
of the organisms [11, 14]. It is also to be expected that the
genes involved in phosphate uptake and metabolism would
be under strong selection.

Among the genes of the pho regulon, the high affinity
phosphate transport system (pst) is thought to be responsible
for phosphate uptake under nutrient stress [8, 10]. Pst is a
typical ABC transport system encoded in 4 to 6 genes in a
single operon [10, 15-17]. As an ABC transporter, the pst
operon belongs to one of the largest gene families and is



found in all Eubacteria and Archaea and the level of sequence
divergence indicates an ancient origin of each lineage of
transporters [18, 19].

The genes of the pst operon are arranged in the following
way: the pstS gene, coding for a periplasmic protein that
binds phosphate with high affinity; pstC and pstA, coding
for the two proteins proposed to form the inner membrane
channel; pstB, coding for an ATPase that energizes the
transport [18]. However, some variation exists in the number
of genes in the operon. In Escherichia coli and Clostridium
acetobutylicum, the gene phoU, coding for a repressor of
the pho regulon, is also located in the operon [15, 17],
while in B. subtilis and its close relatives there are no phoU
orthologs. Also, the gene pstB is duplicated (pstBA and
pstBB; [10]). The pst operon presents further variation in
Cyanobacteria, where the genes pstS or pstB may be missing
from the operon depending on the strain and environmental
conditions [11], or additional pstS copies may be present
although not associated to the operon [11, 20].

The pst phosphate uptake system is particularly crucial
in oligotrophic environments such as the North Pacific,
North Atlantic and the Eastern Mediterranean Sea [6,
21]. Metagenomic studies have shown that there are some
functional adaptations for P uptake in such oligotrophic
waters [7, 8, 20, 22]. Another example of an extreme
oligotrophic environment is the Cuatro Cienegas Basin
(CCB), that presents very low levels of P in the ecosystem
[4, 23, 24]. Phosphate concentrations range from 0.008 to
0.6 uM, in Pozas Azules and Rio Mezquites, respectively
(E. Rebollar and F. Garcia-Oliva pers. com.; [4]), but for
most water systems P concentrations lie below the threshold
concentration for the expression of the pho regulon in B.
subtilis (0.1 mM; [10]).

CCB is an isolated oasis in the center of the Chihuahuan
Desert, with water systems rich in microbial mats and
stromatolites, and its microbiota exhibits ancestral marine
affinities [9, 25-29]. Despite the extreme oligotrophy of the
ecosystem, CCB has a high level of diversity and species
endemism both at the macro- and microscopic levels [24,
25, 30-33]. We believe that this high rate of diversification is
a consequence of the extreme oligotrophy of the ecosystem
[24], where the lack of available P promotes both repro-
ductive and geographic isolation, by limiting replication and
the frequency of genetic exchange [24, 34-36]. Moreover,
two of the newly sequenced taxa, Bacillus coahuilensis and
Bacillus sp. m3—13, have particular adaptations to low P
environments. Unlike Escherichia coli or B. subtilis, CCB and
marine Bacillus lack the low affinity phosphate uptake system
so they must rely on the high affinity transport system [9, 27].

There are some comparative studies about genes involved
in phosphorus uptake in Cyanobacteria [8, 11, 20], but as far
as we know, no studies exist in other bacterial groups. Hence,
we believe that an analysis of the phosphorus uptake in the
Firmicutes from CCB in comparison to sequenced Firmicutes
from different environments could help us understand the
evolution of the high affinity phosphate transport system.
Firmicutes is a cosmopolitan and ancient lineage [37], and
their diversification happened during a time in the Earth’s
history where P was very scarce [3, 5]. We expected the pst
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operon of the Firmicutes from CCB to have a marine affinity
and to be related (both in sequence and structure) to the pst
operons of other marine Firmicutes that live in oligotrophic
waters.

In this study we analyzed for the first time the evolu-
tionary relationships, gene architecture, of the pst operons
of 55 complete genomes of the main lineages of Firmicutes
[38] with special emphasis on CCB and marine taxa, as
well as the protein structure of PstS from a few Bacillus.
To evaluate phylogenetic congruity between the phosphate
uptake genes and housekeeping genes, expected to reflect
vertical descent, we performed a phylogenetic reconstruction
of the genes of the pst operon and of 14 proteins of the
core genome of Firmicutes. We also compared the protein
structure of phosphate-binding protein PstS of Bacillus from
oligotrophic and eutrophic environments, to try to evaluate
any association between protein sequence and structure to
the environment in which the members of Firmicutes live.

2. Materials and Methods

2.1. Phylogenetic Reconstructions. We used the amino acid
sequence of the substrate-binding protein gene pstS of
Bacillus coahuilensis and Bacillus subtilis [9, 39] to identify
the orthologs of the pst operon in the draft and complete
genomes of the main lineages of Firmicutes (for accession
numbers see Table S1 of Supplementary Material available
online at doi: 10.4061/2011/781642). Searches were per-
formed using psi-Blast, and the sequences identified with
at least 30% of identity over a minimum of 70% in length,
and e-value <1073 were considered as orthologs [27]. As the
pstS gene can be duplicated in some genomes, the operon
structure of the genes in the operon was manually checked
in all cases, and only genes with the highest bit scores
and lowest e-values were considered in cases of multiple
hits in the same genome. For the cases with multiple hits
of the entire operon, all those extra copies of the operon
were also included in the analysis. We also included 11
sequences of the pst operon of non-Firmicutes that had
Blast scores better than our threshold. As outgroups, we
included 2 genomes of non-Firmicutes: Thermotoga maritima
(Thermotogae) and Pelobacter carbinolicus (6-Proteobacteria),
that gave the next best hitting scores below our threshold.
Due to the high sequence variation of the pstS gene and
the different number of copies of the other genes in the
operon, the reconstruction was done with genes pstC, pstA,
and pstB in a concatenated matrix. The phoU gene was
excluded because it was missing in several Bacillus species.
When both pstBA and pstBB were present, pstBB was used
in the analysis as it is the ortholog of pstB; pstBA was not
included, The pstBB gene was identified on the basis of
genomic context, as it is the second gene coding for an atp-
binding protein in the operon. We compared the topology
of the pst operon phylogeny with a phylogeny reconstructed
from 14 concatenated amino acid sequences from genes from
the core genome of Firmicutes. Those 14 genes were chosen
from a set of genes already identified by Maughan [38] and
Alcaraz et al. ([27]; GI from B. subtilis: 2632976, 2632269,
2632399, 2634021, 2636597, 16079910, 50812244, 50812227,
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16079600, 16077523, 16080084, 16077081, and 16077661,
2635239). Four Cyanobacteria, Chloroflexus aurantiacus and
Thermotoga maritima were used as outgroups (list of strain
names and genome accession numbers in Table S1 of
supplementary material). To establish a temporal frame of
events, we dated the 14 gene phylogeny using a penalized
likelihood method implemented by r8s [40]. The calibration
of the tree was done using dates of geological events: the
divergence of aerobic firmicutes was fixed at 2300 million
years ago, a conservative date for the Great Oxidation Event
[3, 37]. The divergence of CCB Firmicutes and their closest
relatives was constrained to have a minimum age of 35 my,
that corresponds to the uplift of the Sierra Madre Oriental
that finally isolated CCB from the Gulf of Mexico [41].

All reconstructions were done using amino acid
sequences aligned using MUSCLE [42] and a Maximum
Likelihood approach, implemented by Raxml v.7.0.4 [43];
(CIPRES portal: http://www.phylo.org/) with a LG substi-
tution model chosen using ProtTest v 2.1 [44] with the
Akaike Information Criterion, 4 substitution categories, and
allowing Raxml to estimate the proportion of invariant sites
and the gamma shape parameter. For both datasets 100
bootstrap replicates were performed.

2.2. PstS Protein Motifs and 3D Structure. The main con-
served motifs of the substrate-binding protein PstS were
detected using the MEME suite ([45]; http://meme.sdsc.edu/
meme/) using the default parameters and an alignment of
the PstS amino acid sequence from all the Firmicutes, but
including in this alignment only one sequence representative
of the Bacillus cereus group.

The 3D structure of the PstS protein was modeled based
on the 3-D structures of PstS from Yersinia pestis (PDB ID:
2722) and PstS-1 from Mycobacterium tuberculosis (PDB ID:
1pc3; [46]). Only the PstS from B. subtilis, B. coahuilensis,
B. sp. m3-13, and B. sp. NRRL-14911 were modeled using
the web-based module of MODELLER using the default set-
tings (http://modbase.compbio.ucsf.edu/ModWeb20-html/
modweb.html; [47]). Comparisons of 3D models were
performed with TOPOFIT. This method only takes into
account the geometric attributes of the proteins and not
the sequence similarity, so it is able to find structure
homology in highly variable proteins [48]. The quality of
the models was evaluated with the r.m.s.d. value (root mean
squared deviation) and the z-score (a measure of the energy
separation between two protein folds). Images were prepared
with CHIMERA (http://www.cgl.ucsf.edu/chimera).

3. Results

Using a psi-Blast search we were able to find orthologs of the
pst operon in all members of Firmicutes, several Cyanobacte-
ria and Archaea as well as in some Bacteroidetes, Fusobacteria,
Actinobacteria, and Planctomycetes. In the search we observed
that the gene architecture of the operon showed variation
within and outside Firmicutes (Figure 1). Several taxa had
a duplication in tandem of the gene pstB, as was the case
for Bacillus subtilis, Listeria monocytogenes, and Streptococcus
pneumoniae. Cyanobacteria generally lacked the gene phoU

A — pas | pac | o | poB | photl —————
b —{ s | poc | pon | g g | gt }———
¢ —{pss | pac [ paa [ puba ] puni |—7/—{ ooV |
D — pss [ psic [ pota | pstp 7/ phoU |-
B — pas [ psc [ psa f————)/ phov }-

FIGURE 1: Gene architecture of the pst operon in different groups of
bacteria. A: Bacillus cereus group, marine Bacillus and Clostridium;
B: Listeria and Streptococcus; C: Bacillus subtilis group, Bacillus
marisflavi, and Bacillus sp. CH108; D: Brevibacillus, Oceanobacil-
lus, Desulfitobacterium, Acaryochloris; E: Synechococcus, Geobacillus
kaustophilus, Sebaldella termitidis, B. cereus group. In C-E, the
regulatory gene phoU is found elsewhere in the genome, not as part
of the operon or entirely missing.

in the same operon, and it was missing in the B. subtilis
group, and Clostridium tetani. Synechococcus sp. 7002 also
lacked the pstB gene in the operon (Figure 1). Duplica-
tions of the pstS gene were found in the Bacillus cereus
group, Exiguobacterium spp., Brevibacillus brevis, Bacillus
sp. B14905, Enterococcus faecalis, Lactobacillus plantarum,
and Geobacillus kaustophilus, but the entire operon was
only duplicated in Streptococcus pneumoniae and Symbiobac-
terium thermophilus. In the B. cereus group, an incomplete
copy (pstSCA, lacking pstB) of the pst operon was found,
similar to that of B. subilis, thus it was not used for the
concatenated phylogeny, but only for the PstS phylogeny (see
Figure S1 in the supplementary material). All Bacillus from
CCB and most marine Bacillus had just one copy of the pstS
gene (the exception, Bacillus sp. B14905).

The phylogenetic reconstruction of the concatenated
PstC, PstA, and PstB protein sequences showed two distinct
and highly supported clades (Figure 2) that bear no relation
to either the type of habitat or the phylogenetic relationships
obtained with the amino acid sequences from housekeeping
genes (Figure 3). Reconstructions made with each sequence
independently, yielded the same basic topology, with minor
differences in branch length (data not shown), so the phylo-
genetic signal was present in all three genes. We named one
of the clades “cereus-like”, which consists of the pstSCABU
operon structure (operon architecture A, in Figure 1), and it
includes all members of the B. cereus group, most of Bacillus
and Staphylococcus, Exiguobacterium, an anaerobic soil fir-
micute Desulfitobacterium hafniense, and most noteworthy;,
several Cyanobacteria and Archaea (Figure 2). None of the
members of that clade have the duplication of gene pstB, and
only two taxa (Desulfitobacterium and Oceanobacillus) lack
the gene phoU in the operon (for the operon structure of all
taxa in the dataset see Table S1 of Supplementary Material).

The other highly supported clade was named “subtilis-
like” (operon architecture C, in Figure 1) and it included the
members of the B. subtilis group, a marine Bacillus, Bacillus
marisflavi and its sister species Bacillus sp. CH108 from CCB,
Listeria, Clostridium, some host-associated firmicutes, and
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topology (data not shown).
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an Actinobacteria (Collinsella intestinalis; Figure 2). The gene
architecture of the operon in the members of this clade is
more variable. The members of the genus Bacillus have the
gene pstB duplicated and lack the phoU gene in the operon
or entirely (Figure 1). Listeria, Enterococcus and Streptococcus
also have the pstB gene duplicated but the gene phoU is in the
operon, and although the pst operon in Clostridium has an
architecture similar to that of B. cereus, it is very different at
sequence level, as seen from the fact that these two are located
in different clades (Figure 2).

The high variation at the amino acid sequence level
observed for PstS is common for substrate-binding proteins
of ABC transporters [18]. In our case, PstS had a shape
parameter of the Gamma distribution for site rates of
3.4745, while the PstC, PstA, and PstB proteins had a
shape parameter of 1.0559 and the proteins used for the
housekeeping gene phylogeny had a shape parameter of
0.7002 (Mega 4; [49]).

The pst operon was not monophyletic for marine
Bacillus, even though marine Bacillus are mostly mono-
phyletic, as determined from house-keeping genes (Figure 3)
and from other reconstructions (Figure 3; [27]). The main
incongruence observed in the tree obtained from the amino
acid sequence of the proteins encoded in the pst operon
is the position of the B. subtilis group in a clade with the
Listeria and Streptococcus sequences, instead of grouping
with the rest of Bacillus taxa (Figure 2). This contrasts with
the house-keeping genes phylogeny, were B. subtilis and
its close relatives are found well within the Bacillus clade
(Figure 3). Also, the B. marisflavi-B.sp CH108 clade, that
groups with other marine Bacillus in the house-keeping
genes phylogeny (Figure 3), appears as a sister group of
B. subtilis and close taxa in the pst operon reconstruction
(Figure 2). Also, Bacillus sp. m3-13 from CCB, appears within
the B. subtilis clade in the house-keeping genes phylogeny,
but is sister to Bacillus sp. SG-1 from the Gulf of Mexico in the
pst phylogeny. Another main topological incongruence of the
pst phylogeny compared to the one done with housekeeping
genes, is that of sister taxa Bacillus halodurans, and Bacillus
clausii that are found in different clades: B. clausii is found
in a clade with B. subtilis, B. marisflavi, and Bacillus sp.
CHI108 while B. halodurans forms a monophiyletic clade
with some marine Bacillus and in turn, is sister to the clade
of Desulfitobacterium hafniense, an anaerobic species that is
found in a basal position in the Firmicutes clade obtained
from housekeeping genes (Figure 3).

Regarding the encountered motifs of protein PstS
(Figure 4), we observed a marked difference between the PstS
of the cereus-group and that from the subtilis-group. Motifs
4 and 5 are located in the same region of the protein but
are markedly different, while motif 3 is found in both sets of
sequences, but in the subtilis-like PstS it had a lower e-value
(Figure 4). Despite the marked difference at the sequence
level, the PstS proteins of B. subtilis, B. sp. m3-13, and B.
sp. NRRL-14911, the 3D structures of the proteins showed
similarity with geometry-based alignments (low r.m.s.d. and
high z-scores; Figures 5(a)-5(c)), with the exception of B.
coahuilensis that showed the worse fit values of the three
comparisons (Figure 5). This could be a product of the

initial 3D model based on a more distantly-related PstS,
because the PstS from B. coahuilensis also had bad fitting
rmsd and z-score values with the PstS of B. sp. NRRL-14911
despite having high sequence similarity (74% identity).
Thus, the 3D model of the PstS of B. coahuilensis can still be
improved.

Despite the structure similarities among the PstS of B.
subtilis, B. sp. m3-13, and B. sp. NRRL-14911, the active site
showed some striking differences in amino acid composition.
B. subtilis and most of the taxa that grouped in the subtilis-
like clade have an arginine as the first residue of the active
site, just like Y. pestis and M. tuberculosis, while the firmicutes
of the cereus-like clade have a proline in the same position
(Figure 5(d)). Also, some members of the cereus-like clade,
like B. sp. m3-13, B. halodurans, Desulfitobacterium spp., O.
iheyensis, B. sp. SG-1, and the Staphylococcus group had also
a histidine in the second residue of the active site, while all
the other taxa had a serine (Figure 5(d)). In view of these
changes in amino acid composition an additional codon-
based Z-test of selection was made for the pstS gene with
Mega 4 (Tables S2 and S3 of supplementary material; [49]).
In all cases, dS (synonymous substitutions) was significantly
higher than dN (non-synonymous substitutions), suggesting
purifying selection.

4. Discussion

As expected, the pst operon was found in all Firmicutes.
However, not so expected was the finding of two types
of operons in these Gram positives. We describe them as
subtilis-like and cereus-like operons, after the best known
members of Bacillus. Even more interesting, these operons
were not shared by descent in the monophyletic groups of
Bacillus, neither they were operons related to the particular
habitat of the strains. Both operons were very divergent
from each other at the amino acid sequence level, suggesting
independent parallel evolution.

The high divergence of the two types of pst-operons in
Firmicutes and their incongruence with species phylogeny
is most noteworthy. Contrary to what was expected, the
pst operon of marine Bacillus is not monophyletic, even
though marine and CCB Bacillus are resolved as a mono-
phyletic group in the 14 housekeeping gene reconstruction.
Therefore, we cannot argue for a common origin due to
shared environmental conditions. The patchy distribution
of either type of operon within the phylogeny of Firmicutes
suggests horizontal gene transfer, especially considering
closely related species with entirely different pst operons (B.
clausii and B. halodurans, B. subtilis clade, and B. sp m3-13;
Figure 2). Another possible explanation of these divergent
operons, would be an ancient duplication. However, it is
a hypothesis difficult to test, since only very few taxa have
both kinds of operons or at least partial copies. At least in
the case of the B. cereus group, the subtilis-like pstS copy
is more closely related to that of Clostridium, while the
pstS of B. subtilis is closely related to Listeria, suggesting
an independent acquisition (see Figure S1 in supplementary
material). If this partial operon or any of the extra copies
of pstS found in different organisms are functional and
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FiGure 3: Maximum likelihood phylogeny of Firmicutes based on the concatenated amino acid sequence of 14 housekeeping genes and
dated with a penalized likelihood method. The branch colors indicate the type of operon present in each taxon. Tag colors refer to the type
of habitat. Clade I corresponds to aerobic Firmicutes and clade II includes CCB and marine Bacillus. Clade I had a fixed age of 2300 my and
clades ITT and IV had a fixed minimum age of 35 my. Bootstrap values above 70% are denoted with an asterisk. Clades with branch lengths
of 0 were collapsed (D. hafniense DCB-2-D. hafniense Y51 and G. thermodenitrificans NG80-2-G.sp. G11MCI6).

expressed, is still not known and would require experimental ~ fewer rearrangements due to phages or some sort of
validation. constraint for the transcription and/or regulation of the pst

The relative conservation of gene architecture in Firmi-  operon that has kept the gene architecture fairly constant
cutes as opposed to what is seen in Cyanobacteria suggests  since the divergence of Cyanobacteria and Firmicutes around
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3 billion years ago ([37]; this study). Even though we
observed a constant operon architecture, we also observed
two taxa with both types of operon (S. thermophilum and S.
pneumoniae), one early divergent and the other more derived
(Figure 3), however, the protein sequence of either of them is
very divergent from the other taxa.

Even if the general architecture of the operon suggests less
recombination than in the Cyanobacteria lineages, in Firmi-
cutes several other taxa had more than one copy of the pstS
gene or presented an incomplete extra copy of the operon. A
phylogenetic analysis of PstS (see Figure S1 in Supplemen-
tary Material available online at doi:10.406/2011/781642)



suggests that these extra copies of the pstS gene were acquired
later by HGT rather than acquired by duplications, since
different copies of the gene belonging to the same organism
are found in different places in the phylogeny. Even though
the high sequence variation present in pstS at both nucleotide
and protein levels make it hard to obtain a well-supported
phylogenetic reconstruction. From our analysis it is evident
that the pstS gene is evolving at a faster rate than the rest
of the genes of the operon, where the purifying selection
maintains the folding of the protein instead of the amino
acid sequence [19]. Since we found no significant positive
selection for pstS, the high level of sequence divergence
could be due to the accumulation of repeated mutations
after the ancient split between the cereus-like and subtilis-like
operon [50].

Interestingly, despite the marked sequence divergence of
the genes of the pst operon of firmicutes and particularly
the pstS gene (Figure 4), the 3D structures of PstS from the
subtilis-like and cereus-like operons were surprisingly similar
(Figures 5(a)-5(c)). However, it is still to be determined
how the changes of particular amino acids in the phosphate
binding site (Figure 5(d)) would affect the formation of the
hydrogen bonds necessary for phosphate uptake [51]. In par-
ticular, it is possible that the presence of a proline (P) instead
of serine in the active site of the cereus-like PstS (Figure 5(d))
could have some relevance in the discrimination between the
mono- and dibasic forms of phosphate, since this amino acid
only acts as a hydrogen bond acceptor but not as a donor
[46]. The difference of affinity to phosphate and the potential
selectivity for either of the phosphate species should be
investigated experimentally, as the protein backbone is also
involved in the hydrogen bond formation and not only the
side chains of the residues [46, 51]. The amino acid changes
in the active site of the PstS protein can have an effect on
the efficiency of the acceptor under different pH conditions
[46, 51], and maybe some of those substitutions could be
related to habitat. Nevertheless, this idea is not sustained
within the cereus-like clade, were it can be observed that the
lineage with B. sp m3-13 (Figure 2), the Staphylococcus group
and the clade with Anoxyblacillus flavithermus as well as two
species of Geobacillus have a histidine instead of a serine in
the second residue of the active site (Figure 5(d)), and all
those taxa actually live in environments with a wide range
of pH conditions, as is the case in the rest of Firmicutes.

It has been previously noted that protein structure is
fairly conserved in nature, and that proteins with only 8%
similarity at sequence level can have a much higher similarity
in their structural features [52, 53]. In our case, some of the
PstS proteins had a sequence similarity as low as 17% when
comparing those from the subtilis- or cereus-like operons, yet
their structure was fairly conserved (Figures 5(a)-5(c)). This
could be due to natural selection acting on protein structure,
thus allowing for changes in amino acids that would not alter
the basic features of the protein [54]. The fact that these
similar protein structures occur on lineages that have such
deep divergences such as Cyanobacteria and Firmicutes (ca. 3
billion years ago), favors the idea of parallel evolution from
a common ancestor [37, 54, 55]. This very ancient diver-
gence produced one pst operon mostly found in anaerobic
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Firmicutes and some pathogenic groups (Listeria), while a pst
operon similar to that of Cyanobacteria is found mostly in
oligotrophic Firmicutes and in some other pathogenic groups
(Staphylococcus), with various cases of ancient HGT between
either group (i.e., B. halodurans, B. clausii, and D. hafniense).

Therefore, we should reconsider the environmental con-
strain hypothesis: Bacillus sp. CH108 from the Churince
water system in the present shares similar environmental
conditions to other Bacillus from CCB, but has a subtilis-like
pst operon instead of the cereus-like operon that is common
to other CCB species. The sister species of B. sp. CH108,
B. marisflavi from the Yellow Sea of Korea [56], also has
a subtilis-like operon. This suggests that acquisition of the
operon predates the divergence of the two taxa (~92 my ago;
Figure 3), which in turn is older than the last time CCB was
connected to the ocean, ca. 45 my ago. This may leads to the
idea that this particular arrangement is not specific to the
actual oligotrophic conditions in Cuatro Cienegas [41, 57]
but it is an adaptation to an ancient sea.

5. Conclusions

The pst operon in Firmicutes showed a very high sequence
divergence that is not correlated to either phylogenetic rela-
tionships among taxa, the type of habitat, or the phosphorus
availability where these organisms currently live. Thus, it
is likely that the current distribution the pst operon was
determined by a very early divergence and repeated events of
HGT of the phosphate transporter genes followed by parallel
evolution that lead to similar 3D structures. Unlike what was
observed in Cyanobacteria, most Firmicutes only have one
or a couple of copies of the PstS protein, so it is crucial
for phosphate uptake that both function and affinity are
conserved in the substrate binding protein.
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We characterized ectopic gene conversions in the genome of ten hemiascomycete yeast species. Of the ten species, three diverged
prior to the whole genome duplication (WGD) event present in the yeast lineage and seven diverged after it. We analyzed gene
conversions from three separate datasets: paralogs from the three pre-WGD species, paralogs from the seven post-WGD species,
and common ohnologs from the seven post-WGD species. Gene conversions have similar lengths and frequency and occur between
sequences having similar degrees of divergence, in paralogs from pre- and post-WGD species. However, the sequences of ohnologs
are both more divergent and less frequently converted than those of paralogs. This likely reflects the fact that ohnologs are more
often found on different chromosomes and are evolving under stronger selective pressures than paralogs. Our results also show
that ectopic gene conversions tend to occur more frequently between closely linked genes. They also suggest that the mechanisms
responsible for the loss of introns in S. cerevisiae are probably also involved in the gene 3 -end gene conversion bias observed

between the paralogs of this species.

1. Introduction

The repair of double strand DNA breaks is a critical
biological process which maintains genome stability. The
primary process whereby double-strand DNA breaks are
repaired is via homologous recombination; this process
requires the use of a repair template gene which provides a
copy of the missing information caused by the double-strand
DNA breaks. The repair template can either be an allele
(allelic recombination) or a paralog (ectopic recombination).
An end product of the homologous recombination pathway
is the replacement of the broken part of the damaged gene
by a homologous portion of the repair template gene. The
damaged gene is therefore converted by the template gene
(reviewed in [1]).

The factors affecting, and the characteristics of, ectopic
and allelic gene conversions have been the focus of many
studies, and sequence similarity has been shown to have
a profound effect on gene conversion propensity between
paralogs. In Escherichia coli, a 2%—4% decrease in sequence

similarity between a damaged gene and its repair template
can cause a 10- to 40-fold decrease in recombination
frequency (2, 3]. Similarly, in Saccharomyces cerevisiae, larger
gene conversions are limited to more similar sequences [4].
Chromosomally linked genes are converted more frequently
than dispersed genes in Drosophila and humans [5, 6]. In
S. cerevisiae, increasing distance between paralogs located on
the same chromosome tends to decrease their conversion
frequency [4, 7, 8]. In some genomes, different regions of
genes are converted at different rates. For example, in S.
cerevisiae, genes conversions between dispersed paralogs are
more frequent at their 3'-ends [4]. This 3 -bias is likely the
result of gene conversion with incomplete cDNA molecules
[9].

The availability of ten hemiascomycete genomes pro-
vides the opportunity to study ectopic gene conversions
within a clade with as much sequence divergence as the
entire Chordate phylum [10]. The evolution of several
hemiascomycetes species was affected by a whole genome
duplication event (WGD) which occurred some 150 millions
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FIGURE 1: Schematic representation of ohnologs and paralogs.
Genes A and A" represent ohnologs created by a genome duplica-
tion. These genes are therefore located on different chromosomes.
Genes B and C represent paralogs created by tandem duplications
of gene A. These genes are therefore on the same chromosome as
gene A.

years ago (MYA; [11-14]). The genomes of Kluyveromyces
lactis, Debaryomyces hansenii, and Yarrowia lipolytica all
diverged before the whole genome duplication event that
occurred in the yeast lineage (pre-WGD species; [10]).
The S. cerevisiae, Saccharomyces paradoxus, Saccharomyces
mikatae, Saccharomyces bayanus, Saccharomyces kudriavzevii,
Saccharomyces castellii, and Candida glabrata genomes all
diverged after this whole genome duplication event (post-
WGD species; [15-17]).

The advantage of separating these genomes into two
groups is that we are able to perform two comparisons. The
first compares the characteristics of ectopically converted
ohnologs and paralogs between the post-WGD species. The
post-WGD ohnologs are composed of the duplicated gene
pairs that resulted from the whole genome duplication
[11, 18]. The post-WGD paralogs data set is composed of
the genes from multigene families containing at least three
members in the genome of the seven post-WGD species but
excluding all ohnologs (Figure 1). The second comparison
involves the contrast of the characteristics of ectopically
converted paralogs between pre- and post-WGD species. The
pre-WGD paralogs data set is composed of the genes from
multigene families containing at least three members in the
genome of the three pre-WGD species.

The previous studies have shown that the reason why
many ohnologs are still found in yeast genomes is because
they provide a selective advantage [19, 20]. Ohnologs are
maintained by selection either because they carry out a
subset of the functions that were previously assumed by
their preduplication ancestor (subfunctionalization), assume
new functions (neofunctionalization), or provide increased
gene product dosage. We therefore expect that most ectopic
gene conversions between ohnolog genes will be deleterious
and removed by selection. If so, ectopic gene conversions
between ohnologs should be less frequent than those between
paralogs. In addition, based on the previous studies, we
expect that gene conversion frequency should decrease as
the distance between related genes increases (and be least
frequent for genes situated on different chromosomes), that
the length of gene conversion tracts should be positively
correlated with sequence similarity and that converted
regions should be more frequent at the 3'-end of genes
[4].
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2. Materials and Methods

2.1. Genome Sequences. The S. cerevisiae, S. paradoxus, S.
mikatae, S. bayanus, S. kudriavzevii, and S. castellii genome
sequences were retrieved from the Saccharomyces Genome
Database (SGD; ftp://genome-ftp.stanford.edu/pub/yeast/
sequence/). The C. glabrata, K. lactis, D. hansenii, and Y.
lipolytica genome sequences and distance files (*.ptt files)
were retrieved from the NCBI ftp website (ftp://ftp.ncbi.nih
.gov/).

2.2. Gene Family Data Sets. We used three different data
sets of protein coding genes. To retrieve the post-WGD
ohnologs from the seven post-WGD species, we used the
551 S. cerevisiae duplicated gene pairs (1102 ohnologs)
identified by Byrne and Wolfe [21] as queries. Sequences
from C. glabrata and S. castellii were retrieved using the
Yeast Gene Order Browser (http://wolfe.gen.tcd.ie/ygob/),
and those from the other 4 species were retrieved from
the Saccharomyces Genome Database (ftp://genome-ftp
.stanford.edu/pub/yeast/sequence/fungal_genomes/Multiple
_species_align/other/fungalAlignCorrespondance.txt). Our
data set of ohnologs in post-WGD species is therefore only
composed of the ohnologs pairs also found in S. cerevisiae.
We used this subset of ohnologs because the efficient
detection of gene conversion events using the GENECONV
method requires that at least three sequences be available
[4]. To detect gene conversions in ohnologs, we therefore
needed ohnologs from at least two species and we used the
ohnologs of S. cerevisiae to retrieve ohnologs pairs from the
other 6 post-WGD species. Retrieving common ohnologs
also allowed us to study gene conversions between similar
genes in seven different genomes.

The post-WGD paralog data set was constructed using
the BLASTCLUST program available at the NCBI FTP site.
Gene families were defined as being composed of sequences
having at least 60% amino acid identity over at least 50%
of their length. If genes previously identified as ohnologs
were grouped into paralog multigene families, then these
genes were removed from the family to ensure that there
was no redundancy between the ohnolog and paralog data
sets (see Figure 1). The pre-WGD paralog data set was also
constructed using the BLASTCLUST program, and gene
families were also defined as being composed of sequences
having at least 60% amino acid identity over at least 50% of
their length.

2.3. Sequence Alignments and Gene Conversion Detection.
ClustalW was used to align the protein sequences of multi-
gene families’ members [22]. DNA sequences were then fitted
to the protein alignments using a PERL script.

Gene conversions were detected using the GENECONV
method [23]. Redundant gene conversions within a multi-
gene family were detected by examining the phylogenetic
tree of each family and removed from the analysis [4]. If
the same gene conversion was detected at the same location
in the multigene family alignment in closely related descen-
dents of a common ancestor then the most parsimonious
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TaBLE 1: Number of ohnologs and paralogs in the pre- and post-
WGD genomes.

Number of ohnolog Number of paralog

Genome

families families
Post-WGD
S. cerevisiae 551 (2) 30 (3-40)
S. paradoxus 436 (2) 80 (3-68)
S. mikatae 412 (2) 86 (3-37)
S. kudriavzevii 226 (2) 13 (3-20)
S. bayanus 462 (2) 75 (3-23)
C. glabrata 300 (2) 16 (3-7)
S. castellii 398 (2) 17 (3-10)
Pre-WGD
K. lactis n.a. 15 (3-9)
D. hansenii n.a. 43 (3-9)
Y. lipolytica n.a. 60 (3-26)

Notes. The range of multigene family sizes is provided in brackets. n.a.: not
applicable.

explanation is that the conversion event occurred within
the common ancestor, therefore only one of the conversions
detected in the set of descendents was retained for further
analysis. To control for false positives, gene conversions
between sequences having less than 80% maximum flanking
similarity were removed from the analysis [24].

2.4. Gene Conversion Characteristics. The gene conversion
frequency for each species was calculated using two different
methods. The first method calculates the conversion fre-
quency as the ratio of the number of conversions divided
by the total number of gene comparisons between multi-
gene family members. The second method calculates the
frequency as the ratio of the number of gene conversions
divided by the total number of multigene family members.
Intra- and interchromosomal gene conversion frequencies
were calculated for the S. cerevisiae, C. glabrata ohnolog
and paralog multigene families. In addition intra- and inter-
chromosomal conversion frequencies were calculated for the
paralog multigene families of K. lactis, D. hansenii, and Y.
lipolytica genomes. These frequencies are calculated as the
ratio of intra- (or inter-) chromosomal conversions divided
by the total number of intra- (or inter-) chromosomal gene
comparisons. The gene conversion length was obtained from
the GENECONV output. The maximum similarity for the
flanking 100 nucleotides was calculated for each converted
gene pair using an in-house PERL script. The locations
of the converted regions were calculated as the correlation
between the positions of each conversion with respect to
the length of the converted genes. A positive correlation
indicates a bias towards the 3'-end of genes, and a negative
correlation indicates a bias towards the 5-end of genes.
The distance between converted genes was calculated only
for conversions detected within S. cerevisiae, C. glabrata, K.
lactis, D. hansenii, and Y. lipolytica because position data
for the other five species was not available. Data tabulation
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FIGure 2: The distribution of the average number of paralog gene
families (mean + S.D.) within the seven postduplication genomes
and three preduplication genomes is shown. Five outlier families
including two families of size 63 and 68 from S. paradoxus, two
families of size 32 and 40 from S. cerevisiae, and a single family of
38 genes from S. mikatae are not shown in the figure to improve the
visual clarity of the data.

and analysis was done using Microsoft Excel (Microsoft,
Redmond, WA, USA) and S-plus v 7.0 (Insightful, Seattle,
WA, USA). The G-Power program was used to calculate
the power of the ANOVA tests [25]. Power calculations
for correlation tests were done using an online application
(http://calculators.stat.ucla.edu/powercalc/correlation/) and
SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA).

2.5. Numbers of Substitutions per Site and Gene Ontology.
The number of nonsynonymous substitutions per non-
synonymous site (Ka) and synonymous substitutions per
synonymous site (Ks) and their ratio (Ka/Ks) were calculated
for the protein coding regions (excluding the converted
regions) of each pair of converted genes using the YNOO
program from the PAML software [26, 27].

The processes in which the S. cerevisiae ohnologs and
paralogs are involved were analyzed using the gene ontology
annotations of the Saccharomyces Genome Database at http:
//db.yeastgenome.org/cgi-bin/GO/goTermFinder.pl [28].

3. Results

3.1. Ohnolog and Paralog Multigene Families. Ohnolog and
paralog multigene families were analyzed to determine
whether the number and size of these two types of families
were different in different yeast genomes (Table 1, Figure 2).
The genomes of the six post-WGD species from which we
retrieved ohnolog pairs using the S. cerevisiae ohnologs
contain an average of 372 + 90 ohnolog pairs. The number
of ohnolog pairs found in each of these six different genomes
is not significantly different from this average when using a



TABLE 2: Percentage of gene comparisons between multigene family
members located on the same chromosome.

Genome
Post-WGD
S. cerevisiae

Ohnologs Paralogs

4.0% (22/551) 8.4% (163/1930)

C. glabrata 5.0% (15/300) 38.6% (29/75)
Pre-WGD

K. lactis n.a. 21% (26/124)

D. hansenii n.a. 31% (86/270)

Y. lipolytica n.a. 18% (158/884)

Notes. The ratios in brackets are the number of gene comparisons between
genes found on the same chromosome divided by the total number of gene
comparisons. n.a.: not applicable.

Bonferroni-corrected a-value of 0.0083 (Wilcoxon rank sum
test; [29]).

For post-WGD paralogs, only the S. mikatae genome has
significantly more paralog families than average (45.28 +
33.36; Wilcoxon rank sum test, P = 0.009) and only the S.
kudriavzevii genome has significantly fewer paralog families
than average (P = 0.009). The mean size of the paralog
families (5.7 + 5.2 genes/family) is similar in all post-WGD
genomes except that of C. glabrata which has significantly
smaller paralog families than average (3.3+0.99 genes/family,
Wilcoxon rank sum test, P = 0.003).

For the pre-WGD paralogs, the numbers of paralog
families in the three pre-WGD genomes are not significantly
different from the population mean (39.33 +22.72; Wilcoxon
rank sum test, P > 0.27). The mean size of all paralog
families in these three genomes (4.41 = 2.59 paralogs per
family) is similar to the mean family size of each pre-WGD
genome (Wilcoxon rank sum test, P = 0.09). Finally, there is
no statistical difference between the number (Wilcoxon rank
sum test, P = 0.83) and the mean size of paralog families
(Wilcoxon rank sum test, P = 0.17) or between pre- and
post-WGD species.

3.2. Organization of Gene Families. The organization of the
multigene families can be measured as the proportion of
multigene family members located on the same chromo-
some. Since most paralogs originate from unequal crossover
events, they are expected to be most often found on the
same chromosome. In contrast, since ohnologs are remnants
of ancient genome duplication events, they are expected to
be most often found on different chromosomes. The higher
percentage of paralogs found on the same chromosome is
therefore consistent with the likely mode of origin of these
two types of duplicated genes (Table 2). The percentage of
paralogs found on the same chromosome is also similar
between pre- and post-WGD genomes (Table 2).

3.3. Gene Conversion Frequency and Distance between Con-
verted Genes. In post-WGD genomes, intrachromosomal
gene conversions tend to occur more frequently than
interchromosomal conversions. In the paralog families of
S. cerevisiae and C. glabrata, genes located on the same
chromosome are converted 2 to 10 times more frequently
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than genes found on different chromosomes (Table 3).
Similarly, in the ohnolog families of S. cerevisiae, genes
located on the same chromosome are converted 4 times
more frequently than genes found on different chromosomes
(Table 3). In contrast, there is an almost complete absence of
gene conversions between the ohnologs found within the C.
glabrata genome (Table 3).

In pre-WGD genomes, the paralogs found on the same
chromosomes of K. lactis and Y. lipolytica are not converted
more frequently than paralogs found on different chromo-
somes but the D. hansenii paralogs found on the same
chromosomes are converted roughly 3 times more frequently
than those found on different chromosomes (Table 3).

The mean number (+S.D.) of conversions detected
within the paralog gene families of the pre- (38 + 33) and
post-WGD (30 + 16) genomes is not statistically different
(t-test, P = 0.67; Table 4). Although the ohnolog families
of post-WGD genomes contain only an average of 7 = 5
conversions, this number is also not significantly different
from the average number of conversions found in post-WGD
paralog families (¢-test, P = 0.06).

When considering gene conversion frequencies with
respect to the total number of comparisons, gene conversions
of post-WGD species are either equally frequent in paralog
and ohnolog families (in the S. paradoxus, S. mikatae, and S.
bayanus genomes) or significantly more frequent in paralog
than in ohnolog families in the four other post-WGD families
(t-test, P = 0.046; Table 4).

When considering gene conversion frequencies with
respect to the total number of multigene family members, the
mean conversion frequency for paralogs (19.03 + 16.29%) is
significantly larger than the frequency for ohnologs (0.74 +
0.46; Wilcoxon two sample test, P = 0.0006).

We believe that using gene conversion frequencies with
respect to the total number of multigene family mem-
bers is more appropriate to compare gene frequencies
between ohnologs and paralogs because it better reflects
the much larger number of conversions found in paralogs
when compared to ohnologs. For example, in the case of
S. cerevisiae with 13 conversions between ohnologs and
110 conversion between paralogs (Table 4), the conversion
frequency for ohnologs is 2.35% (13/551) and 5.71% for
paralogs (110/1930) when frequencies are calculated with
respect to the total number of comparisons. However, these
frequencies do not take into account the fact that 1102
ohnolog sequences were compared (551 pairs) whereas
only 212 paralog sequences (i.e., less than the fifth of
the number of ohnolog sequences) were compared (for a
total of 1930 pairwise comparisons) to obtain the 5.71%
frequency of paralogs. In contrast, if one compares the
frequencies calculated with respect with the number of
genes, the frequency of conversions is 1.17% (13/1102) for
ohnologs and 51.40% for paralogs (110/212). The large
difference between the two ways of calculating frequen-
cies is due to the fact that frequencies calculated with
respect to the total number of comparisons have a much
larger denominator which biases the comparisons between
ohnologs and paralogs. For example, for a family with 10
paralogous sequences, the number of pairwise comparisons
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TaBLE 3: Intra- and interchromosomal gene conversion frequencies for pre- and post-WGD genomes.

Genome Ohnologs Paralogs
Post-WGD Intrachromosomal Interchromosomal Intrachromosomal Interchromosomal
frequency frequency frequency frequency
S. cerevisiae 9.1% (2/22) 2.1% (11/529) 9.2% (15/163) 5.4% (95/1767)
C. glabrata 0% (0/15) 0.007% (2/285) 24.1% (7/29) 2.2% (1/46)
Pre-WGD
K. lactis n.a. n.a. 11.5% (3/26) 12.2% (12/98)
D. hansenii n.a. n.a. 36% (31/86) 11.4% (21/184)
Y. lipolytica n.a. n.a. 1.9% (3/158) 2.9% (21/726)

Notes. Values in brackets indicate the ratio of the number of gene conversions divided by the number of gene comparisons. Data for S. paradoxus, S. mikatae,
S. kudriavzevii, S. bayanus, and S. castellii are not provided because position data was not available for the genes of these genomes. n.a.: not applicable.

TaBLE 4: The number and frequency of gene conversions in ohnologs and paralogs.

Ohnologs Paralogs
Genomes Frequency (%) with Frequency (%) with Frequency (%) with Frequency (%) with
Number respect to total respect to total nurr}ber Number respect to total respect to total nurr'lber
number of of multigene family number of of multigene family
comparisons members comparisons members

Post-WGD

S. cerevisiae 13 2.35 1.17 110 5.71 51.40

S. paradoxus 7 1.60 0.80 44 1.54 9.20

S. mikatae 6 1.45 0.73 26 1.50 4.80

S. kudriavzevii 2 0.88 0.44 20 7.96 29.80

S. bayanus 14 3.03 1.51 50 3.60 12.40

C. glabrata 2 0.67 0.33 10.67 14.80

S. castellii 2 0.50 0.25 5.06 10.80
Pre-WGD

K. lactis n.a. n.a. n.a. 15 12.09 23.80

D. hansenii n.a. n.a. n.a. 52 19.25 31.70

Y. lipolytica n.a. n.a. n.a. 24 2.71 8.20

Notes. n.a.: not applicable.

will be 45 ([10(10—1)]/2) whereas it will only be 5 for 10
ohnologs.

Ectopic gene conversions between paralogs are equally
frequent in both pre- and post-WGD genomes. Median
gene conversion frequencies relative to both total number of
comparisons and number of multigene family members are
not statistically different between pre-WGD (12.09%, 23.8%)
and post-WGD (5.06%, 12.4%) paralogs (Table 4; Wilcoxon
two sample test, P = 0.26 with respect to the number of gene
comparisons and P = 0.82 with respect to the number of
multigene family members).

There is a significant negative correlation (Spearman
rank correlation test) between gene conversion frequency
and distance between paralogs located on the same chro-
mosomes in the genomes of S. cerevisiae (r = — 0.54;
P = 0.008), C. glabrata (r = — 0.74; P = 0.048), and D.
hansenii (r = — 0.45; P = 0.008). Correlations could not
be calculated for the other paralog and/or ohnolog data sets
either because gene distance information was not available
for some species (see above) or because less than four genes

were found on the same chromosomes (statistical power
analyses require at least 4 data points).

3.4. Gene Conversion Length and Flanking Similarity. The
median lengths of the gene conversions between ohnologs
are identical in all seven post-WGD genomes (Table 5;
multiple comparison ANOVA test, P = 0.86, « = 0.05). The
median lengths of gene conversions between the paralogs
of pre-WGD genomes are also equal (P = 0.34). How-
ever, the median length of the gene conversions between
paralogs are significantly longer in S. cerevisige than in
S. paradoxus, S. mikatae, S. kudriavzevii, and S. bayanus
(multiple comparison ANOVA, P < 0.0001). In post-WGD
genomes, the median length of gene conversion in paralogs
and ohnolog (182 and 186.5bp, resp.) are not significantly
different (pairwise Wilcoxon rank tests, Table 5). Finally, the
median lengths of gene conversions are significantly different
from each other between pre-WGD (150 bp) and post-WGD
(182bp) paralogs (Wilcoxon two sample test, P = 0.02,
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TABLE 5: Gene conversion lengths of pre- and post-WGD species.
Genome Ohnologs (bp) Paralogs (bp) Wilcoxon test
Median Ist quartile 3rd quartile Min Max Median 1Istquartile 3rd quartile Min Max P-value

Post-WGD

S. cerevisiae 272 107 465 60 773 3825 141 869 8 2642 0.22

S. paradoxus 235 98 354 50 531 106 51.5 232 14 1060 0.17

S. mikatae 165.5 95 431 68 568 167 83 366 14 535 0.64

S. kudriavzevii  270.5 146 395 146 395 136 85 172 25 391 0.19

S. bayanus 149.5 71 315 45 905 126 76 203 21 724 0.50

C. glabrata 83.5 27 140 27 140 130 83.5 386 59 668 0.36

S. castellii 144 118 170 118 170 226 73.5 581.5 44 862 0.69
Pre-WGD

K. lactis n.a. n.a. n.a. n.a. na. 99 40 236 32 1127 n.a.

D. hansenii n.a. n.a. n.a. na. na. 183 104.5 310.5 18 1309 n.a.

Y. lipolytica n.a. n.a. n.a. n.a. n.a. 83 27.5 196 16 1770 n.a.

Note. Wilcoxon two-sample tests were used to detect differences between the median gene conversion lengths of ohnologs and paralogs. n.a.: not applicable.

TaBLE 6: Maximum flanking similarity of gene conversions in pre and post-WGD species.

Ohnolog maximum flanking similarity (%)

Paralog maximum flanking similarity (%) Wilcoxon test

Genome
Median 1st quartile 3rd quartile Min Max Median Ist quartile 3rd quartile Min Max P-value
Post-WGD
S. cerevisiae 88 84 94 80 97 95.6 91 99 80 100 0.001
S. paradoxus 89 83 94 82 97 90.3 87 97.5 80 100 0.24
S. mikatae 87.5 82 92 81 96 91.7 86.6 95.6 81 100 0.15
S. kudriavzevii  86.8 85.7 88 85.7 88 94 93 97 85 99 0.07
S. bayanus 87.6 85 92 80 98 92.9 86 99 81 100 0.04
C. glabrata 84.5 83 86 83 86 92.6 90 99.5 86 100 0.08
S. castellii 87 86 88 86 88 93 87 97 85 100 0.35
Pre-WGD
K. lactis n.a. n.a. n.a. n.a. n.a. 90 86 97 81 98 n.a.
D. hansenii n.a. n.a. n.a. n.a. n.a. 93 86.3 97 80 100 n.a.
Y. lipolytica n.a. n.a. n.a. n.a. na. 86.5 83.3 93.5 80 100 n.a.

Note. Wilcoxon two sample tests were used to detected differences between the median flanking similarities of ohnologs and paralogs. n.a.: not applicable.

a = 0.05). These median lengths are similar to the average
length of the S. cerevisiae conversions observed in a previous
study (173 bp, [4]).

The median sequence similarities of regions flanking
gene conversions between ohnologs are equal in all seven
post-WGD genomes (Table 6; multiple ANOVA tests, P =
0.97, a = 0.05). Furthermore, the median sequence similar-
ities of regions flanking gene conversions between paralogs
are equal in all seven genomes (multiple comparison ANOVA
test, P = 0.18, a = 0.05).

Although the median flanking similarity of the converted
paralogs of post-WGD species is always higher than that
of their ohnologs, this difference is only significant in the
genome of S. cerevisiae and S. bayanus (Table 6). However,
this lack of statistical significance is likely the result of the
relatively low power of these statistical tests because the
power of each test was <61% (results not shown).

The median sequence similarities of regions flanking
gene conversions between the paralogs of pre-WGD genomes
are equal (Table 6; multiple ANOVA tests, P = 0.21, a =
0.05). However, converted genes within pre-WGD paralogs
have significantly less flanking similarity (pooled median
of 90%) than converted paralogs in post-WGD genomes
(pooled median of 94%; Wilcoxon two sample test, P =
0.0004, &« = 0.05, Table 6). We do not know whether this
difference has any biological significance.

Analysis of the relationship between the length of gene
conversions and flanking similarity indicates a significant
positive correlation within the ohnologs of the seven post-
WGD genomes (Spearman rank correlation test, r = 0.44,
P = 0.005; Figure 3(a)), the paralogs of the seven post-
WGD genomes (r = 0.36, P = 0; Figure 3(b)) and the
paralogs of the three pre-WGD genomes (r = 0.35, P = 0;
Figure 3(c)).
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3.5. Ka, Ks, Ka/Ks Ratios and Ontology of Ohnolog and
Paralog Converted Genes. In post-WGD genomes, the fact
that synonymous substitutions (Ks) are lower for converted
paralogs than for converted ohnologs suggests that paralogs
have a more recent origin (Table 7). Therefore, the higher
Ka/Ks ratio of paralogs clearly indicates that paralogs are
under less selection constraints than ohnologs. Furthermore,
the similar Ka/Ks ratios of pre- and post-WGD paralogs
indicate that the paralogs of pre- and post-WGD evolve
under similar selective constraints (Table 7).

The ohnologs and paralogs of S. cerevisiae are involved in
different processes. Although many of the GO terms shown
in Table 8 are not mutually exclusive (e.g., “transposition”
and “transposition, RNA-mediated”), analyses of the pro-
cesses in which these genes are involved show that ohnologs
are involved in regulation, essential biosynthetic processes,
and metabolic processes whereas paralogs are involved trans-
position, transport, and nonessential biosynthetic processes.

3.6. Location of Converted Regions. When considering
pre-WGD paralogs, post-WGD paralogs and post-WGD
ohnologs, only the post-WGD paralogs of S. cerevisiae show
a significant bias of gene conversions towards the 3'-end
of genes (Table 9). However, the fact that the power of all
nonsignificant tests is smaller than 15% suggests that this bias
might also exist in the data sets where it was not detected but
that our data are not sufficient to detect it (Table 9).

4. Discussion

Using S. cerevisiae ohnologs as queries allowed us to retrieve
an average of 372 ohnolog pairs from the other six post-
WGD genomes (Table 1). Although these seven species
are phylogenetically related (see [13] for a phylogenetic
tree of these fungi species), and therefore did not evolve
independently, it is very unlikely that species as divergent
as S. cerevisiae and C. glabrata (which diverged soon after
the whole genome duplication, some 150 MYA), would
have kept 300 pairs of common ohnologs by chance. In
fact, assuming that the ancestral pre-WGD genome had
5000 genes and that current post-WGD genomes have 5500
genes [13], one would expect them to have kept only 50
ohnologs in common (0.1 X 0.1 X 5000) by chance alone.
As we discuss further below, this suggests that common
ohnologs provide a selective advantage and evolve under
strong selective constraints.

Since the number and the mean size of paralog multigene
families are not significantly different between pre- and post-
WGD species, the genome duplication event in the post-
WGD genome ancestor did not significantly increase the
number or mean size of paralog multigene families in post-
WGD species (Table 1, Figure 2). The small number and size
of gene families in C. glabrata have already been noticed
and are likely the result of reductive evolution and gene loss
through relatively high genome instability [10, 12, 30].

The chromosomal distribution of ohnologs and paralogs
is very different. Whereas, on average, 23.4% of paralogs are
found on the same chromosomes, only 4.5% of ohnologs are
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Ficure 3: Correlation between gene conversion length and
maximum flanking sequence similarity. (a) Conversions detected
between the ohnologs of the six Saccharomyces species and C.
glabrata. There are 107 conversions, 46 of which have >80%
flanking similarity. (b) Conversions detected between the paralogs
of the six Saccharomyces species and C. glabrata. There are 401
conversions, 311 of which have >=80% flanking similarity. (c)
Conversions detected the paralogs of the three pre-WGD genomes.
There are 147 conversions, 91 of which have >80% flanking
similarity.
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TasLE 7: Nonsynonymous substitutions per nonsynonymous site (Ka), synonymous substitutions per synonymous site (Ks), and Ka/Ks
ratios (+ standard deviations) for pairs of converted genes in pre- and post-WGD species.

Genome Ka Ks Ka/Ks
Ohnologs Paralogs Ohnologs Paralogs Ohnologs Paralogs
Post-WGD
S. cerevisiae 0.04 = 0.03 0.09 = 0.08 0.96 = 0.49 0.37 £ 0.44 0.04 = 0.02 0.38 = 0.27
S. paradoxus 0.09 =0.11 0.18 = 0.20 0.91 =0.76 0.56 = 0.40 0.10 = 0.05 0.46 = 0.57
S. mikatae 0.09 =0.11 0.17 = 0.19 1.87 = 1.06 0.56 = 0.31 0.04 = 0.04 0.34 = 0.45
S. kudriavzevii 0.06 = 0.04 0.08 += 0.04 0.95 = 0.46 0.47 = 0.59 0.06 = 0.01 0.38 = 0.34
S. bayanus 0.11 = 0.09 0.13 +0.12 1.91 = 1.68 0.40 = 0.46 0.07 = 0.05 0.40 = 0.28
C. glabrata 0.25 +0.17 0.04 += 0.04 1.32 = 0.08 0.36 = 0.55 0.18 = 0.12 0.37 = 0.45
S. castellii 0.18 = 0.09 0.13 = 0.07 2.80+1.18 0.29 = 0.12 0.06 = 0.01 0.61 =+ 0.46
Pre WGD
K. lactis n.a. 0.20 £ 0.26 n.a. 0.61 = 0.40 n.a. 0.49 = 0.58
D. hansenii n.a. 0.10 = 0.07 n.a. 0.50 + 0.40 n.a. 0.31 +0.17
Y. lipolytica n.a. 0.25 +0.19 n.a. 1.12 +£0.38 n.a. 0.46 = 0.38

n.a.: not applicable.

TaBLE 8: GO terms associated with biological processes for the ohnologs and paralogs of S. cerevisiae.

Go e Bakgond e

Ohnologs
Biological regulation 21.9% 13.8% 52x 107"
Regulation of biological process 18.0% 11.3% 3.9x 10710
Regulation of cellular process 16.8% 10.5% 2.6x107%
External encapsulating structure organization and biogenesis 6.4% 2.8% 6.8 x 107"
Cell wall organization and biogenesis 6.4% 2.8% 6.8 x 107"
Protein amino acid phosphorylation 4.0% 1.4% 2.1x107%
Cellular polysaccharide biosynthetic process 2.0% 0.5% 41x107%
Polysaccharide biosynthetic process 2.0% 0.5% 9.9x107%
Carbohydrate biosynthetic process 2.7% 0.9% 9.3x 107"
Cellular carbohydrate metabolic process 5.2% 2.3% 1L.OXx 107%
Carbohydrate metabolic process 5.5% 2.5% 1.7 x107%

Paralogs
Transposition 32.8% 1.3% 9.7 x 107'%
Transposition, RNA-mediated 32.8% 1.3% 9.7 x 1071%°
Carbohydrate transport 5.2% 0.5% 9.5%x 107"
Monosaccharide transport 4.0% 0.3% 4.0x 1077
Hexose transport 4.0% 0.3% 4.0 x 1077
Thiamin and derivative metabolic process 3.2% 0.3% 4.0 x107%
Thiamin biosynthetic process 2.8% 0.2% 20x107*
Thiamin and derivative biosynthetic process 2.8% 0.3% 3.1x107™*
Thiamin metabolic process 2.8% 0.3% 3.1x107™*
Telomere maintenance via recombination 2.8% 0.3% 4.8x 107"
Amino acid catabolic process 3.6% 0.5% 1.0x107°
Cellular response to nitrogen levels 1.6% 0.1% L6x107°

Notes. Frequencies were calculated from 1100 ohnologs, 250 paralogs, and 7159 background genes. Only the twelve most significant results for each type of
genes are shown.
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TaBLE 9: Correlations between the location of the converted regions
and their position in the converted genes in pre- and post-WGD
genomes.

Genome Ohnolog Paralog
R-value Power R-value Power
Post WGD
S. cerevisiae -0.07 0.036 0.73* n.a.
S. paradoxus 0.12 0.049 -0.19 0.072
S. mikatae 0.00 0.025 -0.19 0.076
S. kudriavzevii -0.17 0.065 —0.09 0.043
S. bayanus 0.24 0.095 0.11 0.047
C. glabrata 0.00 0.025 0.06 0.034
S. castellii 0.17 0.066 —0.09 0.043
Pre WGD
K. lactis n.a. n.a. -0.32 0.14
D. hansenii n.a. n.a. 0.02 0.028
Y. lipolytica n.a. n.a. 0.14 0.055

The R-values indicate correlation values. Significant correlations (Spearman
rank correlation test P < 0.05) are labeled with *. The power of each
correlation test is provided except for S. cerevisiae paralogs, where the null
hypothesis was rejected, and for ohnologs for which a power test could not
be performed. n.a.: not applicable.

found on the same chromosomes (Table 2). A likely explana-
tion for this difference is that paralogs often originate from
unequal crossing over or replication slippage events whereas
ohnologs originate from whole genome duplication events
(page 250 of [31], [18], pages 199-202 of [32]). Since gene
conversions tend to be more frequent between genes found
on the same chromosomes than between genes located on
different chromosomes (Table 3), this explains, in part, why
gene conversions tend to be more frequent between paralogs
than between ohnologs (Table 4). In fact, on average, when
comparing gene conversion using total numbers, frequency
calculated using the number of multigene family members,
or frequency based on the number of gene comparisons,
gene conversions are more frequent in the paralogs of pre-
and post-WGD genes than in the ohnologs of the post-WGD
genomes (Table 4).

The previous work on yeast, Drosophila, and humans
has shown that intrachromosomal gene conversions are
more frequent than interchromosomal gene conversions [4—
6]. A possible explanation for the relatively high frequency
of intrachromosomal conversions in D. hansenii (36%,
Table 3) is that multiple tandem duplication events have been
identified within this genome and, therefore, most paralogs
are still located on the same chromosomes [10]. In contrast,
in K. lactis and Y. lipolytica, gene conversions between
intra- and interchromosomal paralogs are equally frequent
(Table 3). The highly redundant Y. lipolytica genome has
been shown to be undergone a high degree of map dispersion
[10]. The low frequency of intrachromosomal conversions
observed in this genome might therefore be the result of
the dispersion of tandemly duplicated paralogs to other
chromosomes. A similar phenomenon might be present in
K. lactis. Tt is unlikely that these exceptions are due to

mechanistic differences in the repair of double-stranded-
breaks between pre- and post-WGD species because the
majority of repair genes have been maintained throughout
the evolution of the hemiascomycetes [33].

The previous studies have demonstrated a negative
correlation between gene conversion frequency and physical
distance on the same chromosome [4, 7]. We also observed
such a negative correlation in the genomes of S. cerevisiae,
C. glabrata, and D. hansenii (see above). However, a lack
of data (statistical power) prevented the detection of such a
relationship in the paralogs of K. lactis and Y. lipolytica and
the ohnologs of S. cerevisiae and C. glabrata. This correlation
could result from the fact that the DNA repair mechanisms
preferentially search for suitable repair templates close to
the damaged gene. Since ohnologs are more often found
on different chromosomes (Table 2), this would also explain
why conversions are less frequent between ohnologs than
between paralogs. On the other hand, our recent analyses
of the human genome [6] has shown that, in the human
genome, the negative correlation between gene conversion
frequency and physical distance is simply the result of the fact
that most duplicated genes are found next to one another.
Thus the negative correlation we observed in some yeast
species might also disappear if we normalized our data to
take into account the fact that most paralogs are located next
to one another on the same chromosome [10].

Sequence similarity requirements for ectopic conversions
and the amount of negative selection are very similar
between pre- and post-WGD paralogs. Several pieces of
information support these conclusions. The fact that the
frequency (Table 4), length (Table 5), and flanking sequence
similarities (Table 6) of gene conversion of the paralogs
within pre- and post-WGD species are similar indicates that
mechanistic similarities are present between these genomes.
In addition, the fact that the mean Ka/Ks values for the
paralog families of pre- and post-WGD species are alike
(Table 7) suggests that their genes are under similar selective
pressures and have similar gene conversion constraints. This
suggests that, despite the different ecological niches of the
yeast species, these paralogs evolve in similar ways.

Surprisingly, the sequence of similarity flanking conver-
sions between post-WGD ohnologs is always lower than that
flanking post-WGD paralogs (Table 6). This is likely due to
the fact that ohnologs are much older than paralogs (i.e.,
they have larger Ks values; Table 7), which gave time to
accumulate more substitutions, and are under more selective
constrains (i.e., they have larger Ka/Ks ratios; Table 7).
Stronger selective constraints are expected to select against
conversions which would homogenize ohnologs because
such homogenization would erase the functional differences
that each member of a pair of ohnologs has acquired during
evolution. As mentioned above, the different function each
member of a pair of ohnologs has acquired (neofunction-
alization) also likely explains why different yeast genomes
have so many common ohnologs (Table 1; [20]). Conversely,
one of the effects of repeated gene conversion due to less
negative selective pressure on paralogs is that the sequence of
similarity between them will increase. Thus, the observation
that ectopic gene conversions occur more frequently between
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paralogs than ohnologs (Table 4) might not only be due to
the fact that ohnologs are more often found on different
chromosomes (Table 2) but also due to ohnologs being
under stronger selective constraints than paralogs (Table 7).
These stronger selective constraints are due to the fact that
ohnologs are involved in essential processes (regulation,
essential biosynthetic processes and metabolic processes)
whereas paralogs are involved in nonessential processes
(transposition, transport and nonessential biosynthetic pro-
cesses; Table 8). This is similar to the situation within genes
where gene conversions have been shown to be less frequent
in more functionally important regions [34, 35].

The previous studies on S. cerevisiae have found that gene
conversions are biased toward the 3" end of converted genes.
This has been attributed to ectopic gene conversion via cDNA
intermediates [4]. Our results confirm that conversions are
biased toward the 3'-end of genes within the S. cerevisiae
paralog dataset [4, Table 9]. The fact that no significant
bias was detected within any other species is likely a result
of the low statistical power due to the small amount of
data available for each of these species (Table 9). This low
statistical power for the distribution of gene conversions
other than those between S. cerevisiae paralogs likely reflects
the facts that whereas there were 110 conversions between S.
cerevisiae paralogs, there were only between 8 and 52 gene
conversions between the paralogs of the other nine yeast
species (Table 4). They were also only between 2 and 14
gene conversions between the ohnologs of the 7 post-WGD
species. These low numbers of gene conversion are therefore
not sufficient to ascertain whether their distribution is
significantly biased.

The suggestion that the 3 -end bias of the gene conver-
sions between S. cerevisiae paralogs is due to ectopic gene
conversions with cDNA intermediates is consistent with the
low number of introns present in this species as well as
their 5 -position bias [4, 36, 37]. The genome of this species
contains only 286 introns, and most of these introns are
located at the 5 -end of the genes in which they are present
[37]. This contrasts with the 139,418 introns found in the
human genome and with the absence of intron position bias
in human genes [37]. The model proposed by Fink to explain
both the paucity and 5 -position bias of S. cerevisiae introns
posits that incomplete cDNA molecules can recombine with
their genomic copies leading to both intron loss and a 5 -
position bias of the remaining introns [36, 37]. This model
was later supported by the experimental demonstration that
c¢DNA molecule can recombine with their genomic copy [9].
Since the genomes of C. glabrata, D. hansenii, K. lactis, and
Y. lipolytica all have few introns and that their introns have a
5 -position bias [38], one would also expect to observe a 3 -
end bias for their gene conversions if they often occur with
cDNA copies. As discussed above, the fact that we did not
observe such a bias in these four species could be due to
the low statistical power of our tests. Alternatively, it could
reflect recombination differences between S. cerevisiae and
these four species.

In summary, our results show that the number and
mean size of multigene families composed of paralogous
sequences are not significantly different between pre- and
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post-WDG species (Table 1, Figure2), that paralogs are
more often found on the same chromosomes than ohnologs
(Table 2), that gene conversions tend to be more frequent
between genes found on the same chromosomes than
between genes located on different chromosomes (Table 3),
that gene conversions tend to be more frequent between
paralogs than between ohnologs (Table 4), that the frequency
(Table 4), length (Table 5), and flanking sequence similarities
(Table 6) of the gene conversions between the paralogs of
pre- and post-WGD species are similar, that there is a
positive correlation between the length of gene conversions
and flanking similarity in all converted genes (Figure 3),
that ohnologs are under stronger selective constraints than
paralogs (Table 7), that these stronger selective constraints
are due to the fact that ohnologs are involved in essential
processes whereas paralogs are involved in nonessential
processes (Table 8), and that conversions are biased toward
the 3'-end of the S. cerevisiae paralogs (Table9). In the
future, since it has recently been shown that the expression
levels of duplicated genes influence their rate of sequence
divergence [39], it would be interesting to test whether the
increased ectopic gene conversion frequency we observed in
C. glabrata, D. hansenii, and K. lactis (Table 3) is due to
conversions between highly expressed genes.
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Fungal species of the Neotyphodium and Epichloé genera are endophytes of pasture grasses showing complex differences oflife-cycle
and genetic architecture. Simple sequence repeat (SSR) markers have been developed from endophyte-derived expressed sequence
tag (EST) collections. Although SSR array size polymorphisms are appropriate for phenetic analysis to distinguish between taxa,
the capacity to resolve phylogenetic relationships is limited by both homoplasy and heteroploidy effects. In contrast, nonrepetitive
sequence regions that flank SSRs have been effectively implemented in this study to demonstrate a common evolutionary origin
of grass fungal endophytes. Consistent patterns of relationships between specific taxa were apparent across multiple target loci,
confirming previous studies of genome evolution based on variation of individual genes. Evidence was obtained for the definition
of endophyte taxa not only through genomic affinities but also by relative gene content. Results were compatible with the
current view that some asexual Neotyphodium species arose following interspecific hybridisation between sexual Epichloé ancestors.
Phylogenetic analysis of SSR-flanking regions, in combination with the results of previous studies with other EST-derived SSR
markers, further permitted characterisation of Neotyphodium isolates that could not be assigned to known taxa on the basis of
morphological characteristics.

1. Introduction

Fungal endophytes of the genus Neotyphodium and Epichloé
are widespread in temperate grasses of the Poaceae sub-
family Pooideae [1, 2]. In agronomically important pasture
grasses such as perennial ryegrass (Lolium perenne L.) and
tall fescue (Festuca arundinacea Schreb. [Darbysh.] syn.
L. arundinaceum), the respective symbionts (N. lolii [Latch,
Christensen, and Samuels] Glenn, Bacon, and Hanlin and
N. coenophialum [Morgan-Jones and Gams] Glenn, Bacon,

and Hanlin) confer both beneficial and detrimental agro-
nomic traits [3-7]. Molecular genetic marker-based studies
have contributed to knowledge of endophyte genetics, tax-
onomy, and phylogeny. Neotyphodium species were originally
placed in the form (asexual) genus Acremonium [8], but were
reclassified into the new form genus Neotyphodium when
sequence analysis of ribosomal RNA-encoding (rDNA) genes
indicated a monophyletic group with the sexual Epichloé
species [1, 9]. Phylogenetic analysis of genes for conserved
proteins such as the B-tubulin gene (fub2), translation



elongation factor 1-« (tefA), and actin (actG) also provided
evidence for close relationships between Neotyphodium and
Epichloé species [10-17].

Although taxa such as N. lolii are haploid in nature, other
Neotyphodium species were shown to contain multiple gene
copies and conform to heteroploid genomic constitutions
[17]. The single or multiple gene copies of asexual Neotypho-
dium species appear to correspond to those of specific hap-
loid Epichloé species. This observation has been interpreted
to support a hybrid origin for heteroploid taxa: for instance,
N. coenophialum has been proposed to have arisen through
hybridisation and subsequent nuclear fusion events involving
the extant taxa E. typhina, E. baconii, and E. festucae. The
relative genome sizes of haploid and heteroploid endophytes
(c. 30Mb for N. lolii; c. 60Mb for N. coenophialum)
lend some support to this hypothesis [18], subject to the
possibility of selective gene loss subsequent to hybridisation
events. Phylogenetic relationships between endophyte taxa
are hence complex and reticulated. Sequence analysis of
individual gene loci may be used to infer such relationships
based on affinities between shared genomes. However,
performance differences between individual genes have been
observed. The resolution capacity provided by rDNA and
actA genes was low in comparison to other genes [12-15],
possibly due to homoplasy effects [13]. Heteroploid-like
Neotyphodium species also display aneuploidy for some loci,
such as the rDNA gene, limiting resolution of complete
phylogenies [19]. A broader survey of gene classes is hence
desirable to further clarify affinities between endophyte
taxa.

Simple sequence repeats (SSRs) or microsatellites [20]
have been widely used for analysis of genetic variation within
and between closely related species [21]. A high rate of
mutation [22] renders SSR array length polymorphism
particularly useful for intraspecific genetic studies. How-
ever, sequence analysis has revealed complex mechanisms
controlling allele size variation, limiting the efficiency of
interspecific phylogenetic analysis. Repeat number varia-
tion is thought to arise from polymerase slippage during
replication [23], but constraints on threshold size for allele
expansion [24] and on allele size range [25] are evident.
In addition, interruptions of the repeat structure tend to
stabilise SSR loci [26]. Constraints on allele size may con-
sequently lead to inaccurate assessment of phylogenetic
divergence between taxa. Size homoplasy of distinct alleles
arising from insertions, deletions, and base substitutions in
the SSR flanking regions are also common [27-30]. Changes
in flanking regions appear to occur independently of changes
in the SSR repeat array [28, 30]. Due to these factors, allelic
variation of SSR loci, as assessed by amplicon size variation,
is appropriate only for phenetic analysis and not suitable for
phylogenetic reconstruction.

In contrast, several studies have performed phylogenetic
interpretation through analysis of SSR-flanking sequence
regions. The resolving power of evolutionary studies using
individual structural genes may be constrained by limited
divergence [31], and studies of a small number of gene
loci may not be representative of whole-genome varia-
tion [32]. However, the abundant genomic distribution
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of SSRs [33-35] permits phylogenetic assessment across
the transcriptional units of multiple gene classes. SSR-
flanking regions have been used for phylogenetic analysis of
multiple organisms [31, 32, 36, 37], resolving relationships
to otherwise inaccessible levels [31, 32, 37].

Consistent with these previous studies, gene-associated
SSR loci have previously been shown to discriminate endo-
phyte taxa based on size polymorphism [38], but did not
permit phylogenetic analysis. The present study describes the
comparison of sequences that flank the SSR array in 5 inde-
pendently selected gene loci, across 23 distinct fungal endo-
phyte isolates. The derived data have determined the extent
of molecular variation underlying SSR size polymorphism,
confirmed current models for genome affinities, inferred
phylogenetic relationships and models of genome evolution
(including a role for selective gene loss), and elucidated
the genomic origin of several previously unclassified Neoty-
phodium taxa.

2. Materials and Methods

2.1. Endophyte Isolates. Phylogenetic analysis was performed
on 20 endophyte isolates representing three Neotyphodium
and five Epichloé taxa, as well as three Neotyphodium isolates
which could not be assigned to known taxa based on their
morphological characters (A. Leuchtmann, pers. comm.),
and a tall fescue endophyte taxon (FaTG-2) which has yet
to be allocated a Linnean name (Table 1). Endophyte isolates
were cultured and DNA was extracted as described previ-
ously [38].

2.2. DNA Sequence Analysis of EST-SSR Amplicons. Genomic
amplicons obtained with primer pairs designed to five EST-
SSR loci (NCESTA1AB04, NCESTA1FH03, NCESTA1AGO7,
NLESTA1GF09, and NLESTAINF04) were analysed. Ampli-
cons were obtained as described previously [38]. Amplicons
from haploid taxa were analysed by direct sequencing, with
the exception of locus NLESTAINF04 for which sequencing
was performed on purified plasmids containing the cloned
amplicon [38]. Sequencing reactions were performed in 10 ul
reaction volumes containing 4 yl Sequencing Reagent Premix
from the DYEnamic ET Terminator Cycle Sequencing kit
(Amersham Biosciences, Little Chalfont, UK), 0.5uM of
forward or reverse primer for the locus of interest and
5ul of amplicon in a thermocycler (GeneAmp; PE Applied
Biosystems, Forster City, California, USA.) programmed for
20 seconds at 92°C followed by 30 cycles of 20s at 95°C,
15s at 50°C, 2 minutes at 60°C, then 10min at 60°C.
Sequencing products were purified using Autoseq 96 plates
(Amersham Biosciences), dried at 80°C for 30min and
resuspended in 5yl of sterile Milli-Q water before analysis
on a ABI Prism 3700 automated sequencer (PE Applied
Biosystems). For multiple products amplified in a single
reaction from nonhaploid taxa, cloning was used to sep-
arate the different amplicons. Following amplification, the
products were purified using a Microspin S-300 HR Column
(Amersham Biosciences). The purified products were cloned
into pGEM-T Easy Vector (Promega, Madison, Wisconsin,



International Journal of Evolutionary Biology

TasLE 1: Endophyte isolates used for phylogenetic analysis.

Species or taxon Isolate Host species Origin Source

N. coenophialum 9309 Festuca arundinacea France ETH Ziirich!
N. coenophialum 9920/1 F. arundinacea US.A. ETH Zirich
N. coenophialum 9920/2 F. arundinacea US.A. ETH Zirich
N. coenophialum 9920/3 F. arundinacea US.A. ETH Zirich
FaTG-2 8907 F. arundinacea US.A. ETH Ziirich
N. lolii 9601 Lolium perenne Belgium ETH Zirich
N. lolii Ellett H5837 L. perenne New Zealand DPI-Hamilton?
N. lolii North African 6 L. perenne Morocco DPI-Hamilton
N. lolii Victorian 2 L. perenne Australia DPI-Hamilton
N. uncinatum 9414 F. pratensis Germany ETH Ziirich
Neotyphodium sp. 9303/2 Elymus europaeus Switzerland ETH Ziirich
Neotyphodium sp. 9727 F. arizonica US.A. ETH Zirich
Neotyphodium sp. 9728 L. perenne New Zealand ETH Ziirich
E. baconii 9707 Agrostis tenuis Switzerland ETH Zirich
E. bromicola 9630 Bromus erectus Switzerland ETH Ziirich
E. clarkii 9401 Holcus lanatus Switzerland ETH Ziirich
E. festucae 9412 F. gigantea Switzerland ETH Ziirich
E. festucae 9436 E. pratensis Switzerland ETH Zirich
E. festucae 9713 F. rubra Switzerland ETH Ziirich
E. festucae 9718 F. gigantea Switzerland ETH Ziirich
E. festucae 9722 F. rubra England ETH Ziirich
E. sylvatica 9301 Brachypodium sylvaticum Switzerland ETH Ziirich
E. typhina 9635 Dactylis glomerata Switzerland ETH Zirich

"ETH Ziirich: Geobotanisches Institut, ETH, Ziirich, Switzerland.

2DPI-Hamilton: Department of Primary Industries, Primary Industries Research Victoria, Hamilton, Victoria, Australia.

U.S.A.) and transformed into competent cells. Inserts were
amplified from transformed colonies and sequenced.
Consensus sequences were derived through analysis of
several independently isolated clones or direct sequencing of
both strands. Sequences were compared using Sequencher
(version 4.0) (Gene Codes Corporation, Ann Arbor, Michi-
gan, U.S.A.). BLASTX (version 2.2.1 and 2.2.6) [39] was used
to search for similarities between the EST sequence of SSR
loci and protein sequences in the protein databases available
from the National Centre for Biological Information (NR,
PDB and SwissProt; http://www.ncbi.nlm.nih.gov/BLAST/).

2.3. Phylogenetic Analysis of EST-SSR Amplicons. The DNA
sequences of unique amplicons were prepared for phyloge-
netic analysis by compilation in FastA format into a single file
for sequence alignment in ClustalX (version 1.8) [40]. Man-
ual realignment of sequences removed primer termini and
polymorphic SSR arrays and converted insertion-deletion
(indel) regions into single multistate characters. Sequence
alignments were analysed by clustering or tree searching
methods available in PHYLIP (version 3.6a3) (J. Felsenstein,
University of Washington, Seattle, Washington, U.S.A., avail-
able from http://evolution.gs.washington.edu/phylip.html).
For parsimony analysis, sequences were analysed with indels
either removed, or coded as single multistate characters.
Where multiple trees were resolved, the Kishino-Hasegawa-
Templeton (KHT) test [41, 42] or Shimodaira-Hasegawa

(SH) test [43] was used to test for significant differences.
The robustness of the trees was measured by the Bootstrap
method [44] with 1000 replicates. A bootstrap value of
70% or greater was considered to be well supported. For
Maximum Likelihood (ML) and distance-based analysis,
sequences were analysed with indels removed. Distance
matrices were obtained using the F84 model [42, 45] and
clustered using the Fitch-Margoliash (FM) method [46]
or Neighbor-Joining (NJ) method [47]. The transition/
transversion ratio was estimated using the Tree-Puzzle
program (version 5.0) [48] or by the ML method. To
estimate the transition/transversion ratio by the ML method,
different possible values for the transition/transversion ratio
were evaluated in multiple runs to find the value with the
maximum likelihood estimate. The same approach was used
to estimate the among-site rate heterogeneity by the ML
method. To estimate the among-site rate heterogeneity by
the Minimum Evolution (ME) method, distance matrices
generated for each site were analysed and the total branch
length was taken as the estimated value of the rate of change
for each of the sites.

3. Results

3.1. Characterisation of Endophyte EST-SSR Amplicons.
Genomic amplicons from five EST-SSR loci, ranging
in length from 181-385bp, were characterised from 12
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TaBLE 2: Characteristics of EST-derived SSR loci used for phylogenetic analysis of endophyte isolates.

EST-SSR locus

NCESTA1AB04 NCESTA1FH03 NCESTA1GA07 NLESTA1GF09 NLESTAINF04

Product size (bp) 241-257 217-252 181-206 364-385 242-265
Number of indels 5 7 3 6 2
Number of unique SSR array variants 2 13 11 1 19
Number of unique gene variants 14 13 13 11 15
Composition of products C;,il;}l%}: unknown éigr?(l)lv:-n coding + intron unknown
Length of unit for phylogenetic analysis' (bp) 195 163 116 321 166

CDS or exon 151 46 238

UTR or intron 44 70 83
Number of informative characters! 40 37 23 44 51

CDS or exon 30 10 30

UTR or intron 10 13 14
Percent informative characters' 21 21 20 14 31

CDS or exon 20 22 13

UTR or intron 23 19 17
Number of trees resolved 3 1 4 2 2

"Each indel was coded as a single multistate character.

Neotyphodium and 10 Epichloé isolates, as well as FaTG-2
(Table 2). The sequences of two loci (NCESTA1AB04 and
NLESTA1GF09) shared amino acid sequence similarity with
hypothetical or predicted proteins of Neurospora crassa and
Magnoporthe grisea and were mainly composed of coding
sequence (CDS) as well as 5 -untranslated region (5'-UTR)
and intron sequences, respectively. The sequences of the re-
maining three loci did not show similarity with any proteins
in public databases. Amplification products from locus
NCESTA1GAO07 were predominantly composed of intron
sequence, based on comparison of EST and genomic DNA
sequences.

Size polymorphisms between taxa for the selected loci
resulted from variation at a number of indel sites (Table 2).
Differences also occurred in the repeat unit number of the
SSR array for three loci (NCESTA1FHO03, NCESTA1GAO7
and NLESTAINFO04; data not shown), accounting for the
majority of the observed size polymorphisms. A number
of sequence haplotypes (defined here as amplicons with
multiple sequence variant content, but clearly related to
a single common reference) for each locus were identified
across the sample set, with identity observed between
those of several Neotyphodium and Epichloé isolates. Single
haplotypes for individual genes were observed for N. lolii,
unclassified Neotyphodium isolate 9727, and the different
Epichloé species, while N. coenophialum, FaTG-2, N. uncina-
tum, and unclassified Neotyphodium isolates 9303/2 and 9728
generated multiple haplotypes. The number of haplotypes
present in these species varied between loci, but with a
maximum of three for N. coenophialum and Neotyphodium
isolates 9303/2 and 9728, and two for FaTG-2 and N.
uncinatum. Variation was observed in cloning efficiency of
different PCR products for those species possessing multiple
haplotypes. Aberrant haplotypes, which were likely to be

chimeras generated by PCR-mediated recombination, were
also obtained.

Pairwise comparisons identified between 23-51 infor-
mative characters for the different loci (Table 2). The pro-
portion of informative characters ranged from 14% (locus
NLESTA1GF09) to 31% (locus NLESTAINF04), but was c.
20% for the other loci. A similar proportion of informative
characters occurred in both the coding and noncoding
sequences of the eligible loci.

3.2. Phylogenetic Analysis of Endophyte EST-SSR Amplicons.
Loci were analysed through sequence alignment (Supple-
mentary Material: Appendices 1-5 available at doi:10.4067/
2011/921312) individually, rather than as a combined
dataset, due to variation of both inferred ploidy level and
number of observed haplotypes between different SSR loci
from heteroploid isolates. Between one and four trees
were resolved for the different loci using the Parsimony
method (Figures 1-5). A single tree was resolved for locus
NCESTA1FHO3 (Figure 2). The multiple trees obtained for
loci NCESTA1AB04 (Figure 1), NLESTA1GF09 (Figure 4)
and NLESTA1NFO04 (Figure 5) only differed in the placement
of one or two species. More variation was evident in the
branching of the multiple trees identified for the locus
NCESTA1GAO07 (Figure 3). The trees, however, were not
found to be significantly different in the KHT or SH tests.
The majority of branches in the trees were supported
by bootstrap analysis. Similar trees were resolved for the
different loci using the ML, FM, and NJ methods (data not
shown). In tests performed using the ML and ME methods,
no significant differences were detected in the rate of change
between coding and non-coding sequences or between exon
and intron sequences for eligible loci (data not shown).
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FIGURE 1: Parsimony analysis of sequence haplotypes derived from reference Neotyphodium and Epichloé isolates for the EST-SSR locus
NCESTA1ABO4. (a) One of three most parsimonious trees obtained. The left edge is the inferred midpoint root. Branches with bootstrap
values of greater than 70% from 1000 bootstrap replications are marked. The number of isolates with an identical haplotype is indicated in
the brackets following the species name. In the instances when multiple haplotypes were identified, the relevant variant number is indicated
by the number of asterisks following the species name or isolate number. The boxed area indicated by the dotted line indicates the regions
representing subtrees. ((b) and (c)) Subtrees showing the alternative branching of E. sylvatica and E. baconii in the other trees.

Phylogenetic analysis of the different loci revealed similar
genomic relationships among endophyte species, as sum-
marised in a network format (Figure 6). Close relationships
between haplotypes from different taxa were deduced to
indicate partial or complete commonality of genome con-
tent. Some locus-dependent differences in tree topology
(Figures 1-5) were observed, but specific taxa consistently
grouped together. In most instances, the Epichloé¢ species
were separated into two groups, separation being sup-
ported by bootstrap analysis. The first contained E. festucae,
E. baconii, and E. bromicola, and the second contained E.
typhina, E. clarkii, and E. sylvatica, Neotyphodium species
being included within both groups. Group 1 Epichloé species
were further divided into distinct branches according to their
taxonomic classification, while Group 2 endophytes showed
higher levels of genetic similarity. Close genetic relationships
were evident between several Neotyphodium and Epichloé
species. These relationships were observed in most of the
trees and were also supported by bootstrap analysis. The sin-
gle haplotypes derived from both N. lolii and E. festucae were
grouped together in all trees and were identical in structure
for two of the loci (NCESTA1FHO03 and NLESTA1GF09).
Multiple haplotypes from N. coenophialum, FaTG-2, and
N. uncinatum were consistently associated with counter-
parts from specific Neotyphodium and Epichloé species.

N. coenophialum and N. uncinatum shared identical or very
closely related haplotypes for all five loci. These variants
also grouped with those from Group 2 Epichloé species. N.
coenophialum also shared common haplotypes with FaTG-
2 and E. baconii. The remaining haplotypes common to N.
coenophialum and FaTG-2 grouped with the corresponding
single haplotypes from E. festucae and N. lolii. For a subset
of the target loci, N. uncinatum-derived sequences grouped
with the corresponding haplotypes from E. bromicola.
Unclassified Neotyphodium isolates also displayed close
genetic relationships with known taxa. Neotyphodium isolate
9727 produced single haplotypes from each locus that were
either identical or very similar to the haplotypes common
between N. coenophialum and N. uncinatum, and grouped
most closely with those derived from E. sylvatica. Neoty-
phodium isolates 9303/2 and 9728 were closely related, all
locus-specific haplotypes showing a high degree of sequence
similarity. One of three subclasses of derived haplotypes
grouped to form a distinct well-supported group with those
from E. festucae, N. lolii, N. coenophialum, and FaTG-2.
Isolates 9303/2 and 9728 exhibited a second haplotype sub-
class that grouped with counterparts from E. bromicola and
N. uncinatum, and the same class was present in isolate over
two loci. The remaining haplotype sub-class (observed in
isolate 9303/2 for four loci, and in isolate 9728 for one locus)
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FIGURE 2: Parsimony analysis of sequence haplotypes derived from
reference Neotyphodium and Epichloé isolates for the EST-SSR locus
NCESTA1FHO3. Diagram properties are as described in the legend
to Figure 1. Note that the nucleotide sequence of the amplification
product from N. lolii isolate North African 6 detected at this locus
by autoradiography [38] was not obtained.

grouped with the equivalent haplotypes from E. typhina and
E. clarkii.

4. Discussion

4.1. Application of EST-SSR Loci to Endophyte Phylogenetic
Analysis. The application of SSR markers for phylogenetic
analysis is limited by two main factors: complex molecular
evolution of SSR loci and the occurrence of size homoplasy
between distinct SSR alleles. Sequence analysis of selected
SSR loci in the current study has demonstrated that these
factors influence the generic inability of SSR markers to
resolve phylogenetic relationships among endophyte species
[38]. Changes in the SSR array repeat number appeared to
be independent of flanking region changes: some of the locus
NLESTA1NF04-derived haplotypes from multiple E. festucae
isolate differed for SSR array number, but exhibited identity
for flanking sequence, while others showed the converse
relationship. SSR allele size homoplasy occurred between
different endophyte taxa of distinct origins as a result of
insertions, deletions, and base substitutions in both the SSR
motif and flanking sequences, as observed for the locus
NCESTA1FHO3-specific E. festucae and E. baconii-related
N. coenophialum haplotypes. Endophyte SSR locus arrays
were highly variable, and differences in repeat unit number
generally accounted for allele size variation between closely
related endophyte species, while indel and base substitution
incidence increased when comparisons were made between
more distantly related taxa.
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The results of this and other studies [30, 31] suggest that
size variation may provide a relatively accurate measure of
genetic variation between closely related species. Although
homoplasy was not taken into account, SSRs have previously
proven useful for genetic discrimination within and between
endophyte species [38]. Presumably, the inherently variable
nature of SSRs and the large number of loci analysed reduced
the potential biasing effects of individual loci. The complex
nature of SSR loci, however, demonstrates the critical value
of sequence level analysis for phylogenetic inference.

The flanking regions of gene-associated SSRs were highly
conserved within and between endophyte taxa (80%—-100%
sequence identity across coding and non-coding regions),
supporting a common origin for these species [1, 9]. Despite
this level of sequence conservation, SSR-flanking regions
were informative for studying genetic relationships. The dif-
ferent individual loci obtained similar genetic relationships,
consistent with previous studies of other genes. Differences
in the power of the individual loci to resolve relationships
were identified due to variation in number of informa-
tive characters and composition (exon, intron, coding, or
non-coding) of amplicons. In other studies, SSR-flanking
sequences from different loci have been aggregated to
increase the number of informative characters and improve
resolution of phylogenetic relationships [31, 32, 36, 37].
However, variation of inferred ploidy level and of number of
haplotypes derived from different loci in heteroploids would
potentially bias such aggregation studies. As a consequence,
each locus was analysed separately in this study.

4.2. Genome Affinities between Neotyphodium and Epichloé
Species. The close relationships between taxa were in accor-
dance with those predicted from genes more commonly used
for phylogenetic analysis such as rDNA, tubB, tefA, and
actG. Single locus-specific haplotypes were obtained from
all Epichloé species and from N. lolii, the latter being closely
related to E. festucae. Other Neotyphodium species contained
multiple haplotypes that were similar to those from dif-
ferent Epichloé species. Occurrence of different haplotype
subclasses in N. coenophialum, FaTG-2, and N. uncinatum
is consistent with the heteroploid or nonhaploid nature of
these species [11, 14] and indicates the presence of multiple
genomes (Figure 6).

4.3. Relationships with Unclassified Neotyphodium Isolates.
Neotyphodium isolates that could not be assigned to known
morphological classes also appear to differ from charac-
terised taxa at the molecular level [17]. Isolate 9303/2 and
isolate 9728 have been assigned to taxonomic groupings
HeuTG-2 and LpTG-2, respectively, based on phylogenetic
analysis of the fefA and tubB genes (A. Leuchtmann, pers.
comm.; [17]). Analysis of SSR-flanking regions in this study,
however, suggests that the isolates show closer affinities than
formerly predicted. Moon et al. [17] reported the detection
of two haplotype classes for each isolate, closely related to
those from E. bromicola and E. typhina (HeuTG) and from
E. festucae and E. typhina (LpTG-2). These phylogenetic
affinities were also detected in the current study. However,
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FIGURE 3: Parsimony analysis of sequence haplotypes derived from reference Neotyphodium and Epichloé isolates for the EST-SSR locus
NCESTA1GAO07. (a) One of four most parsimonious trees found. Diagram properties are as described in the legend to Figure 1 ((b), (c), and
(d)) Subtrees showing the alternative topologies of the E. festucae, E. baconii, and E. bromicola clade in the other trees.
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FIGURE 4: Parsimony analysis of sequence haplotypes derived from reference Neotyphodium and Epichloé isolates for the EST-SSR locus
NLESTA1GF09. (a) One of two most parsimonious trees found. Diagram properties are as described in the legend to Figure 1. (b) Subtree
showing the alternative topology of the E. typhina, E. clarkii, and E. sylvatica clade in the other tree.

both flanking sequence analysis, as well as phenetic studies
based on a larger number of SSR loci [38], detected a third
haplotype sub-class for both isolates and suggested common
affinities with E. festucae, E. bromicola, and E. typhina, re-
spectively. Accurate inference of phylogenetic relationships
among Neotyphodium and Epichloé species consequently re-
quires characterisation of a number of different genomic loci.

Although isolates 9303/2 and 9728 share common
affinities, DNA-based phylogenetic and phenetic analyses
suggest mutual genetic divergence and placement in taxo-
nomic groups with different relative gene content. Although
similar-sized haplotypes were detected, SSR polymorphism
between these isolates was greater than that detected within
N. coenophialum, N. lolii, and E. festucae [38]. In addition,
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NLESTAINFO04. (a) One of two most parsimonious trees found. Diagram properties are as described in the legend to Figure 1. (b) Sub-tree
showing the alternative branching of E. sylvatica in the other tree. Note that the nucleotide sequence of the second amplification product
from FaTG-2 and the third amplification product from unidentified Neotyphodium isolate 9728 detected at this locus by autoradiography
[38] was not obtained.
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9303/2 and 9728 failed to cluster together in an AFLP-
derived phenogram [38], which represents a genome-wide
assessment of genetic polymorphism. SSR polymorphism
analysis also detected substantial differences in the num-
ber of locus-specific haplotypes: isolate 9728 produced a
higher proportion of single haplotype classes. DNA sequence

analysis further demonstrated differences in both number
and type of haplotype. E. festucae-related haplotypes were
detected in both isolates for all five loci, while E. bromicola-
like and E. typhina-like sequence variants were observed
more frequently in isolate 9303/2 than isolate 9728 and
were not represented between all loci. Neotyphodium species
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with common phylogenetic affinities are known to occur in
several different grass species. The LpTG-2, N. tembladerae,
and N. australiense endophytes, which are resident in L.
perenne, Poa huecu, and Echinopogon ovatus, respectively, all
appear to be phylogenetically related to E. festucae and E.
typhina [10, 16]. However, these endophytes appear to be
related to different E. typhina strains and also differ in their
genome structure [10, 13, 16]. Differences in transcript levels
associated with different gene-specific sequence variants, as
observed for the 60S ribosomal protein-encoding gene in
this study, may also contribute to phenotypic trait variation
between different heteroploid endophyte taxa.

Two asexual endophyte species, N. huerfanum and N.
tembladerae, are known to occur in Festuca arizonica [17].
Phylogenetic analysis of the third unclassified Neotyphodium
isolate (9727), which was also derived from F. arizonica,
suggests that it may belong to the former taxon. Isolate 9727
produced single haplotypes and these sequences, like those
of the N. huerfanum tefA and tubB loci [17], are closely
related to the inferred E. typhina-related haplotypes from N.
coenophialum and N. uncinatum (Section 4.2). These results
were also supported by SSR polymorphism-based phenetic
analysis, in which 9727 clustered with E. typhina, E. clarkii,
and E. sylvatica, while in AFLP analysis the isolate clustered
with N. uncinatum [38].

4.4. Origins of Neotyphodium and Epichloé Species. Due to
their close phylogenetic relationships with specific Epichloé
species, Neotyphodium species have been proposed to have
originated from these sexual endophyte taxa either directly
through the loss of the sexual state, or through interspecific
hybridisation of distinct Epichloé and Neotyphodium species.
The first process is proposed to have given rise to haploid
Neotyphodium species such as N. lolii, while the heteroploid
Neotyphodium species such as N. coenophialum, FaTG-2,
and N. wuncinatum may have arisen through the second
evolutionary process. Because Epichloé species form unique
mating populations [49-51] and Neotyphodium species are
not known to sporulate in vivo [52], this second mode of evo-
lution is thought to have been a parasexual process involving
somatic fusion of endophyte hyphae. This hypothesis does,
however, require physical colocation between endophyte taxa
that generally occur in distinct host species. In addition,
mechanisms of gene loss following nuclear fusion are nec-
essary to account for the observed genomic composition of
contemporary heteroploid taxa, as a range of studies [2, 10,
11, 13, 14, 16, 17] have shown that extant Neotyphodium
species do not appear to have the full complement of genes
present in phylogenetically related Epichloé species. Loss of
genes involved in sexual reproduction and pathogenicity
would be a prerequisite for such genomic rearrangement
events, as well as genes vulnerable to dosage-dependent
effects. It is also formally possible that sexual Epichloé species
may have arisen from asexual Neotyphodium species in
response to selective environmental pressures, a mechanism
requiring both gene loss and gene gain, possibly through
horizontal gene transfer. Mechanisms for both processes have
been inferred through comparisons of different fungal taxa at

the whole genome levels [53] and may have been facilitated
by structural features such as presence of conserved repetitive
elements.

In conclusion, this study demonstrates the application
of SSR-flanking sequences to studies of genome affinities
between pasture grass fungal endophyte species for clarifi-
cation of novel modes of genome evolution. The inferred
affinities were consistent with those obtained from gene loci
that are more commonly used in molecular phylogenetics,
but provided a more extensive survey of genomic loci, that
may be ultimately extended to whole genome comparisons
based.on second-generation sequencing technologies.
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The secondary metabolite gene clusters of euascomycete fungi are among the largest known clusters of functionally related genes
in eukaryotes. Most of these clusters are species specific or genus specific, and little is known about how they are formed during
evolution. We used a comparative genomics approach to study the evolutionary origins of a secondary metabolite cluster that
synthesizes a polyketide derivative, namely, the fumonisin (FUM) cluster of Fusarium verticillioides, and that of Aspergillus niger
another fumonisin (fumonisin B) producing species. We identified homologs in other euascomycetes of the Fusarium verticillioides
FUM genes and their flanking genes. We discuss four models for the origin of the FUM cluster in Fusarium verticillioides and argue
that two of these are plausible: (i) assembly by relocation of initially scattered genes in a recent Fusarium verticillioides; or (ii)
horizontal transfer of the FUM cluster from a distantly related Sordariomycete species. We also propose that the FUM cluster was

horizontally transferred into Aspergillus niger, most probably from a Sordariomycete species.

1. Introduction

The order of genes along eukaryotic chromosomes is often
assumed to be random, but there is growing evidence that
the chromosomal position of some genes is maintained by
natural selection [1-3], and that selection can sometimes
operate to move genes to new locations [4-6]. Among
the eukaryotes, many of the most notable examples of the
physical clustering of genes with related functions occur in
the filamentous fungi [7-10]. The most striking fungal gene
clusters are those involved in the synthesis of secondary
metabolites such as sterigmatocystin (a 25-gene cluster in
Aspergillus nidulans [11]), fumonisin (a 17-gene cluster in
Fusarium verticillioides [12, 13]), and trichothecene (a 12-
gene cluster in Fusarium sporotrichioides [14]). Secondary
metabolites are organic molecules that are not essential
for the normal growth of the fungus but which function
in host/pathogen interactions or other forms of commu-
nication or warfare between organisms. They are typically
modified polyketides, terpenes, alkaloids, or nonribosomal

peptides [15]. Synthesis of these molecules requires many
successive enzymatic steps, and the genes for these enzymes
are almost invariably clustered together at a single genomic
location. It has been suggested that physical clustering may
allow the genes to be coregulated by means of chromatin
modification [15], or that it may facilitate horizontal transfer
of intact clusters between species [16].

Since the discovery of secondary metabolite gene clusters,
their mechanism of origin and assembly has remained a
matter of speculation. The growing number of available
euascomycete genome sequences now enables us to both
predict new secondary metabolite clusters [17] and take a
phylogenomic approach to the evolutionary origins of these
clusters. In this study we focus on one of the largest known
secondary metabolite clusters “Fumonisin”, a polyketide
synthase type cluster. Fumonisins (FB/FC) are mycotoxins
produced by some species in the Gibberella fujikuroi species
complex, of which E verticillioides and E. proliferatum are
the most studied (Gibberella is a teleomorphic form of
the genus Fusarium). The FUM genes are organized as a



cluster of 17 genes in both species (including FUM20 and
FUM21, two additional genes recently revealed in the cluster
[13]), though the location of the cluster differs between
the two [12, 18]. The products of the FUM cluster genes
include a polyketide synthase, fatty acyl-CoA synthases, and
cytochrome P450 monooxygenases. Expression of the genes
in the cluster, but not the neighboring genes, is induced
under conditions when fumonisin (FB/FC) is synthesized
[12]. The ability to synthesize fumonisin (FB/FC) has a
patchy phylogenetic distribution across the genus Fusarium,
due to the variable presence or absence of the FUM cluster
among different isolates [19]. F. graminearum, for instance,
does not synthesize fumonisin.

Recently, fumonisin (FB) production has also been
reported in Aspergillus niger [20]. The genes in this species
are also clustered and homologous to the FUM genes of
E verticillioides [21]. This is surprising given the large
evolutionary distance between A. niger and E. verticillioides.

We combined comparative genomics with phylogenetic
analysis to investigate whether genes in the FUM cluster have
homologs in filamentous fungi that do not synthesize the
mycotoxins, and so to study how this cluster was formed.

2. Methods

Our analysis was done using the completely sequenced
genomes of the euascomycetes A. nidulans [22], F. gramin-
earum [23], M. grisea [24], and N. crassa [25]. A set of 87,000
expressed sequence tags from FE verticillioides [26] was used
for analysis of rates of sequence evolution in this species
compared to F. graminearum.

To identify homologs of genes in the FUM clusters,
we first used each protein as a query in a BLASTP search
against the NCBI nonredundant protein sequence database.
Because the E verticillioides genome is not present in this
database, we made a local BLAST database for expressed
sequence tags from this species. Sequences giving hits with
Expect (E) values of less than le — 4 were retained and
used for phylogenetic analysis. Each set of proteins was
aligned using ClustalW [27] and poorly aligned regions
were removed using Gblocks [28]. Maximum likelihood trees
were constructed using PHYML [29] with the JTT amino
acid substitution matrix and four categories of substitution
rates. Bootstrapping was done using the default options
in PHYML with 100 replicates per run. The trees were
eyeballed, the distant sequences were removed, and the steps
above (ClustalW, Gblocks, and PHYML) were repeated on
the remaining sequences.

3. Results

In the following we are interested in identifying scenarios
that can explain the origins of the current FUM gene cluster.
We do this by listing all possible scenarios that might have
taken place in evolution, and comparing their plausibility.
Building an evolutionary scenario is not straightforward
because many of the events took place in extinct species and
only a few clues remain in the current organisms. Almost any
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scenario is formally possible, but what makes one scenario
more likely than another is parsimony-consideration of the
number of separate events that are required to have taken
place in order to account for it. In other words, a scenario
involving fewer events is a more likely explanation of the
observed data.

3.1. Origins of the FUM Gene Cluster in F. verticillioides.
Gene-by-gene phylogenetic analyses were carried out to
decipher the evolutionary history of the FUM genes using
homologs of these genes in four euascomycetes: Fusarium
graminearum, Neurospora crassa, Magnaporthe grisea, and
Aspergillus nidulans (we use the word “homologs” for
convenience in situations where we are unsure whether genes
are orthologs or paralogs). We also constructed individual
phylogenies for the genes located on either side of the E
verticillioides FUM cluster. Homology relationships between
the genes in or near the E verticillioides FUM cluster and
other euascomycete genes are summarized in Figure 1. We
identified probable orthologs of 13 of the 17 FUM genes
(Figure 1). These genes are not arranged in clusters in the
other genomes.

A region of FE graminearum chromosome 1 (genes
FG00269-F00276; Figure 1) contains orthologs of the five
genes to the left of the FUM cluster (E verticillioides NPT1,
WDRI1, PNGI1, ZNFI1, and ZBDI) immediately adjacent to
orthologs of the two genes to the right of the cluster (F
verticillioides ORF21 and MPUI), with nothing in between
them in F graminearum. Similarly, in M. grisea the ZBDI
ortholog is beside the ORF21 ortholog, and in A. nidulans
the PNGI ortholog is beside the ORF2I ortholog. Thus,
chromosomal sites orthologous to the E verticillioides FUM
cluster-flanking regions exist adjacent to one another in F.
graminearum, M. grisea, and A. nidulans, but no orthologs of
the FUM genes themselves are found at these sites (Figure 1).
Instead, homologs of the FUM genes are scattered on
different chromosomes of the genomes of these fumonisin-
nonproducing species. In FE graminearum, for instance,
the 10 homologs of FUM genes are dispersed across four
chromosomes and none of them is located close to another
or to the FUM-flanking genes. Thus the FUM cluster genes
appear to have been inserted into a pre-existing genomic
locus between ZBD1 and ORF21.

Further, we examined the genomic contexts around each
of the FUM cluster homologs in other species. For example,
the E verticillioides FUM cluster gene FUM11 is homologous
to FG07875 in F. graminearum and to MG03479 in M. grisea
(Figure 1). We will refer to FG07875 and MG03479 as focal
genes. When we examine the regions around these focal
genes in the F graminearum and M. grisea genomes, we
find that some of the neighboring genes near them are also
orthologs of each other. On one side FG07874 (1 gene away
from the focal gene) is an ortholog of MG03474 (5 genes
away), and on the other side FG07864 (11 genes away from
the focal gene) is an ortholog of MG03480 (1 gene away
from the focal gene). In Figure 1, only the focal genes are
shown but these similarities of context are indicated by the
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FIGURE 1: Representation of the fumonisin cluster and its flanking genes in F. verticillioides (FV). Columns are homologs of the FUM genes
and orthologs of the flanking genes identified by phylogenetic analysis in F. graminearum (FG), N. crassa (NCU), M. grisea (MG), and A.
nidulans (AN). Genes in the latter four species are identified by gene numbers from their genome projects. Different colors represent different
chromosomes. The long lines in F. graminearum, M. grisea, and A. nidulans show that in those species, there is a site in the genome that
corresponds to the FUM cluster location, but no FUM genes are present at that locus. Curved lines and numbers in orange symbols indicate
conservation of the neighboring genes around FUM homologs in F. graminearum, N. crassa, M. grisea, and A. nidulans. For each gene show
in the figure (the focal genes) we considered the two genes immediately next to it. If these genes have orthologs located <20 genes away from
the focal gene’s ortholog in another species, a symbol indicates this fact. For example, the numbers —10 (in a circle) and —7 (in a diamond)
connected to gene NCU08935 indicate that the gene immediately after NCU08935 (i.e., NCU08936) has an ortholog in M. grisea that is 10
genes away from MG06199 (i.e., MG06189), and an ortholog in A. nidulans that is 7 genes away from AN04397 (i.e., AN04392). Triangles,

squares, circles, and diamonds indicate relationships to F. graminearum, N. crassa, M. grisea, and A. nidulans, respectively.

small numbers at the ends of the curved lines attached to the
symbols for the focal genes FG07875 and MG03479.

Overall, the homologs of five FUM cluster genes
(FUM10, FUM11, FUM16, FUM17, and FUM18) show some
degree of local synteny conservation among the four species
that do not contain FUM clusters. In other words, each of
these genes is in a conserved location among some of the four
species, and these locations are not close to one another.

The phylogenetic trees obtained from individual FUM
genes are shown in Figure 2 (for FUM6 and FUM15) and
supplemental 1 available on line at doi:10.4061/2011/423821
(for the other genes). The trees present a diversity of
topologies, such that no one sentence story can explain
the origin of the FUM cluster. One cannot expect all the
FUM gene trees to have identical topologies—especially
given the possibility that different genes have been subject
to very different evolutionary constraints—but even still
the diversity of topologies is surprising. To interpret these
trees, we consider four possible scenarios for the origin of
the cluster (Figure 3), and what tree topologies they would
predict. To evaluate these scenarios, we concentrate on the
FUM genes that are present in both E verticillioides and
A. niger (FUMI1, FUM6, FUM7, FUMS8, FUMY, FUMIO0,
FUMI3, FUM14, FUM15, and FUMI9). Below, we discuss
these four scenarios.

Scenario 1 (vertical inheritance of an ancestral cluster).
This scenario is illustrated schematically in Figure 3(a).

According to it, a cluster existed in the common ancestor
of Sordariomycetes (i.e., F. verticillioides, F. graminearum,
N. crassa, and M. grisea). This cluster became duplicated in
this ancestor, and then one copy disintegrated, dispersing
its genes around the genome. F. verticillioides retained both
the cluster and the scattered genes, whereas the other
Sordariomycete species retained only the scattered genes.
Support for this scenario comes from some trees (Fumé,
Fum10, Fum15, and Fum19) which show that the FUM genes
have duplicates in E. verticillioides, but are single copy in non-
producing fumonisin species. A duplication in the common
ancestor of Sordariomycetes is suggested by the trees for
some genes (Fum6, Fum13, and Fum15), whereas an older
duplication in the common ancestor of Sordariomycetes plus
Eurotiomycetes (not as shown in Figure 3(a)) is suggested by
the trees for other genes (Fum?7, Fum8, Fum10, and Fum19).

Scenario 2 (ancient duplications of scattered genes, followed by
recent assembly of a cluster in E. verticillioides). This scenario
is illustrated in Figure 3(b). Scenarios 1 and 2 both require
that through evolution numerous independent events of
loss have occurred in very distantly related species (for
illustration purposes all the losses in Figures 3(a) and 3(b)
are placed on the E graminearum branch and in the common
ancestor of N. crassa and M. graminearum, but other
combinations or losses on other branches are also possible).
One problem with Scenarios 1 and 2 is that, according
to the phylogenies of Fum7, Fum10, Fum15, and Fum19,
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FIGURE 2: Maximum likelihood trees for FUMS6, 15, and their homologs. (a) FUM6; (b) FUM15. In each tree, genes that appear in Figure 1
are named in red. The species name and the NCBI ID are provided on each branch. Bootstrap percentages are shown for all nodes. Trees
were constructed from amino acid sequences as described in Section 2 using PHYML after alignment with ClustalW.

the duplicates retained in all the fumonisin-nonproducing
Sordariomycetes are coincidently always the same copy (as
illustrated by the parallel losses of multiple green genes,
but not pink ones, in Figures 3(a) and 3(b)). This can be
visualized in the trees by the fact that the homologs of
the FUM genes in fumonisin-non-producing species are
orthologs of each other, showing a more or less typical
species phylogeny. If the second copy in E graminearum,
M. grisea, or N. crassa (the one represented in green dots in
Figures 3(a) and 3(b) had been retained, this copy would be
closer to the FUM gene than to genes in the fumonisin-non-
producing species, which is not what we observe. Together
these observations make both Scenarios 1 and 2 very unlikely.

Scenario 3 (FUM gene duplication and cluster assembly specif-
ically on the branch leading to E. verticillioides and the GFSC).
The specificity of the FUM cluster to the Gibberella fujikuroi
species complex (GFSC, which includes E verticillioides, F.
oxysporum, and F. proliferatum) points towards a complex-
specific cluster. This scenario is shown in Figure 3(c). It
proposes that the FUM cluster was built in an ancestor of
E verticillioides after its speciation from E graminearum.
Most of the gene trees do not support this model, because

with the exception of two genes (Fuml0 and Fuml9) no
homolog of a FUM gene has remained in F verticillioides.
Although the trees for Fum6 and Fum15 show homologs in F.
verticillioides, the duplications in these cases greatly precede
the origin of the GFSC clade.

The numbers of steps required for the different scenarios
in Figures 3(a), 3(b), and 3(c) make it more parsimonious
to argue that the FUM cluster became assembled in an
ancestor of E verticillioides (Figure 3(c)) than to argue that
either the cluster or the individual genes underwent early
duplication and then got lost multiple times (Figures 3(a)
and 3(b)). Additionally, as explained above, Figures 3(a) and
3(b) would also imply that the same copy of the duplicates
in the fumonisin-non-producing species were independently
retained (a minimum of two independent retentions of the
same copy are required: one on the E graminearum lineage,
and one in the common ancestor of N. crassa and M. grisea,
pink genes in Figures 3(a) and 3(b)).

The hypothesis of assembly requires that each gene
transposed once, from an ancestral location, to its current
location in E verticillioides. The genes must have been
sequentially relocated, with selection for each step.
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FIGURE 3: The four most likely scenarios giving rise to the current
fumonisin cluster in F verticillioides. The species represented on
all four trees are: F. verticillioides (FV), F. graminearum (FG), N.
crassa (NCU), M. grisea (MG), and A. nidulans (AN). A red circle
represents a duplication event. A blue star represents an assembly
and clustering event, while a disassembly is shown using a black
square. Red crosses indicate a loss event. When the FUM genes, or
their ancestral genes, are clustered they are represented by a short
line. The line is dashed if the genes are not clustered. Two colors are
assigned to the duplicated genes and green genes are ancestors of the
FUM genes (or the current FUM genes), while pink genes are the
paralogs of FUM genes (ones found in all other Sordariomycetes).
(a) represents the vertical transfer where the ancestor processed
a version of the FUM cluster. (b) The ancestor in this scenario
contained the ancestral genes of the FUM cluster (scattered). (c)
represents a recent event of duplication and assembly of the FUM
cluster in an ancestor of E verticillioides. Finally, (d) represents the
horizontal gene transfer scenario.

Scenario 4 (origin of the E. verticillioides fum cluster by
horizontal transfer from a distantly related fungus). This
scenario is shown in Figure 3(d). Under this scenario the
donor could be a Sordariomycete (as suggested by the
trees for Fum6, Fum13, and Fuml5), or a more distant
species that is an outgroup to both Sordariomycetes and
Eurotiomycetes (as suggested by Fum?7, Fum9, Fum10, and
Fum19). Although we cannot identify a specific donor, we
cannot rule out this possibility. Indeed this scenario reduces
the number of events leading to the current trees. Under
this scenario, we would not have multiple losses, nor the

unexpected retention of the same copy in many of the trees
(represented in pink in Figure 3(b); Fum7, Fum10, Fum15,
and Fuml19). This scenario may explain the unexpected
phylogenetic positioning of some FUM gene outside the
expected class of species. For example, in the case of Fum?7,
Fum 9, Fum 10, Fum13, Fum15, and Fum19 a horizontal
gene transfer of the FUM genes into E verticillioides would
explain such topologies.

Figure 3(d) illustrates how the horizontal transfer sce-
nario, like the recent assembly hypothesis (Figure 3(c)),
reduces the number of independent events necessary to
explain the FUM cluster. However, the horizontal transfer
scenario does not posit any mechanism for the assembly
of the cluster; it just shifts the question to how the cluster
became assembled in the donor species.

3.2. The Fumonisin Cluster in A. niger Results from Horizontal
Gene Transfer. A. niger has been shown to produce fumon-
isin [13] and contains clustered homologs of many of the F.
verticillioides FUM genes [21] (Figure 2). Our phylogenetic
analysis illuminates the origin of this cluster in A. niger and
how it relates to the cluster in E verticillioides (phylogenetic
trees in Figure 2 and Supplemental Figure 1).

The first trend evident from this phylogenetic analysis is
that genes from the FUM cluster in E verticillioides, F. oxyspo-
rum, and A. niger define clades supported by high bootstrap
values (>90%, Figure 2), to the exclusion of homologous
genes from Sordariomycetes and Eurotiomycetes.

Because we extended our analysis to many species, we
were faced with the problem of low bootstrap values for
many of the FUM genes trees. The two trees shown in
Figure 2(b) (FUM6 and FUM15) are the ones with the high
bootstrap support for relevant branches, and a reasonably
correct species phylogeny. Our analysis shows that both
these genes in A. niger clearly group with genes from the
Sordariomycetes, rather than with genes in the more closely
related (Eurotiomycetes) species including other A. niger
genes. Bootstrap values for grouping the A. niger FUM genes
with the Sordariomycete homologs are 98-100% (Figure 2).

The disagreement of this result with the expected A.
niger species relationships, are suggestive of horizontal gene
transfer between A. niger and an ancestor existing prior to
the divergence of E verticillioides and F. oxysporum. More
importantly, it is more likely that the transfer occurred from
Sordariomycetes to A. niger (or an ancestor of this species),
rather than the opposite. Indeed, the opposite would result
in the FUM genes (from E verticillioides, F. oxysporum, and
A. niger) clustering in the Eurotiomycetes subphylum as
opposed to the Sordariomycetes as seen in Figure 2. For
the FUM6 and FUMI5 trees, we used the likelihood ratio
test (LRT) to test whether the topologies shown (Figure 2)
have significantly higher likelihoods than alternative trees
where the A. niger was placed in the Eurotiomycetes and
constrained to form a monophyletic group. In both cases the
topology shown in Figure 2 is significantly more likely than
the tree expected if genes were inherited vertically (P < .001
for each).



Because the clusters in A. niger and in E verticillioides
share only 11 of the 17 known FUM genes (including
FUM?21), these two types of cluster have probably had a long
history of independent evolution, although they certainly
share a common ancestor. We conclude that the cluster in A.
niger originated by horizontal transfer from an ancestor of F.
verticillioides and F. oxysporum.

4. Discussion

In the literature three scenarios for the creation of a gene
cluster have been described: horizontal of an existing cluster
from one genome to another [30, 31]; the duplication of an
ancestral cluster [31]; the de novo creation of a cluster from
initially scattered genes that become relocated into one locus
[4]. We find that the FUM genes are apparent duplicates of
conserved genes in Sordariomycetes (Figures 1 and 2). We
think that two of the scenarios we discussed could plausibly
account for the observed data. First, the FUM cluster could
be the result of horizontal cluster transfer into an ancestor of
F. verticillioides (Scenario 4). This scenario is similar to our
observation of the ACEI cluster in A. clavatus [31], and the
more recent observation of the horizontal gene transfer of
the sterigmatocystin cluster [32]. Secondly, the FUM cluster
may have been assembled after recent gene duplication in an
ancestor of E. verticillioides (Scenario 3). The latter scenario
resembles our previous observations on the DAL gene cluster
of S. cerevisine [4], though it should be noted that the
DAL genes code for a catabolic pathway (degradation of
allantoin, a secondary nitrogen source), whereas the FUM
genes are part of an anabolic pathway (secondary metabolite
biosynthesis).

On the other hand we propose that the fumonisin
cluster in A. niger was acquired via horizontal gene transfer.
It has been shown in recent years that horizontal gene
transfer between filamentous fungi is more common than
was originally thought. Many independent genes can transfer
between distantly related species such as that observed
between and ancestor of A. oryzae and Sordariomycetes [33];
also an entire secondary metabolite cluster has been shown
to have horizontally transferred between a relative of M.
grisea into an ancestor of A. clavatus [31]. Here again this
finding adds to the repertoire of horizontally transferred
genes between fungal species and shows that this exchange
mechanism is not so uncommon after all. Moreover it shows
how an entire cluster can transfer between distantly related
species and remain functional in the new species. In addition,
the differences between the A. niger and E verticillioides
Fum clusters highlights how a cluster can diverge by adding,
removing, or reshuffling the genes.

Our lack of knowledge about what benefit the metabolite
confers on the organism hampers our understanding of
the selective purpose of this clustering. However, we can
be almost certain that the reason behind the clustering is
not simply to synthesize the metabolite, which is possible
with scattered genes. It is more likely that the selective force
involves selection for a tight coregulation of gene expression,
perhaps mediated by a LaeA-type universal regulator.
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Competition, either between one fungal species and
another, or between a fungus and a host species, is likely
to result in strong selection on the secondary metabolite
repertoire of filamentous fungal species. This arms race
between organisms pressurizes the organism to create new
chemical weapons, which are the products of new secondary
metabolite gene clusters. It is relatively easy to envisage that
neofunctionalization after gene duplication, or partial cluster
duplication as appears to have happened in the origins of
the Acel cluster [31], could result in the production of
a new secondary metabolite and so could be selectively
advantageous. It is harder to understand why relocating
genes, as has happened in the FUM cluster, can be evolu-
tionarily advantageous. One possibility is that the mere act
of relocating a gene can have the consequence of changing
the end product of a pathway, because the expression of
all the genes in a cluster is coordinated. For example,
imagine that we have two secondary metabolite biosynthesis
pathways, 1 and 2. If a cytochrome P450 oxidoreductase
gene that originally functioned in pathway 1 is suddenly
relocated so that it becomes coexpressed with the genes in
pathway 2 (and no longer co-expressed with pathway 1), it
is possible that its product could begin to act on one of the
intermediate molecules in pathway 2. The result would be
that the products of pathways 1 and 2 are both changed.
Alternative possibilities include that there is selection for
tighter regulation (e.g., if an intermediate molecule in the
pathway is toxic), or that there is epistatic selection for tight
linkage between interacting alleles [34].
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The Lyssavirus glycoprotein (G) is a membrane protein responsible for virus entry and protective immune responses. To explore
possible roles of the glycoprotein in host shift or adaptation of Lyssavirus, we retrieved 53 full-length glycoprotein gene sequences
from NCBI GenBank. The sequences were from different host isolates over a period of 70 years in 21 countries. Computational
analyses detected 1 recombinant (AY987478, a dog isolate of CHANDO3, genotype 1 in India) with incongruent phylogenetic
support. No recombination was detected when AY98748 was excluded in the analyses. We applied different selection models to
identify selection pressure on the glycoprotein gene. One codon at amino acid residual 483 was found to be under weak positive
selection with marginal probability of 95% by using the maximum likelihood method. We found no significant evidence of positive
selection on any site of the glycoprotein gene when the putative recombinant AY987478 was excluded. The computational analyses
suggest that the G gene has been under purifying selection and that the evolution of the G gene may not play a significant role in

Lyssavirus adaptation.

1. Introduction

Positive selection and recombination are important mech-
anisms in microbial pathogen adaption to new hosts,
resistance to antibiotics, and evasion of immune responses
[1]. RNA viruses have high mutation rates due to lack
of both proofreading and postreplicative repair activities
associated with RNA replicases and reverse transcriptases
[2], which benefits RNA viruses in adapting to the changing
environment. Recombination is a general phenomenon in
evolution and plays a significant role in viral fitness [3, 4].
Rabies virus is a single-stranded negative RNA virus belong-
ing to the order Mononegavirales, family Rhabdoviridae,
genus Lyssavirus, which causes rabies in all warm-blooded
mammals. Host shift and spillover events are frequently
reported in rabies [5-9]. The nucleotide substitution rate
of lyssaviruses is estimated to be around 107* per site
per year [7]. The RNA-dependent RNA-polymerase (RdRp
or L) together with phosphoprotein (P), functions as the
transcriptase and replicase complex. The glycoprotein (G) is
the only outer membrane protein responsible for virus entry

and inducing protective immune responses [10, 11]. The role
of the G gene in rabies spillover, host shift, and adaptation
has not been analyzed thoroughly. The information could
help understand viral pathogenesis and develop a vaccine for
a broad spectrum of lyssavirus infections.

Here, we used newly developed computational algo-
rithms as well as traditional methods to investigate potential
recombination events and selection pressures in the G gene
of Lyssaviruses. The dataset for the study was comprised
of 53 full-length glycoprotein gene sequences isolated from
different hosts in 21 countries over a period of 70 years.
We hypothesized that if different hosts with rabies infections
over decades did not lead to positive selection or recombina-
tion events in the G gene, the gene does not play a significant
role in lyssavirus adaptation.

2. Methods

2.1. Dataset. We choose a dataset that covers lyssavirus iso-
lates spatially and geographically over a long period of time
in various animal hosts. Fifty-three full-length G sequences



from 21 countries isolated over a period of 70 years were
retrieved from NCBI GenBank. The sequences were aligned
using fast statistical alignment (FSA, [12]). Briefly, FSA is a
probabilistic multiple-sequence alignment algorithm, which
uses a “distance-based” approach to aligning homologous
protein, RNA, or DNA sequences. It produces superior
alignments of homologous sequences that are subject to
very different evolutionary constraints. The nucleotide (nt)
sequence alignment of the lyssavirus G genes was corrected
manually by visual inspection using the amino acid sequence
alignment. Gaps were removed if they existed in majority of
the sequences.

2.2. Phylogenetic Analyses. A phylogenetic tree was recon-
structed by using the neighbor joining algorithm in the
MEGA 4 package [13]. The maximum composite likelihood
model was used as well as the pairwise deletion option
for gaps. The statistical significance of the phylogeny was
measured by bootstrap with 1,000 replicates.

2.3. Recombination Detection. We first applied PHI [14], NSS
[15], and Max x? [16] tests (implemented in PhiPack [14])
with 1,000 permutations to detect recombination. Sequences
involved in the recombination and breakpoints were deter-
mined by using 3SEQ [17] and GARD implemented in
the Datamonkey web interface [18, 19]. The recombination
was further verified by bootscanning and phylogenetic
incongruence analysis. Bootscanning was performed using
SimPlot software version 3.5.1 [20]. The parameters for
bootscanning were window size, 200 bp; step, 10 bp; Gap-
Strip, on; bootstrap replicate, 1000; distance model, Kimura
(2-parameter); tree algorithm, neighbor-joining.

2.4. Selection Analyses. To test positive selection on sites of
the G gene in Lyssaviruses, the Codeml program in PAML
software package version 4.4 was employed [21]. Codeml
implements the maximum likelihood method to test if
positive selection has taken place at sites within a gene. This
method uses different codon substitution models to estimate
the number of nonsynonymous (dN) and synonymous sub-
stitutions (dS) per site among codons, since different amino
acids in a protein could be under different selective pressures,
thus creating a different w (dN/dS) ratio. The models in our
dataset analyses were M0 (one-ratio), M1 (nearly neutral),
M2 (positive selection), M7 (f3 distribution), and M8 (f8 +
@ > 1) [22]. The MO model estimates overall w for the
data. The M1 model estimates codon site proportion po
with wy < 1 and proportion p; (p1 = 1 — po) with w,
= 1. The M2 model allows an additional class of positively
selected sites with proportion p, (p2 = 1 — p1 — po) with
w, estimated from the data. The M7 model specifies that
w follows a beta distribution and the value of w is allowed
to change between 0 and 1. Parameters p and g of the beta
distribution are estimated from the data in the M7 model. In
the M8 model, a proportion of sites py has a w in the beta
distribution and the proportion p; sites are assumed to be
positively selected. Two sets of comparisons (M2 versus M1,
M8 versus M7) were made to test the hypothesis of selection.
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Within the comparison, the likelihood ratio test statistic
used to determine the level of significance was calculated as
twice the difference of the likelihood scores (2Al) estimated
by each model. The significance was determined under y?
distribution. The degrees of freedom for the M1 versus M2
and M7 versus M8 tests are 2 [22]. If M8 or M2 is significantly
favored and it contains codons with w > 1, positive
selection is significantly evident. Posterior probabilities of the
inferred positively selected sites were estimated by the Bayes
empirical Bayes (BEB) approach [23].

We also applied single-likelihood ancestor counting
(SLAC), fixed-effects likelihood (FEL), and random-effects
likelihood (REL) [18] to indentify selection pressure on
individual codons of the G gene in lyssaviruses.

3. Results

3.1. Recombination Analyses. Our dataset covered lyssa-
viruses isolated over a period of 70 years from 21 countries
(Table 1), including the new and old continents. The hosts
included bats, cows, dogs, foxes, humans, raccoons, sheep,
and skunks.

The PHI and Max x? tests suggested significant evidence
of recombination in the G gene. By 1000 permutations,
the P-values of PHI and Max y? test were .006 and 0,
respectively. However, no significant evidence (P = .796) of
recombination was detected by using the NSS test.

By using 3SEQ, 6 long recombinant sequences (>100 bp)
were detected: AF233275, AY237121, AY987478, DQ074978,
DQ849071, and L04523 (Table 2). Two breakpoints were
identified in all recombinants. The first breakpoint was at
nucleotide position between 400 and 800. The second break-
point was around nucleotide position of 1080. However,
the two breakpoints for DQ074978 and L04523 were at
the very beginning and around nucleotide position of 109,
respectively.

The analysis by using GARD also suggested evidence
of recombination with significant topological incongruence
at the 2 breakpoints (Table 3). The first breakpoint was at
nucleotide position of 441 and the second was at nucleotide
position of 1089. The significance value for the 2 breakpoints
was 0.01. The left hand side (LHS) and the right hand side
(RHS) P-values for the 2 breakpoints were .0004.

We analyzed the recombination events by using Boot-
Scanning as implemented in SimPlot. Sequence AY987478
was used as a query sequence in all four cases (Figures 1(a)—
1(d)). The analysis confirmed the recombination event in
the G gene of lyssavirus. The high bootstrap values support
clustering sequence AY987478 with AF325489 (Figures 1(a)
and 1(b)) and with AY237121 (Figures 1(c) and 1(d)) at
positions from 1 to around 440 and at positions from around
1130 to the end of the sequences. The bootstrap values are
also high for clustering AY987478 with AF23375 (Figures
1(a) and 1(c)) and DQO074978 (Figures 1(b) and 1(d)) at
positions from around 540 to 1000. The switches of the high
bootstrap values at nucleotide positions from around 440 to
540 and from 1000 to 1130 indicate two possible breakpoints
for the recombination.
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TaBLE 1: Sequences of glycoprotein gene used in this study.

Accession no. Country Host Year of isolation Strain/isolate Genotype References
AB115921 Indonesia Dog 2001 SNO01-23 GT1 Unpublished
AF233275 India Sheep PV11 GT1 Unpublished
AF298141 USA Bat 1979 USA7-BT GT1 Badrane et al. [24]
AF298142 Poland Bat 1985 EBL1POL GT5 Badrane et al. [24]
AF298143 France Bat 1989 EBL1FRA GT5 Badrane et al. [24]
AF298144 Finland Bat 1986 EBL2FIN GT6 Badrane et al. [24]
AF298145 Holland Bat 1986 EBL2HOL GT6 Badrane et al. [24]
AF298146 S. Africa Bat 1970 DuvSAF1 GT4 Badrane et al. [24]
AF298147 S. Africa Bat 1981 DuvSAF2 GT4 Badrane et al. [24]
AF325487 Malaysia Human 1985 MAL1-HM GT1 Badrane and Tordo [7]
AF325489 Nepal Dog 1989 NEP1-DG GT1 Badrane and Tordo [7]
AF325490 French Bovine 1985 GUY1-BV GT1 Badrane and Tordo [7]
AF325491 Brazil Bovine 1986 BRA1-BV GT1 Badrane and Tordo [7]
AF325492 Mexico Bat 1987 MEX2-VP GT1 Badrane and Tordo [7]
AF325494 USA Bat 1981 USAS8-BT GT1 Badrane and Tordo [7]
AF325495 USA Bat 1982 USA9-BT GT1 Badrane and Tordo [7]
AF401285 Thailand 8743THA GT1 Unpublished
AF426297 Australia Bat 1997 ABLSF12NB GT7 Guyatt et al. [25]
AF426298 Australia Bat 1997 ABLSF11KW GT7 Guyatt et al. [25]
AJ871962 China Vaccine PM GT1 Unpublished
AY009098 China Human 1986 CNX8601 GT1 Tang et al. [26]
AY009099 China Human 1986 CNX8511 GT1 Tang et al. [26]
AY009100 China Dog (Vaccine) 1955 CTN GT1 Tang et al. [26]
AY237121 India Dog RVD GT1 Unpublished
AY257980 Thailand Human HM65 GT1 Hemachudha et al. [27]
AY257982 Thailand Human HM88 GT1 Hemachudha et al. [27]
AY257983 Thailand Human HM208 GT1 Hemachudha et al. [27]
AY987478 India Dog 1999 CHANDO3 GT1 Unpublished
D14873 Japan Vaccine RC-HL GT1 Unpublished
D16330 Japan Vaccine RC-HL GT1 Ito et al. [28]
DQ074978 India Dog GT1 Agrawal et al. [29]
DQ076097 S. Korea Bovine SKRBV0404HC GT1 Hyun et al. [30]
DQO076099 S. Korea Dog SKRRD9903YG GT1 Hyun et al. [30]
DQ767897 China Vaccine CTN-35 GT1 Unpublished
DQ849071 China Dog 1994 GX4 GT1 Meng et al. [31]
DQ849072 China Dog 1992 CQ92 GT1 Meng et al. [31]
104522 China Vaccine (Dog) 1931 3aG GT1 Bai et al. [32]
L04523 China Vaccine (dog) 1993 CGX89-1 GT1 Bai et al. [32]
140426 CVS GT1 Yelverton et al. [33]
M81058 Algeria Dog ALG1-DG GT1 Benmansour et al. [34]
M81059 Algeria Human GT1 Benmansour et al. [34]
M81060 Algeria Human GT1 Benmansour et al. [34]
U03765 Canada Vulpes 8480FX GT1 Nadin-Davis et al. [35]
U03766 Arctic Circle Dog 1992 Arctic A1-1090DG GT1 Nadin-Davis et al. [35]
U03767 Canada Dog 1993 Hudson Bay-4055DG GT1 Nadin-Davis et al. [35]
U11736 Canada Arctic Fox 91RABNI1035 GT1 Nadin-Davis et al. [36]
U11755 Canada Skunk 91RABN1578 GT1 Nadin-Davis et al. [36]
U27214 USA Raccoon NY 516 GT1 Nadin-Davis et al. [37]
U27215 USA Raccoon NY 771 GT1 Nadin-Davis et al. [37]
U27216 USA Raccoon FLA 125 GT1 Nadin-Davis et al. [37]
U27217 USA Raccoon PA R89 GT1 Nadin-Davis et al. [37]
U52946 USA Bat 1994 SHBRV GT1 Morimoto et al. [38]
X69122 India Vaccine Flury GT1 Unpublished
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TaBLE 2: Recombination detection in glycoprotein gene of lyssavirus by using 3SEQ.

P Q C P-value Dunn Sidak Breakpoints

M381058 AY987478 AF233275 0 2.08E - 08 432-440, 1080-1089 456-496, 1080-1089

M81060 AY987478 AF233275 1E-12 1.31E - 07 432-440, 1080-1089 456-496, 1080-1089

AY987478 M81059 AY237121 0 2.81E—11 441-455, 1077-1079

AY987478 M81058 AY237121 0 2.13E—13 441-455, 1077-1079

AY987478 M81060 AY237121 0 1.13E - 13 441-455, 1077-1079

AY987478 AF233275 AY237121 1.3E - 10 1.88E — 05 432-455, 1068-1089 465-518, 1068-1089

AY987478 L04522 AY237121 1.1E - 08 1.48E — 03 627-638, 1077-1089 663-666, 1077-1089

AY987478 AF325489 AY237121 0 2.71E - 15 700-701, 1077-1097

AY987478 U11755 AY237121 3.2E-10 4.42E — 05 717-719, 1077-1082 729-734,1077-1082

AY987478 Ul11736.2 AY237121 3.3E-09 4.61E — 04 717-719, 1077-1082 729-734,1077-1082

AY987478 DQ849071 AY237121 6.1E — 11 8.61E — 06 736-737,1077-1079

AY987478 DQ076097 AY237121 1.2E-10 1.69E — 05 630-638, 1077-1089 699-701, 1077-1089

AY987478 DQ076099 AY237121 9E — 12 1.31E - 06 700-701, 1077-1089 714-719, 1077-1089

AY987478 L04523 AY237121 2.2E-09 3.04E — 04 736-737,1077-1079

AY987478 X69122 AY237121 4E - 12 6.00E — 07 666—669, 1032-1049 666—669, 1077-1089

AY987478 AY009098 AY237121 4E - 12 4.99E - 07 693-701, 1077-1079 705-711, 1077-1079

AY987478 AY009099 AY237121 4E — 12 4.99E - 07 693-701, 1077-1079 705-711, 1077-1079

AY987478 DQ849072 AY237121 2.1E-11 3.02E - 06 693-701, 1077-1079 705-711, 1077-1079

AY987478 AJ871962 AY237121 1E - 12 7.29E — 08 750-794, 1077-1089

AY987478 AF325487 AY237121 0 1.36E — 08 780-794, 1077-1079

AY987478 L40426 AY237121 4.8E - 11 6.71E — 06 750-794, 1077-1089

AY987478 AF401285 AY237121 0 9.99E - 10 780-795, 1077-1079

AY987478 AY257983 AY237121 23E-11 3.27E - 06 780-795, 1077-1079

AY987478 AY257980 AY237121 0 5.70E — 09 750-761, 1077-1079 780-795, 1077-1079

AY987478 AY257982 AY237121 59E - 11 8.33E — 06 780-795, 1032-1043 780-795, 1077-1079

AY987478 DQ767897 AY237121 1E - 07 1.46E — 02 759-767, 972-974

AY987478 U52946 AY237121 5.3E - 08 7.43E — 03 741-748, 900-901 741-748, 918-938

AY987478 U03766 AY237121 2.4E - 07 3.27E - 02 717-719, 876-889 717-719, 894-914

AY987478 U03765 AY237121 2.6E - 07 3.55E — 02 717-719, 876-889 717-719, 894-914

AY237121 AF233275 AY987478 0 1.38E — 39 432-452, 1077-1089

AY237121 DQ074978 AY987478 0 1.16E — 38 432-452,1077-1089

AY237121 L04522 AY987478 0 7.15E — 25 627-647, 1065-1089

AY237121 DQ076097 AY987478 0 1.47E - 08 630-647, 1056-1058 630-647, 1065-1089

AY237121 U03767 AY987478 1E - 11 1.42E - 06 630-638, 1041-1058 630-638, 1065-1079

AY237121 AJ871962 AY987478 0 6.36E — 20 642-647, 1041-1058 642-647, 1065-1089

AY237121 X69122 AY987478 0 3.16E — 26 642-647, 1041-1049 654-659, 1041-1049

AY237121 L40426 AY987478 0 1.38E — 17 642-647, 1041-1058 642-647, 1065-1089

AY237121 M81058 AY987478 0 9.60E — 21 441-452, 1065-1079 618-710, 1065-1079

AY237121 M81060 AY987478 0 6.49E — 23 441-452, 1065-1079 618-710, 1065-1079

AY237121 D14873 AY987478 0 6.82E — 17 685-701, 1065-1085 705-710, 1065-1085

AY237121 D16330 AY987478 0 5.23E - 17 685-701, 1065-1085 705-710, 1065-1085

AY237121 AY257980 AY987478 5.3E - 08 7.49E — 03 705-710, 1041-1046

AY237121 DQ849071 AY987478 1.9E - 09 2.68E — 04 708-710, 1041-1046

AY237121 L04523 AY987478 1.3E - 07 1.85E — 02 708-710, 1041-1046

AY237121 DQ076099 AY987478 0 1.07E - 08 634-647, 1056-1058 634-647, 1065-1089

AY237121 U11755 AY987478 1E - 12 1.60E — 07 630-647, 1056-1058 630-647, 1065-1082

AY237121 U11736.2 AY987478 0 2.29E - 08 630-647, 1056-1058 630-647, 1065-1082

AY237121 DQ767897 AY987478 1.7E - 09 2.37E - 04 708-710, 1017-1022 708-710, 1041-1046

AY237121 AY009098 AY987478 1.8E - 08 2.58E - 03 705-710, 1041-1046 736-737, 1041-1046

AY237121 AY009099 AY987478 1.8E - 08 2.58E - 03 705-710, 1041-1046 736-737, 1041-1046
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TaBLE 2: Continued.

P Q C P-value Dunn Sidak Breakpoints

AY237121 AF325487 AY987478 7.5E - 10 1.06E — 04 705-710, 1041-1046 732-734, 1041-1046
AY237121 U03766 AY987478 1.2E - 09 1.75E — 04 630-638, 1041-1058 630-638, 1065-1079
AY237121 U03765 AY987478 2.3E-10 3.26E - 05 630-638, 1041-1058 630-638, 1065-1079
AY237121 M81059 AY987478 0 1.27E — 18 441-452, 993-998 441-452,1017-1034
AY237121 AF325490 AY987478 9.2E - 09 1.30E — 03 705-710, 993-995 705-710, 1017-1019
AY237121 AF325491 AY987478 7E - 12 9.93E - 07 705-710, 993-995

AY237121 AF325492 AY987478 9.6E — 09 1.34E - 03 700-701, 993-995 705-710, 993-995
AY237121 DQ849072 AY987478 1.3E - 07 1.83E — 02 705-710, 924-935 705-710, 945-950
AY237121 AY009100 AY987478 3.4E - 07 4.62E — 02 708-710, 885-887 708-710, 924-938
AY237121 AF401285 AY987478 6.4E — 09 8.95E — 04 736-737, 883-887

AY237121 AY257983 AY987478 9.9E - 08 1.38E — 02 732-734, 883-887 732-734, 1041-1046
M381059 AY987478 DQ074978 0 9.05E - 10 519-522, 1080-1089

M381058 AY987478 DQ074978 0 4.12E - 09 519-522, 1080-1089

M81060 AY987478 DQ074978 0 2.80E — 08 519-522, 1080-1089

AY009100 M81059 DQ849071 2E - 08 2.80E — 03 0-3,108-119

AY009100 M81058 DQ849071 3E—-08 4.20E - 03 0-3,108-119

AY009100 M81060 DQ849071 1.2E - 07 1.70E — 02 0-3,108-119

AY009100 AJ871962 DQ849071 2.2E - 07 3.02E - 02 0-3, 108-110

AY009100 M81059 L04523 9.6E — 09 1.34E - 03 0-3, 108-119

AY009100 M81058 L04523 1.5E - 08 2.04E - 03 0-3, 108-119

AY009100 M81060 L04523 6.7E — 08 9.37E - 03 0-3,108-119 0-3,139-161
AY009100 AJ871962 L04523 1.3E - 07 1.88E — 02 0-3,108-110

Note: P and Q are putative parent sequences, and C is the putative child sequence in the recombination.

TaBLE 3: KH tests verify the significance of breakpoints estimated
by GARD analysis.

Breakpoint LHS P-value RHS P-value Significance
441 .00040 .00040 0.01
1089 .00040 .00040 0.01

Since recombination with 2 breakpoints was predicted by
3SEQ, GARD, and Bootscanning, we constructed phyloge-
netic trees by using sequences from the beginning to the first
breakpoint and the sequences from the second breakpoint
to the end (Figure2(a)) and a phylogenetic tree with
sequences between the two breakpoints (Figure 2(b)). The
reconstructed trees presented conflicting topological posi-
tions of the putative recombinant AY987478. The putative
recombinant was clustered with AY237121 and AF325489
in Figure 2(a), but clustered with DQ074978 and AF233275
in Figure 2(b). All other 5 putative recombinants did not
present phylogenetic incongruence. The same result was also
verified by GARD (data not shown). When AY987478 was
excluded from the dataset, the P-values of Phi, Max y?,
and NSS were .121, .209, and .791, respectively, suggesting
no evidence of recombination. The GARD analysis did not
indicate evidence of recombination either.

3.2. Selection Pressure Analyses. The selection pressure anal-
ysis with the glycoprotein gene by using PAML is presented
in Table 4. The likelihood ratio test statistic (2Al) estimated

by M2 and M1 was 0. The corresponding P value was .99,
which is not significant to reject the nearly null hypothesis
of neutral selection in M1. In the comparison between the
null neutral site model (M7) and the selection model (M8),
the 2Al was 18.18 and the corresponding P-value was .0001,
indicating that the positive selection model was significantly
favored over the null neutral site model. Posterior proba-
bilities of the inferred positively selected sites estimated by
the BEB approach were shown in Table 5. Four amino acid
sites at 466, 483, 486, and 490 were identified to be under
positive selection. But only the site at position 483 had a
marginal significance support with posterior probability of
95% and weak positive selection pressure with w of 1.466.
The corresponding posterior probabilities for sites at 466,
486 and, 490 were 68%, 56%, and 82%, respectively.

To test the effect of recombination on positive selection
analysis, we excluded the putative recombinant AY987478
from the dataset. Similar results were observed, and the BEB
posterior probability supports for amino acid sites under
positive selection were nonsignificant (Table 5). When all
six putative recombinants were excluded in our analysis, no
evidence was found to support positive selection either in M1
or M7 (data not shown). In all cases, the w in M0 was either
0.07 or 0.08. Overall, 87% of the sites in the G gene had a very
low w value of 0.05 in M2 and M7, indicating strong selective
constraints on those sites.

To study the effect of viral passages and possible genetic
bottlenecks on the results, we repeated the analysis with a
dataset excluding six vaccine sequences and the sequence
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FIGURE 1: Bootscanning analysis of recombination in glycoprotein gene of lyssavirus by using the SimPlot program with a window size of

200 nucleotides and a step size of 10 nucleotides.

AF233275 (PV11) from cell culture of lyssaviruses under
intensive cell culture. We found no significant evidence for
positive selection pressure on any site of the G gene.

Analyses using SLAC, REL, and FEL found no evidence of
any amino acid in the G gene under positive selection, instead
most of the amino acids were found to be under negative
selection (Table 6). One site at position 416 was under
marginal positive selection by FEL with P-value of .0999,
narrowly passing the significance level of 0.1. However, this
result was not supported by SLAC and REL.

4. Discussion

Lyssaviruses can infect all warm-blooded mammals, and
spillover events and host shift have been well documented
[5-9]. The molecular mechanism of rabies infection and
transmission is still not completely understood, and the
phenomenon usually leads to the connection with rabies
virus G protein, since G is the only membrane protein
responsible for virus entry both in vitro and in vivo.
Therefore, it is a reasonable assumption that rabies virus
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FIGURE 2: (a) NJ phylogenetic tree of 53 glycoprotein gene sequences with regions concatenated from position of 1 to 441 and position of
1090 to 1572. Bootstrap values of 1000 replicates are shown above the branches. The red marker represents the putative recombinant. (b) NJ
phylogenetic tree of 53 glycoprotein gene sequences with region from position of 441 to 1089. Bootstrap values of 1000 replicates are shown
above the branches. The red marker represents the putative recombinant.
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TaBLE 4: Parameter estimates, dN/dS ratio, likelihood score, and test statistics under models of variable w ratios among sites for the

glycoprotein gene in lyssavirus.

Model comparison

Parameter estimates dN/dS Likelihood scores (1) (Al d.f, P) Positive selection

MO: one ratio w = 0.08 0.08 —24586.10 None

. wy = 0.05, w; =1, _

MI1: Nearly neutral (po = 0.87, p1 = 0.13) 0.17 24010.40 Not allowed
wy =0.05wl=1w,=1, .

M2: Positive selection  (po = 0.87, p; = 0.06, 0.17 ~24010.40 1i/[22 V}frfu;g/“'o’ 4f " None
P2 = 0.07) or=

M?7: f3, Neutral p=026,g=211 0.10 —23443.16 Not allowed

=0.98,p =028
M8:f+w>1, Po =079, p = 0.29, M7 versus M8: 18.18,
Selection q =292, (p; =0.02), 0.10 —23434.07 df.=2, P = .0001 See Table 6

w=1.0

TaBLE 5: Positive selection sites in the glycoprotein gene predicted by using Bayes empirical analysis under different PAML models.

Codon Amino acid Posterior probability Post mean + S.E.
Dataset I Dataset 11 Dataset | Dataset 11 Dataset I Dataset I1 Dataset 1 Dataset 11
466 466 A A 0.68 0.72 1.27 £0.35 1.29 £ 0.34
483 483 \Y% \Y% 0.95 0.84 1.46 £ 0.16 1.39 £ 0.26
486 486 T T 0.56 0.53 1.19 £ 0.36 1.16 £ 0.36
490 490 Q Q 0.82 0.80 1.38 +£0.27 1.36 +0.29

Dataset I: The whole 53 nucleotide sequences. Dataset II: AY987478 was excluded.

adaptation is due to the G gene. Positive selection is an
important evolutionary force that drives adaptation. It is not
surprising that evolutionary scientists first applied selection
analysis to the G gene of lyssaviruses [39]. One notable
difference between the previous investigations and our study
was the dataset. Previous dataset with 55 complete G gene
sequences were from isolates of natural rabies infections,
excluding passages and vaccine strains. Our dataset included
street 53 rabies isolates and vaccine strains collected over
a period of 70 years from 21 countries. The neutrality
tests on the G in lyssavirus indicated that the protein was
under negative selection. Analysis of heterogeneous selective
pressures on the amino acid sites across the gene found
no evidence for positive selection on any site when the
putative recombinant AY987478 was excluded. Instead, most
of the sites were under strong negative selection, which
was consistent with previous investigations using only street
rabies isolates [39, 40]. The only weak positive selection
identified by our analyses was at amino acid residue 483 (not
in the ectodomain). No positive selection has been detected
in the main epitope II or III, the site of virus escape identified
by monoclonal antibody binding selections in vitro. It is
possible that the results were confounded by the sequences
from isolates under intensive cell culture. Repeated passages
of an RNA virus resulted in loss of fitness due to Muller’s
ratchet [41]. Serial virus passages severely reduce population
size when a small set of founder population is reintroduced
into an identical unpopulated environment, which may lead
to the stochastic loss of certain genotypes, especially the
rare genotypes [42, 43]. However, exclusion of sequences

of passaged lyssaviruses from the dataset in this study did
not affect the readout of the analyses. It appears that rabies
spillover, host shift (happened naturally), virus escape by
monoclonal antibody selection, and vaccine strains (under
various in vitro and in vivo conditions) is not the result of
positive selection in the G gene.

Recombination is another important evolutionary driv-
ing force in adaptation, and it is a mechanism that pre-
vents the accumulation of deleterious substitutions [44].
It allows the acquisition of multiple genetic changes in
a single step and can combine genetic information to
produce advantageous genotypes. It may be important for
incremental host adaptation after switching to new host has
occurred [45]. Recombination in rabies viruses had been
proposed, but it was not thoroughly inspected [46, 47]. Our
study suggested one recombinant event. The recombinant
sequence AY987478 was from a dog isolate (CHANDO3,
genotype 1) and the possible parental sequences were isolated
from dogs and sheep from the same geographic area (India
and Nepal). However, the putative recombinant AY987478
could be an artifact from sequencing or sample contamina-
tion. Generation of recombinants in the course of reverse
transcription of RNA and subsequent PCR is a well-known
phenomenon [48-50]. From the bootscanning analysis in
this research, the 3 prime and 5 prime regions of AY987478
were clustered with putative parents with a bootstrap value of
100%, indicating little difference between the two sequences
in the two regions. By checking the sequences, there are
regions of about 450 bases long that are identical between
the recombinant and the corresponding parent, which is
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TABLE 6: Detection of selection pressure on glycoprotein gene using methods implemented in the Datamonkey website.

Dataset Mean dN/dS Positive selection sites Negative selection sites Codon (P-Value)
SLAC FEL REL SLAC FEL REL SLAC FEL REL

Dataset | 0.1226 0.1278 0 0 0 397 418 0

Dataset 11 0.1231 0.1274 0 0 0 391 417 0

Dataset 111 0.1214 0.1233 0 1 0 386 416 0 416 (.0999)

Dataset I: The whole 53 nucleotide sequences. Dataset II: AY987478 was excluded. Dataset III: the six putative recombinants were excluded.

rare considering the high mutation rate in RNA viruses. The
homologous recombination rate in negative-sense RNA virus
was found to be low [46], which is supported by a recent
report that homologous recombination is very rare or absent
in influenza A virus [17]. Further experimentation is needed
to prove that the recombinant AY987478 is not an artifact.
In summary, we did not find significant support for pos-
itive selection pressure on G gene in lyssavirus isolates from
different rabies hosts and vaccine strains that cover 70 years
of evolution in 21 countries. The recombination analysis
suggested an orphan event that needs further investigation.
It appears that evolution of the G gene may not play a major
role in lyssavirus adaptation. It is surprising considering the
functions of glycoprotein in lyssavirus infection. It has been
reported that host switching from chiropters to carnivores
has occurred in lyssavirus evolution history [7, 9]. Spillovers
of lyssaviruses from chiropters to other animals may have
happened repeatedly and still occur [8]. Transmission of
European bt lyssavirus 1 (EBLV-1) was reported in sheep
[51], stone marten [52], and cats [53]. For a successful
spillover and subsequent adaptation, there must be effective
cross-species viral exposure and compatibility between the
virus and the new host to allow replication and transmission.
Lyssavirus infections are typically transmitted by the virus-
laden saliva of a rabid animal via a bite or scratch, which
can facilitate cross-species viral exposures. The initial viral
interaction with cells of a new host plays a critical role
in determining host specificity and host shift [45]. For
example, feline virus acquired the ability to infect dogs
through changes in its capsid protein that binds to canine
transferrin receptor on canine cells [54]. Lyssavirus G is a
surface glycoprotein responsible for receptor recognition and
membrane fusion [7-9, 55]. It is reasonable to expect that
the protein is under positive selection pressure in the viral
adaptation to the new host. The lack of positive selection
in the G glycoprotein suggests that the virus is not subject
to strong immune selection [25]. The G gene may escape
the immunity of the host since lyssaviruses migrate from
the peripheral to the central nervous systems [7]. Recent
investigation demonstrated that diminishing frequencies of
both cross-species transmission and host shifts were found
with increasing phylogenetic distance between bat species
[9], indicating the virus, thus the G gene, is subject to less
selection pressure in a similar host and cellular environment
[7, 25]. However, the G gene might have been under relative
low positive selection that was not detected by current
computational methods. More sensitive method or properly
relaxed statistical significance stringency with experimental

verification may help identify the role of the G gene in
lyssavirus adaptation.
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The Baculoviridae is a large group of insect viruses containing circular double-stranded DNA genomes of 80 to 180 kbp. In
this study, genome sequences from 57 baculoviruses were analyzed to reevaluate the number and identity of core genes and to
understand the distribution of the remaining coding sequences. Thirty one core genes with orthologs in all genomes were identified
along with other 895 genes differing in their degrees of representation among reported genomes. Many of these latter genes are
common to well-defined lineages, whereas others are unique to one or a few of the viruses. Phylogenetic analyses based on core
gene sequences and the gene composition of the genomes supported the current division of the Baculoviridae into 4 genera:
Alphabaculovirus, Betabaculovirus, Gammabaculovirus, and Deltabaculovirus.

1. Background

Baculoviruses are arthropod-specific viruses containing
large double-stranded circular DNA genomes of 80,000—
180,000 bp. The progeny generation is biphasic, with two
different phenotypes during virus infection: budded viruses
(BVs), during the initial stage of the multiplication cycle,
and occlusion-derived viruses (ODVs), at the final stages of
replication [1, 2]. In general, primary infection takes place
in the insect midgut cells after ingestion of occlusion bodies
(OBs). Following this stage, systemic infection is caused by
the initial BV progeny [3, 4]. And finally, OBs are produced
during the last stage of the infection. These OBs comprise
virions embedded in a protein matrix which protects them
from the environment [5, 6].

Baculoviruses have been used extensively in many biolog-
ical applications such as protein expression systems, models
of genetic regulatory networks and genome evolution, puta-
tive nonhuman viral vectors for gene delivery, and biological
control agents against insect pests [7-17].

The Baculoviridae family is divided into four genera
according to common biological and structural charac-
teristics: Alphabaculovirus, which includes lepidopteran-
specific baculoviruses and is subdivided into Group I or
Group II based on the type of fusogenic protein, Betabac-
ulovirus, comprising lepidopteran-specific granuloviruses,
Gammabaculovirus, which includes hymenopteran-specific
baculoviruses, and finally Deltabaculovirus which, to date,
comprises only CuniNPV and possibly the still undescribed
dipteran-specific baculoviruses [1, 18-20].

The comparison between known genome sequences of all
baculoviruses has been the source for identifying a common
set of genes, the baculovirus core genes. However, there
are probably more orthologous sequences that may not
be identified due to the accumulation of many mutations
throughout evolution. Thus, core genes seem to be a key
factor for some of the main biological functions, such as
those necessary to transcribe viral late genes, produce virion
structure, infect gut cells abrogate host metabolism and
establish infections [21-24].
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F1Gure 1: GC content in baculovirus genomes. The different histograms contain the distribution of baculovirus genomes according to their

GC content and their genus classification. Black bars highlight genomes with a GC content higher than 50%.
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F1GURE 2: Baculovirus core genes. The different circles represent the
4 baculovirus genera (in yellow Alphabaculovirus; in green Betabac-
ulovirus; in red Gammabaculovirus; in blue Deltabaculovirus). The
numbers contained within the overlapping regions indicate the
amount of shared genes between all members of the genera. The
numbers within the circles but outside the overlapping regions
indicate the amount of genes shared by all members of that genus
but with the absence of orthologous sequences in the remaining
genera. These estimations were inferred by Blast P algorithm
(http://www.ncbi.nlm.nih.gov/) considering E = 0.001 as cutoff
value and comparing all reported baculovirus ORFs between them.
The identity of common genes is provided in the Supplementary
data available at doi:10.4061/2011/379424

For this report, previous data as well as bioinformatic
studies conducted on currently available sets of completely
sequenced baculovirus genomes were taken into account and
have resulted in a summary of gene content and phylogenetic
analyses which validates the classification of this important
viral family.

2. Baculovirus Ancestral Genes

There are currently 57 complete baculovirus genomes de-
posited in GenBank (Table 1). These include 41 Alphabac-
uloviruses, 12 Betabaculoviruses, 3 Gammabaculoviruses, and
1 Deltabaculovirus.

As a first approach to perform a comparative analysis, the
GC content of the genomes were calculated (Figure 1). The
histogram revealed that many baculoviruses have about 41%
of GC content although several of them have significantly
higher values (CfMNPV at 50.1%, CuniNPV at 50.9%,
AnpeNPV-L2 at 53.5%, AnpeNPV-Z at 53.5%, LyxyNPV
at 53.5%, OpMNPV at 55.1%, and LAMNPV at 57.5%).
A detailed analysis of DNA content did not show a clear
pattern of GC content that could be associated with each
genus.

Further characterization of the patterns of gene con-
tent and organization may prove useful for establish-
ing evolutionary relationships among members of Bac-
uloviridae. The high variability observed in the number
of coding sequences becomes a key feature of viruses
with large DNA genomes that infect eukaryotic cells [18].
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FiGure 3: Whole baculovirus gene content. The histogram shows
the amount of different reported genes in each baculovirus genus
or recognized lineage (bars in pink color), and the subset of shared
genes for all members of the corresponding phylogenetic clade
(bars in green color). This bar graph was performed using the
information resulting from the comparison of all ORFs reported
in the 57 baculovirus with known genomes, analyzing all against
all by Blast P algorithm (http://www.ncbi.nlm.nih.gov/) considering
E = 0.001 as cutoff value.

Insertions, deletions, duplication events, and/or sequence
reorganizations by recombination or transposition pro-
cesses seem to be the main forces of the macroevolution
in this particular kind of biological entities. For exam-
ple, the loss or gain of genetic material could provide
new important abilities for colonization of new hosts,
or they could improve performance within established
hosts. However, there seems to be a set of core genes
whose absence would imply the loss of basic biological
functions, and that could be typical of the viral fam-
ily. In view of this, and considering previous reports
[1, 19, 22, 23], the amount and identity of baculovirus
common genes were reevaluated (Table2). As a result,
P6.9 and Desmoplakin were recognized in this work, as
core proteins by using sequence analysis complementary
to the standard ones (see Supplementary files available at
doi:10.4061/2011/379424).

The group of conserved sequences found in all bac-
ulovirus genomes is consistently estimated at about 30 shared
genes, regardless of the increasing number of genomes
analyzed [22, 148]. Meanwhile, the role or function assigned
to several sequences has been renewed, according to new
studies. In particular, it has been identified that 38k (Ac98)
gene encodes a protein which is part of the capsid struc-
ture [121, 122]; P33 (Ac92) is a sulthydryl oxidase which
could be related to the proper production of virions in
the infected cell nucleus [123—-125]; ODV-EC43 (Ac109)
is a structural component which would be involved in
BV and ODV generation [126]; P49 (Acl42) is a capsid
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TasLE 1: Baculovirus complete genomes.

Genus Name Abbreviation Code Accesion Genome  Annotated GC% Ref.
number (bp) ORFs
g’l’f\hf;“e“ pernyt AnpeNPV-Z ~ APN  NC.008035 126629 145 535 [27]
Antheraea pernyi
NPV-Lo AnpeNPV-L2  AP2 EF207986 126246 144 535 [28]
Anticarsia gemmatalis
MNPV AT AgMNPV-2D  AGN  NC_008520 132239 152 445 [29]
Autographa californica
ACMNPV-C6  ACN  NC_001623 133894 154 407 [30
Alphabaculovirus- MNPV-C6 ¢ (30]
Group 1 Bombyx mori NPV BmNPV BMN  NC.001962 128413 137 404  [31]
ﬁ‘;”\q,by x mandarina BomaNPV BON  NC.012672 126770 141 402 [32]
Choristoneura
fumiferana DEF MNPV CfDEFMNPV ~ CDN  NC_005137 131160 149 458  [33]
Choristoneura
fumiforana MNPV CfMNPV CEN  NC.004778 129593 145 501 [34]
i‘;{’,hy as postvittana EppoNPV EPN  NC.003083 118584 136 407 [35]
Hyphantria cunea NPV HycuNPV HCN  NC.007767 132959 148 45.5 [36]
Maruca vitrata MNPV MaviMNPV MVN  NC_008725 111953 126 38.6 [37]
Orgyia pseudotsugata OpMNPV OPN  NC.001875 131995 152 551 [38]
MNPV
Plutella xylostella PyMNPV ~ PXN  NC_008349 134417 149 07 U
MNPV
Rachiplusia ou MNPV RoMNPV RON NC_004323 131526 146 39.1 [39]
‘;‘}1)0\’;0? hyes honmai AdhoNPV AHN  NC.004690 113220 125 356  [40]
Adoxophyes orana NPV AdorNPV AON NC_011423 111724 121 35.0 [41]
Agrotis ipsilon NPV AgipNPV AIN NC_011345 155122 163 48.6 U
Agrotis segetum NPV AgseNPV ASN NC_007921 147544 153 45.7 [42]
‘{\‘f}')";he’m“ cnerarium ApciNPV APO  FJ914221 123876 118 334 U
gl’)g”de’x“ chalcites ChChNPV CCN  NC.007151 149622 151 390 [43]
Clanis bilineata NPV CIbiNPV CBN  NC_008293 135454 129 377 [44]
Ectropis obliqua NPV EcobNPV EON  NC_008586 131204 126 37.6 [45]
Euproctis
pecdoconspersa NPV EupsNPV EUN  NC.012639 141291 139 404 [46]
Alphabaculovirus- Helicoverpa armigera HearNPV-C1 ~ HA1  NC_003094 130759 135 389  [47]
p NPV-C1
roup II ) )
Helicoverpa armigera HearNPV-G4  HA4  NC_002654 131405 135 390  [47]
NPV-G4
Helicoverpa armigera HearMNPV ~ HAN  NC.011615 154196 162 401 [48]
MNPV
Helicoverpa armigera HearSNPV-
SNPV-NNgl NNgl HAS  NC.011354 132425 143 392 [49]
Helicoverpa zea SNPV HzSNPV HZN  NC_003349 130869 139 39.1 U
Leucania separata
NPV-ALLL LeseNPV-AHI  LSN  NC_008348 168041 169 486  [50]
Lymantria dispar LdMNPV LDN  NC.001973 161046 163 575  [51]
MNPV
Lymantria xylina LyxyMNPV LXN  NC.013953 156344 157 535  [52]

MNPV
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TasLE 1: Continued.

Genus Name Abbreviation Code Accesion Genome  Annotated GC% Ref.
number (bp) ORFs
Mamestra configurata—\\\ \pv.902  MCN  NC.003520 155060 169 417 [53]
NPV-90-2
Mamestra configurata
NPV 9.4 MacoNPV-90-4 MC4  AF539999 153656 168 417 [54]
Mamestra configurata
NPV-B MacoNPV-B  MCB  NC_004117 158482 169 40.0  [55]
g%’” leucostigma OrleNPV OLN  NC.010276 156179 135 399 U
Spodoptera exigua
MNPy SeMNPV SEN  NC.002169 135611 142 438 U
Spodoptera frugiperda
DY 3A DY SMNPV-3AP2  SF2  NC_.009011 131330 143 402 [56]
Spodoptera frugiperda
MNPV 16 SEMNPV-19 SF9 EU258200 132565 141 403 [57]
Spodoptera litura SpliNPV-IT SLN  NC.011616 148634 147 450 U
NPV-II
Spodoptera litura .
N, SpliNPV-G2 SL2  NC.003102 139342 141 42.8  [58]
Trichoplusia ni SNPV TnSNPV TNN NC_007383 134394 144 39.0 [59]
Adoxophyes orana GV AdorGV AOG NC_005038 99657 119 34.5 [60]
Agrotis segetum GV AgseGV ASG NC_005839 131680 132 37.3 6]
Choristoneura ChocGV COG  NC.008168 104710 116 327 [61]
occidentalis GV
Cryptophlebia CrleGV CLG  NC.005068 110907 129 324 [62]
) leucotreta GV
Betabaculovirus Cydia pomonella GV CpGV CPG  NC.002816 123500 143 453 [63]
gflhwverp a armigera HearGV HAG  NC.010240 169794 179 40.8  [64]
g’;h"”me“ operculella PhopGV POG  NC.004062 119217 130 357 [65]
Plutella xylostella GV PlxyGV PXG NC_002593 100999 120 40.7 [66]
Pieris rapae GV PiraGV PRG GQ884143 108592 120 33.2 U
Pseudaletia unipuncta PsunGV PUG  EU678671 176677 183 398 U
GV-Hawaiin
Spodoptera litura SpliGV SIG  NC.009503 124121 136 388  [67]
GV-K1
Xestia c-nigrum GV XnGV XCG NC_002331 178733 181 40.7 [68]
Neodiprion abietis NPV NeabNPV NAN NC_008252 84264 93 33.4 [69]
Gamma ipri 1
ﬁ;"\‘;’p rion lecontei NeleNPV NLN  NC_005906 81755 93 333 [70,71]
ﬁ;”{,hp rion sertifer NeseNPV NSN  NC_005905 86462 90 338 [71,72]
Delta Culex nigripalpus NPV CuniNPV CNN  NC.003084 108252 109 50.9 [73]

This table contains all of baculoviruses used in bioinformatic studies, sorted by genus (and within them by alphabetical order). MNPV is the abbreviation
of multicapsid nucleopolyhedrovirus; NPV is the abbreviation of nucleopolyhedrovirus; SNPV is the abbreviation of single nucleopolyhedrovirus; GV is the
abbreviation of granulovirus. The accession numbers are from National Center for Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov/) and
correspond to the sequences of complete genomes. Code is an acronym used for practicality. U: unpublished.

protein important in DNA processing, packaging, and capsid
morphogenesis [129]; Ac81 interacts with Actin 3 in the
cytoplasm but does not appear in BVs or in ODVs [135];
ODV-E18 (Ac143) would mediate BV production [131];
desmoplakin (Ac66) seems to be essential in releasing

[130].

processes from virogenic stroma to cytoplasm [132]; PIF-4
(Ac96) and PIF-5 (ODV-56, Acl48) are ODV envelope
proteins with an essential role in per os infection route [145,
147]; Ac68 may be involved in polyhedron morphogenesis
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TaBLE 2: Core genes.

ACN LDN CPG NSN CNN
Replication
lef-1 [74] 14 123 74 68 45
lef-2 [74] 6 137 41 57 25
DNA pol [75-78] 65 83 111 28 91
Helicase [79-90] 95 97 90 61 89
Transcription
lef-4 [91-95] 90 93 95 62 96
lef-8 [91, 96] 50 51 131 81 26
lef-9 [95, 97] 62 64 117 40 59
p47 [91, 98] 40 48 68 49 73
lef-5 [98-101] 99 100 87 58 88
Packaging, assembly, and release
p6.9 [102-104] 100 101 86 36 23
vp39 [105-108] 89 92 96 89 24
vlf-1 [100, 109-113] 77 86 106 45 18
alk-exo [114-116] 133 157 125 31 53
vpl054 [117] 54 57 138 85 8
vp91/p95 [118] 83 91 101 84 35
gp41 [119, 120] 80 88 104 47 33
38k [121, 122] 98 99 88 59 87
p33 [123-125] 92 94 93 24 14
odv-ec43 [126-128] 109 107 55 70 69
p49 [129] 142 20 15 63 30
odv-nc42 [130] 68 80 114 41 58
odv-el8 [131] 143 19 14 65 31
desmoplakin [132] 66 82 112 29 92
Cell cycle arrest and/or interaction with host proteins
odv-e27 [133, 134] 144 18 97 66 32
ac81 [135] 81 89 103 48 106
Oral infectivity
pif-0/p74 [136-141] 138 27 60 50 74
pif-1 [142-144] 119 155 75 79 29
pif-2 [136, 142] 22 119 48 55 38
pif-3 [142] 115 143 35 69 46
pif-4/19k/odv-e28 [145] 96 98 89 60 90
pif-5/0dv-e56 [146, 147] 148 14 18 38 102

The virus names are indicated in three letter code according to established in Table 1.

Numbers in columns indicates the corresponding ORFs of each genome.

The number and identity of shared orthologous genes in
every accepted member of each genus were investigated, and
the unique sequences typical of each clade as well as those
shared between different phylogenetic groups were identified
(Figure 2).

This analysis shows that the four accepted baculovirus
genera have accumulated a large number of genes during
evolution. Probably, many of these sequences have been
incorporated into viral genomes prior to diversification
processes since they are found in members of different
genera. In contrast, other genes are unique to each genus,
suggesting that they have been incorporated more recently

and after diversification (Table 3). The possibility that non-
shared genes found only in one genus which represent
baculovirus ancestral sequences deleted in the other lineages
should also be considered. In any case, a set of particular
genes which could help in an appropriate genus taxonomy
of new baculoviruses with partial sequence information were
obtained from this analysis.

3. Whole Baculovirus Gene Content

The study of all genes reported in the 57 completely
sequenced viral genomes revealed the existence of about
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TABLE 3: Shared genes*.

Core genes
lef-2 (ACNG), lef-1 (ACN14), pif-2 (ACN22), p47 (ACN40), lef-8 (ACN50), vp1054 (ACN54), lef-9 (ACN62), DNA polymerase
(ACNG65), Desmoplakin (ACN66), ACN68, vif-1 (ACN77), gp41 (ACN80), ACN81, vp91/p95 (ACN83), vp39 (ACN89), lef-4
(ACN90), p33 (ACN92), helicase (ACN95), 19K (ACN96), 38 K (ACN98), lef-5 (ACN99), p6.9 (ACN100), odv-ec43 (ACN109),
PIF-3 (ACN115), pif-1 (ACN119), alkaline exonuclease (ACN133), p74 (ACN138), p49 (ACN142), odv-el18 (ACN143), odv-e27
(ACN144), odv-e56 (ACN148)

Alpha + Beta + Gamma
Polh (ACNS), dbp (ACN25), p48 (ACN103), ACN145, pp34/PEP (ACN131), odv-e25 (ACN94), p40 (ACN101), ACN106/107

Alpha + Beta + Delta
F-protein (ACN23)

Alpha + Beta
pk-1 (ACN10), 38,7 kDa (ACN13), lef-6 (ACN28), pp31/39K (ACN36), ACN38, ACN53, 25K FP (ACN61), LEF-3 (ACN67), ACN75,
ACNT76, tIp20 (ACN82), p18 (ACN93), P12 (ACN102), ACN108, p24 (ACN129), me53 (ACN139), ACN146, ie-1 (ACN147)

Alpha
orf1629 capsid (ACN9), ACN19, pkip-1 (ACN24), ACN34, ACN51, iap-2 (ACN58/59), ACN104, p87/vp80 (ACN141), ie-0 (ACN71)

Alpha Group I
ptp-1/bvp (ACN1), ACNS5, odv-e26 (ACN16), iap-1 (ACN27), ACN30, ACN72, ACN73, ACN114, ACN124, gp64 (ACN128), p25
(ACN132), ie-2 (ACN151)

Beta
CPG4, CPG5, CPG20, CPG23, CPG29, CPG33, CPG39, CPG45, Metalloproteinase (CPG46), CPG62, FGF-1 (CPG76), CPG79,
CPG99, CPG100, CPG115, IAP-5 (CPG116), CPG123, CPG135, FGF-3 (CPG140)

Gamma
NSN3, NSN9, NSN11, NSN12, NSN13, NSN16, NSN18, NSN19, NSN20, NSN26, NSN29, NSN34, NSN37, NSN39, NSN42, NSN43,
NSN44, NSN51, NSN52, NSN53, NSN54, NSN56, NSN64, NSN72, NSN74, NSN76, NSN77, NSN79, NSN82, NSN85, NSN86,
NSN89

Delta
CNN2, CNN3, CNN6, CNN7, CNN9, CNN10, CNN11, CNN12, CNN13, CNN15, CNN16, CNN17, CNN20, CNN21, CNN22,
CNN27, CNN28, CNN31, CNN36, CNN37, CNN39, CNN40, CNN41, CNN42, CNN43, CNN44, CNN47, CNN48, CNN49, CNN50,
CNN51, CNN52, CNN53, CNN55, CNN56, CNN57, CNN60, CNN61, CNN62, CNN63, CNN64, CNN65, CNN66, CNN67, CNN68,
CNN70, CNN71, CNN72, CNN75, CNN76, CNN77, CNN78, CNN79, CNN80, CNN81, CNN82, CNN83, CNN84, CNN85, CNN86,

CNN93, CNN94, CNN97, CNN98, CNN99, CNN100, CNN101, CNN103, CNN105, CNN107

*Shared genes are indicated only for one selected specie. See supplementary tables for the respective ORF numbers in each specie.

895 different ORFs, a set of sequences that might be called
the whole baculovirus gene content. This high number of
potential coding sequences contrasts with the range of gene
content among the family members, which is between 90—
181 genes (Alphabaculovirus: 118—169; Betabaculovirus: 116—
181; Gammabaculovirus: 90-93; Deltabaculovirus: 109) as
well as with the proportion of core genes which represents
only 3%. This curious biological feature supports the
hypothesis that highlights the great importance of structural
mutations in the macroevolution of viruses with large
DNA genomes. From this view, the set of genes shared
by all members belonging to each baculovirus genus was
compared to those corresponding to the whole genus gene
content (Figure 3).

The analysis shows that Group I alphabaculoviruses
and gammabaculoviruses have a lower diversity of gene
content with respect to the rest of lineages. This information,
coupled with the significant number of genome sequences

obtained from Group I alphabaculoviruses, suggests that
this lineage of viruses would constitute the newest clade
in baculovirus evolution history [149]. This is based on
the assumption that Group I alphabaculoviruses have had
less time to incorporate new sequences from different
sources (host genomes, other viral genomes, bacterial
genomes, etc.) since the appearance of their common
ancestor.

4. Baculovirus Core Gene Phylogeny

Traditional attempts to infer relationships between bac-
uloviruses were performed by amino acid or nucleotide
sequence analyses of single genes encoding proteins such
as polyhedrin/granulin (the major component of OBs), the
envelope fusion polypeptides known as F protein and GP64,
or DNA polymerase protein, among many other examples
[149-152].
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FIGURE 4: Baculovirus genome phylogeny. Cladogram based on amino acid sequence of core genes. The 31 identified core genes from
Baculoviridae family were independently aligned using MEGA 4 [25] program with gap open penalty = 10, gap extension penalty = 1,
and dayhoff matrix [26]. Then, a concatemer was generated and phylogeny inferred using the same software (UPGMA; bootstrap with
1000 replicates; gap/missing data = complete deletion; model = amino (dayhoff matrix); patterns among sites = same (homogeneous); rates
among sites = different (gamma distributed); gamma parameter = 2.25). Baculoviruses are identified by the acronyms given in Table 1, and
the accepted distribution in lineages and genera are also indicated. Gammabaculovirus and Deltabaculovirus are referenced by Greek letters.
The proposed clades of Betabaculoviruses are shown in bold letters.
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complete deletion; model = amino (dayhoff matrix); patterns among sites = same (homogeneous); rates among sites = different (gamma
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sequences. Given the weak similarity between several core proteins, PAM250 matrix was selected. The divergence considered in this matrix
is 250 mutations per 100 amino acid sequence and was calculated to analyze more distantly related sequences. PAM250 is considered a good

general matrix for protein similarity search.

Mostly, the evolutionary inferences were in agreement
with much stronger subsequent studies based on sequence
analyses derived from sets of genes with homologous
sequences in all baculoviruses. Thus, these new approaches
were based on the construction of common-protein-
concatemers which were used to propose evolution patterns
for baculoviruses [149].

Then, the fact that a viral family consists of members
who share a common pattern of genes and functions and
whose proliferation cycle continuously challenges the viral
viability turns it essential to take into account their higher
or lesser tolerance to the molecular changes. Molecular
constraints regarding tolerance to changes in core genes
are different from those of other genes. Therefore, core
genes should be considered the most ancestral genes which
may have diverged in higher or lesser degrees. According
to this, a phylogenetic study was performed based on
concatemers obtained from multiple alignments of the
31 proteins recognized in this work as core genes for
the 57 available baculoviruses with sequenced genomes
(Figure 4).

The obtained cladogram reproduces the current bac-
ulovirus classification based on 4 genera. Additionally, this
approach consistently separates the alphabaculoviruses into
two lineages: Group I and Group II. And the same can be
observed when analyzing Group I, where the presence of two
different clades can be clearly inferred (clade a and clade b).
These groupings result in accordance with previous reports
(20, 150]. In Group II alphabaculoviruses, a clear clustering
may not be identified and would not allow to suggest a
subdivision.

In contrast, in the Betabaculovirus genus, it is possible
to propose their separation into two different clades: clade
a (XnGV, HearGV, PsunGV, SpliGV, AgseGV, and PlxyGV),

and clade b (AdorGV, PhopGV, CpGV, CrleGV, PiraGV,
ChocGV).

Despite the evolutionary inference based on core genes,
there was a remaining question: “is the tolerance to changes
in all core genes the same?”. The answer could be reached by
an individual core gene variability analysis for which studies
of sequence distance for each baculovirus core gene were
performed (Figure 5).

The resulting order of core genes shows that pif-2 was
the most conserved baculovirus ancestral sequence, whereas
desmoplakin was the gene with evidence of greatest variabil-
ity. This analysis reveals that genomes can be evolutionarily
constrained in different ways depending on the proteins they
encode.

The gain of access to new hosts might be an important
force for gene evolution. During an infection process, the
genome variants that appear with mutations introduced
by errors in the replication/reparation machinery could
be quickly incorporated into the virus population if the
nucleotide changes offered a better biological performance
when proteins were translated. The DNA helicase gene was
considered as an important host range factor being, for this
study, the second core sequence showing more variability
[87]. However, other sequences like pif-2 gene would not
accumulate mutations because the protein encoded might
lose vital functions not necessarily associated with the nature
of the host.

5. Conclusions

Baculoviridae is a large family of viruses which infect
and kill insect species from different orders. The valu-
able applications of these viruses in several fields of life
sciences encourage their constant study with the goal of
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understanding the molecular mechanisms involved in the
generation of progeny in the appropriate cells as well as
the processes by which they evolve. The establishment of
solid bases to recognize their phylogenetic relationships is
necessary to facilitate the generation of new knowledge and
the development of better methodologies.

In view of this, many researchers have proposed and
used different bioinformatic methodologies to identify genes
as well as related baculoviruses. Some of them were based
on gene sequences [150], gene content [17], or genome
rearrangements [152]. In this work, a combination of core
gene sequence and gene content analyses were applied to
reevaluate Baculoviridae classification. To our knowledge,
the most important fact is that this report is the first work
which identifies the whole baculovirus gene content and
the shared genes that are unique in different genera and
subgenera. All this information should be taken into account
to group and classify new virus isolates and to propose
molecular methodologies to diagnose baculoviruses based
on proper gene targets according to gene variability and gene
content.
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