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Knowledge of phylogeny is of fundamental importance for
understanding evolution. It has become an indispensable
tool in modern genomics as a framework for interpreting
genomes and metagenomes, for understanding evolution of
genes, proteins, and noncoding RNAs as well as different
types of regulations including secondary RNA and protein
structures, and for reconstructing ancestral genomes [1]. The
era of next-generation sequencing (NGS) brought an influx
of data but posed theoretical challenges, for example, in
reducing systematic errors and increasing robustness under
much less sampling error [2].

An important avenue of modern phylogenetics is the
study of coevolution. Here a major focus is the developing
of effective algorithms to infer common history of genes,
proteins, molecular machines (ribosomes, RNA polymerases,
and transporter systems), signal transductions, metabolic
pathways, chromosomal structures and gene synteny, and so
forth. An important direction is to define and reconstruct the
evolutionary scenario on the basis of polytomous trees, also
in application to study fast evolving bacteria and viruses with
high medical impact, and in shaping the primary genomes.
Dating of the phylogeny immediately depends on progress in
detecting zones of active horizontal gene transfers or other
genomic events, defining time slices to describe tree-like
phylogenies, and so forth.

Mathematics of phylogenetics will grow to foster alterna-
tive ways to describe evolution: generalization of trees into
nets and developing models based on stochastic and partial
differential equations. An important focus is to develop low
polynomial complexity algorithms for exact models that
are usually solved heuristically. Contemporary methods of

clustering and discrete optimization have already proved very
effective. Thus, graphs with 10°° vertices, 10° parts, and the
same average vertex degree can be processed on a multipro-
cessor machine in reasonable time. A high priority for testing
modern algorithms is to obtain primary data with known
predefined solutions. The call is for realistic computational
models that allow simulating large-scale phylogenies and can
serve for future studies, as well as real data with known
phylogenies or at least few data sets where everybody would
agree what the correct phylogeny is.

The contents of the special issue of 2015 cover research of
various groups that use the toolkit of phylogenetics to tackle
a spectrum of evolutionary questions. Apart from classic
molecular systematic applications to infer taxon phylogenies,
the trend is obvious to approach molecular and biodiversity
assessment at different levels in various communities, at
intraspecific level and in environmental samples, including
systematic studies of bacterial and viral pathogenic agents.
Molecular markers such as mobile elements are being devel-
oped and exploited in studies of population polymorphisms,
and RNA secondary structures are used to detect signatures
of selection.

A historical profile of molecular phylogenetics with some
extrapolations into the future, as well as a brief outline of hot
spots in this field, can be found in this special issue [3]. We
truly hope that these contributions will be of use to scientists
in various areas in possibly helping them to find answers and
pose new questions in their own research.

Vassily Lyubetsky
William H. Piel
Peter E Stadler
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In general, the mechanism of protein translocation through the apicoplast membrane requires a specific extension of a functionally
important region of the apicoplast-targeted proteins. The corresponding signal peptides were detected in many apicomplexans but
not in the majority of apicoplast-targeted proteins in Toxoplasma gondii. In T. gondii signal peptides are either much diverged or
their extension region is processed, which in either case makes the situation different from other studied apicomplexans. We propose
a statistic method to compare extensions of the functionally important regions of apicoplast-targeted proteins. More specifically,
we provide a comparison of extension lengths of orthologous apicoplast-targeted proteins in apicomplexan parasites. We focus on
results obtained for the model species T. gondii, Neospora caninum, and Plasmodium falciparum. With our method, cross species
comparisons demonstrate that, in average, apicoplast-targeted protein extensions in T. gondii are 1.5-fold longer than in N. caninum
and 2-fold longer than in P. falciparum. Extensions in P. falciparum less than 87 residues in size are longer than the corresponding

extensions in N. caninum and, reversely, are shorter if they exceed 88 residues.

1. Introduction

In general, the mechanism of protein translocation through
the apicoplast membrane requires a specific extension of
a functionally important region of the apicoplast-targeted
proteins. In T. gondii signal peptides are either much diverged
or their extension region is processed, which in either case
makes the situation different from other studied apicomplex-
ans. We propose a statistic method to compare extensions
of the functionally important regions of apicoplast-targeted
proteins. More specifically, we provide a comparison of
extension lengths of orthologous apicoplast-targeted proteins
in apicomplexan parasites. We ground on the notion that
the majority of cyanobacterial proteins lack such extensions
(including signal peptides) and consist of only functional
sequences.

Sporozoans comprise a monophyletic lineage of api-
complexan parasites. Among them, Toxoplasma gondii is
an important medical and veterinary pathogen commonly

causing morbidity in HIV patients [1, 2]. The study [3, 4]
describes the propagation mechanism of T. gondii in various
hosts worldwide, including several aquatic mammal species,
where it may provoke abortion and lethal systemic disease.
The observation that the apicoplast of T. gondii significantly
varies in shape and protein expression patterns at different
life stages of the parasite suggests its important role in
virulence; the apicoplast of T. gondii is also involved in the
pathogen stage conversion and the parasite proliferation [5].
Due to bacterial origin of the apicoplast proteins, they present
a natural target for selective treatment in the eukaryotic
host. The sporozoans contain a semiautonomous organelle,
the apicoplast, acquired by secondary endosymbiosis with
ancient red algae; plastid organelles of the red algae originate
from cyanobacteria [6-8].

Elucidating the molecular mechanism that underlies the
role of apicoplast in the parasite invasion, conversion, and
proliferation is important for development of novel thera-
peutics to control infection and reactivation of the parasite.
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Further analysis of unique features of apicoplast-targeted
proteins (particularly, regions involved in translocation pro-
cesses) in T. gondii can add to the effective design of drug-
based or genetic strategies to control the pathogen develop-
ment and proliferation. At the reported stage of the study,
we analyze only extensions in length of orthologs among
apicomplexan parasites.

Note that the coccidian Cryptosporidium parvum lacks
the apicoplast [9], and the apicoplast in piroplasmids Babesia
bovis and Theileria parva largely differs from that in common
coccidians and the haemosporidian Plasmodium spp. [10, 11].

The majority of apicoplast proteins are encoded in the
nucleus and only few in its own genome. Most of these
proteins can be identified due to their cyanobacterial origin.
Transport of nuclear-encoded proteins to the apicoplast in T.
gondii is significantly less documented experimentally com-
pared to Plasmodium falciparum. Among the documented
cases is the nuclear-encoded lipoic acid synthetase LipA
[12]; other examples are described in [13-15]. A mechanism
of protein import into secondary plastids is also described
in [16], where many orthologous proteins involved in this
process were shown to be presented in the sporozoans P
falciparum and T. gondii, cryptophyte alga Guillardia theta,
and diatom Phaeodactylum tricornutum. Plastids also possess
the bacterial system to translocate folded proteins [17, 18].

A variety of protein localization prediction methods are
used to identify apicoplast-targeted proteins. Some of them
utilize the notion that translocation across the four mem-
branes surrounding the apicoplast is mediated by an N-
terminal bipartite targeting sequence, a special N-terminal
signal, and a transit peptide [13]. The algorithm ApicoAP
described in [19] predicts apicoplast-targeted proteins con-
taining the signal peptide, because it trains on a learning sam-
ple of signal peptide-containing proteins. Other apicoplast-
targeted proteins are predicted neither with this algorithm
nor with ApicoAMP ([20]. The comprehensive ToxoDB
database constructed using the SignalP algorithm contains
proteins with the information on presence/absence of the
signal peptide. According to this database, some nuclear-
encoded proteins in T. gondii that are experimentally shown
to reach the apicoplast should do not contain signal peptides,
albeit bearing housekeeping functions in the apicoplast. The
methods in application to Plasmodium spp. are described,
for example, in [19, 21-23]. The PlasmoAP algorithm [24]
is designed specifically for Plasmodium spp. and is of little
applicability to coccidians. Hence, these two widely used
databases may be considered of limited use to identify
apicoplast-targeted proteins not containing the standard sig-
nal peptide in coccidians. We therefore applied a crude tech-
nique to compare apicomplexan proteins with their orthologs
in a cyanobacterium. Namely, orthology between nuclear-
encoded sporozoan proteins and cyanobacterial proteins is
used as a basis to suggest the apicoplast-targeted nature
of the proteins. As our study relies on statistic estimates,
its predictions are hopefully not affected by the chosen
parameters of global protein alignment.

In this work, the lengths of sporozoan proteins are com-
pared with each other and with the length of their orthologs
in the cyanobacterium Synechocystis sp. PCC 6803. We
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consider lengths of the sporozoan proteins that extend out-
side the conserved alignment region, which usually covers the
entire cyanobacterial sequence. We focus on results obtained
for the model species T. gondii, Neospora caninum (the two
coccidian sporozoans with completed genome projects, as per
the end of 2013), and the malaria agent P. falciparum from the
Haemosporidia.

Based on the total comparison, we conclude that T. gondii
in most cases contains longer proteins compared to both
N. caninum and P. falciparum. We also surmised that at
least some of them undergo processing in the cytoplasm
to facilitate transporting into the apicoplast. The extended
portions of proteins may also be involved in gene expression
regulation at the level of protein-protein interaction.

As an argument, the regulation of plastid-encoded genes
ycf24 and rps4 affects the general functionality of the api-
coplast in T. gondii [25]. The expression regulation of ycf24
(the SufB factor mediating the Fe-S cluster assembly in many
nuclear proteins) was suggested to take place in the apicom-
plexans Eimeria tenella, T. gondii RH, and Plasmodium spp.,
as well as in Gracilaria tenuistipitata, Porphyra purpurea, and
Porphyra yezoensis [25]. The same type of regulation was
suggested for rps4 (ribosomal protein S4) in T. gondii RH
[25].

2. Materials and Methods

Protein data for T. gondii and N. caninum was extracted
from the ToxoDB database (version 8.2), data for Plasmodium
spp. from the PlasmoDB database (version 9.3), and data
for Synechocystis sp. PCC 6803 from GenBank, NCBI [26].
ToxoDB and PlasmoDB are specialized, regularly updated,
and nonoverlapping databases. Conserved domains were
detected according to the Pfam database [27]. The location
of regions enriched with a certain amino acid was established
using the PROSITE database [28].

We compared the proteomes of three apicomplexan
parasites (T. gondii ME49, N. caninum Liverpool, and P.
falciparum 3D7) and the cyanobacterium Synechocystis sp.
PCC 6803. For each pair of proteomes, pairs of orthologous
proteins were computed on the basis of an alignment quality
score using the Needleman-Wunsch method and BLOSUM62
matrix [29, 30].

Our method to study the lengths of the apicomplexan
protein extensions is as follows. For each cyanobacterial
protein with length s and its two orthologs (from a fixed
pair of apicomplexans) with lengths a and a’, the point with
coordinates (a — s, a’' — s) is computed. In some cases, one
or both of the coordinates are negative, which indicates a
sporadic case of a shorter length of the sporozoan protein
versus the cyanobacteria.

In Figures 1-3, the cases of N. caninum-T. gondii (N-T), P.
falciparum-T. gondii (P-T'), and P. falciparum-N. caninum (P-
N) are analyzed using three sets of points. Each coordinate
is the difference in lengths between the sporozoan and
cyanobacterial orthologs: T. gondii versus Synechocystis (T-
S), N. caninum versus Synechocystis (N-S), and P. falciparum
versus Synechocystis (P-S). The sets of points are then sta-
tistically analyzed. The following statistic was used to test
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FIGURE 1: Plot of protein length extensions in T. gondii ME49 versus
N. caninum relative to their orthologs in Synechocystis sp. PCC
6803. Differences in lengths between sporozoan and cyanobacterial
orthologous proteins are plotted as follows: T-S on the x-axis, N-S
on the y-axis.

the hypotheses that “a constant is better compatible with the
set of points {(x;, ;) | 1 < i < n} than the nontrivial
affine function y = kx + b, k # 07 and “the linear
function y = kx is better compatible with this set of points
than the affine function y = kx + b,b # 0 F =

\/((Zi(yi = o)) Ty = 7(x:))") = 1) - (= 2), where
in the numerator is a constant (mean y over all y) or linear
regression y = kx and ¥ in the denominator is affine
regression y = kx + b. This statistic can be explained more
clearly: it determines whether there is a correlation between
the difference y; — ¥(x;) and x;. This statistic is standard
and substantiated in [31, 32]. The value of F was compared
against a threshold defined as the Student random variable at
significance level «, (1 — 2, o). Under the number of degrees
of freedom n — 2 > 30, the Student and standard Gaussian
distributions approximate each other, and the threshold
£(266,0.05) equals 1.96. An analogous statistic was used to
test the hypothesis “affine function versus general polynomial
of second degree” The confidence interval radius and the
radius of the intercept (further referred to as radius) for the
affine regression slope as well as the slope coeflicient radius
for linear regression were calculated in a standard fashion
[32]. The Student test statistic S was used as well [32]. Deming
regression and screening singular points were tested as well.

Regions of proteins with a predominance of one amino
acid were determined by using the PROSITE program.
The distribution of amino acid pairs separated by a fixed
distance k in a given set of amino acid sequences was
established using the simple computer program available
from http://lab6.iitp.ru/utils/aapf/. Namely, frequencies of
all amino acid pairs occurring in the given sequences at
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FIGURE 2: Plot of protein length extensions in T. gondii ME49 versus
P falciparum 3D7 relative to their orthologs in Synechocystis sp. PCC
6803. Differences in lengths between sporozoan and cyanobacterial
orthologous proteins are plotted as follows: T-S on the x-axis, P-S
on the y-axis.
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FIGURE 3: Plot of protein length extensions in N. caninum Liverpool
versus P. falciparum 3D7 relative to their orthologs in Synechocystis
sp. PCC 6803. Differences in lengths between sporozoan and
cyanobacterial orthologous proteins are plotted as follows: N-S on
the x-axis, P-S on the y-axis.

the distance of k residues (specified in the interval from
0 to 255) are computed and averaged over all sequences.
The output is a frequency matrix of amino acid pairs. This
matrix can be used to characterize nonstandard types of the
putative signal peptide. This way it also appeared impossible
to determine specificity of the N-terminus of apicoplast-
targeted proteins in T. gondii; refer to Figure 4.
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FIGURE 4: Some apicoplast-targeted proteins in T. gondii containing
serine-rich regions. The region coordinates indicated on the left and
the protein lengths on the right. The serine-rich regions are arranged
irregularly, which is confirmed on a larger number of proteins for
different pairs, triples, and so forth of amino acids.
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3. Results and Discussion

Orthologs of Synechocystis sp. PCC 6803 were identified for
515 of 8319 (~6%) nuclear proteins in T. gondii, 560 of 7122
(~8%) nuclear proteins in N. caninum, and 390 of 5538 (~7%)
nuclear proteins in P. falciparum. Only 877 of 3179 (~28%)
proteins in Synechocystis sp. were found to be orthologous
against at least one of the three apicomplexan species (see
Supplementary Material available online at http://dx.doi.org/
10.1155/2015/452958).

The identified orthologs are putative apicoplast-targeted
proteins. Among them are proteins with either experimen-
tally shown or anticipated apicoplast aflinity, such as the
bacterial type RNA polymerase sigma subunit (RpoD), DNA
ligase, aminoacyl-tRNA synthetases, cell-cycle-associated
protein kinase PRP4, enzymes IspA, IspB, IspE, IspE, IspG
(GpcE), and IspH (LytB) of the mevalonate-independent
pathway of isoprenoid biosynthesis, sulphur mobilization
protein SufC from a Fe-S cluster assembly pathway, and
LipA and LipB enzymes of lipoic acid synthesis (refer to
the Introduction [5, 12, 14, 15]). In pairwise alignments, the
sporozoan and cyanobacterial proteins usually align well at
their C-termini, and the cyanobacterial sequence is fully
covered by the alignment. In many cases, the N-termini of
sporozoan proteins extend outside the alignment (data not
shown).

In most cases, sporozoan proteins are longer compared
to their bacterial orthologs, Figures 1-3. We demonstrate
statistically that the majority of proteins in T. gondii are
considerably longer compared to their orthologs in N. can-
inum Liverpool and P. falciparum 3D7, which was evidenced
previously only for selected proteins [12, 33].

The hypotheses “a constant is better than the nontrivial
affine function” and “affine function versus general polyno-
mial of second degree” were rejected for every three sets
of points shown in Figures 1-3. The hypothesis “the linear
function is better than the affine function” was compatible
with the first two sets (F = 0.15 and F = 1.57; refer to
the designation in Materials and Methods section) and was
rejected for the third set (F = 3.40). Thus, the third set
was tested against the hypothesis “the mean over all x-
coordinates coincides with the mean over all y-coordinates”;
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this hypothesis was accepted with the Student test statistic S
at the same significance level a (with S = 1.547) [32].

Hence, the following regressions were justified. For set
I, y = 0.6711x with radius 0.0468; for set 2, y = 0.528x
with radius 0.0590; for set 3, y = 0.5685x + 37.756 (linear
regression rejected with F = 3.40) with radii 0.0926 and
21.7521, respectively.

The Deming regression gives approximately the same
estimates; screening singular points does not significantly
affect the results (data not shown).

So, the following conclusions can be drawn for the
apicoplast protein orthologs that have orthologs in the
cyanobacterium.

(1) Protein extensions in T. gondii are on average 1.5-fold
longer compared to the corresponding extensions in
N. caninum, with almost 1.0 confidence (Figure 1).

(2) Protein extensions in T. gondii are on average 2-fold
longer compared to the corresponding extensions in
P, falciparum, with high confidence (Figure 2).

(3) Set 3 (Figure 3) is compatible with the hypothesis that
the average of protein extension lengths in N. can-
inum equals that in P. falciparum. Extension lengths
in P, falciparum being less than 87 residues are longer
than the corresponding extensions in N. caninum and,
reversely, are shorter if they exceed 88 residues. In
units, the dependency between extension lengths in
P, falciparum versus N. caninum is an affine function
y = 0,5685x + 37,756, where y runs over extension
lengths in P. falciparum and x in N. caninum. The
affinity, but not the linearity, of the regression testifies
on behalf of the difference of T. gondii from her
immediate species P. falciparum and N. caninum once
again.

Among other specific features of apicoplast-targeted pro-
teins is the abundance of serine-rich regions revealed in
analyses with PROSITE (Figure 4). Each of the 3551 proteins
in T. gondii ME49 possesses at least one 27 amino acid-
long region with at least 9 serine residues, and 39 proteins
possess at least one region with 27 or more continuous serine
residues. Contrary to our expectations, larger-scale searching
for serine-rich motifs in T. gondii showed their presence in
various protein families, thus suggesting a selectively neutral
nature of their origin. In other words, serine-rich regions are
not specific to N-termini of apicoplast-targeted proteins. The
same is also observed for other amino acids. This approach
does not allow detecting a novel type of the N-terminal signal.

Earlier preliminary results are reported in [33].

4. Conclusions

For apicomplexan parasites, we suggest a statistically based
method to compare the extension lengths of orthologous
proteins that have orthologs in the cyanobacterium.

With this method, we demonstrate that the majority of
cyanobacterium orthologs in Toxoplasma gondii are signifi-
cantly longer compared to those in both Neospora caninum
and Plasmodium falciparum. These proteins commonly lack
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signal sequences typical for Plasmodium spp. [34]. The
corresponding extensions might be essential for regulation
of the apicoplast proteins and their translocation into the
apicoplast. This notion conforms well with the observation
that the apicoplast membrane in T. gondii is known to be
less permissible, at least against drugs, compared to that
in P falciparum (personal communication with Gamaleya
Research Institute of Epidemiology and Microbiology). Dif-
ferences in protein extension lengths between T. gondii and
other apicomplexan species may suggest different membrane
transport mechanisms in these sporozoan groups. Mecha-
nism of regulation and translocation in T. gondii may be
based on protein processing in the cytoplasm to mature their
extended N-termini.
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Proteins of the same functional family (for example, kinases) may have significantly different lengths. It is an open question whether
such variation in length is random or it appears as a response to some unknown evolutionary driving factors. The main purpose of
this paper is to demonstrate existence of factors affecting prokaryotic gene lengths. We believe that the ranking of genomes according
to lengths of their genes, followed by the calculation of coefficients of association between genome rank and genome property, is a
reasonable approach in revealing such evolutionary driving factors. As we demonstrated earlier, our chosen approach, Bubble-sort,
combines stability, accuracy, and computational efficiency as compared to other ranking methods. Application of Bubble Sort to the
set of 1390 prokaryotic genomes confirmed that genes of Archaeal species are generally shorter than Bacterial ones. We observed
that gene lengths are affected by various factors: within each domain, different phyla have preferences for short or long genes;
thermophiles tend to have shorter genes than the soil-dwellers; halophiles tend to have longer genes. We also found that species
with overrepresentation of cytosines and guanines in the third position of the codon (GC; content) tend to have longer genes than

species with low GC; content.

1. Introduction

To better understand the interaction between the environ-
ment and bacteria, whether in a human host or any other
ecosystem, one must know the laws governing prokaryotic
evolution and adaptation to environment. For example, it is
essential to study how a change in pH or external temperature
affects a bacterial genome and especially its coding sequences.
Unfortunately, the laws of prokaryotic coding sequence evo-
lution remain unclear. Orthologous proteins may drastically
differ in both codon usage and length across species. When
a gene length changes, a protein may acquire a new function
or lose an existing one, hence, changing the entire ecosystem.
Many studies have analyzed the relationship between codon
usage and the environment [1-3], but a few efforts were

made to predict the effect of a changing environment on
gene length. The main results were related to comparative
analysis between protein lengths in eukaryotes and prokary-
otes. Detailed comparison of protein length distributions in
eukaryotes and prokaryotes can be found in [4, 5]. Wang et al.
[6] proposed that “molecular crowding” effect and evolution
of linker sequences can explain differences between length
of orthologous sequences in super-kingdoms. Our study is
focused on protein lengths in prokaryotes, exclusively.

How does gene length change occur in prokaryotes?
The main driving force in shaping gene length is a point
mutation [7]. Point mutations may cause a stop codon shift,
when the existing stop codon is destroyed and gene length is
increased, a start codon drift, or appearance of a premature
stop codon. To understand trends of fixation of mutations
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changing protein lengths we performed a comparative study
of lengths of paralogs. We explore the use of seriation of
genomes based on paralogs’ lengths.

In recent papers [8, 9], we formulated the genome ranking
problem, listed several approaches to solve it, described a
novel method for genome ranking according to gene lengths,
and demonstrated preliminary results from the ranking of
prokaryotic genomes. These results indicated that hyper-
thermophilic species have shorter genes than mesophilic
organisms. We hypothesize that gene lengths are not ran-
domly distributed; instead they are affected by a number of
environmental, genomic and taxonomic factors. In this paper
we present a framework for analysis of gene lengths and
evaluate effects of environmental factors.

In order to analyze evolutionary pressures acting on genes
it is necessary to group them into well-defined functional
categories. There are several existing approaches. First of all,
there is the most popular database of Clusters of Orthologous
Groups (COG) of proteins, which is a comprehensive collec-
tion of prokaryotic gene families. This database was created
to classify the complete complement of proteins encoded
by complete genomes based on evolutionary development.
The data in COGs are updated continuously following
the sequencing of new prokaryotic genomic sequences. As
described by Tatusov et al. [10], the COGs database is a
growing and useful resource to identify genes and groups of
orthologs in different species that are related by evolution.
Sixteen years ago, the database was started with only seven
Bacterial genomes; in 2010 the database consisted of proteins
from 52 Archaeal and 601 Bacterial genomes (a total of
653 complete genomes) that were assigned to 5,663 COGs;
currently it contains approximately 2 K genomes.

The COG database is not the only possible data compi-
lation to classify prokaryotic proteins. Since its publication
over a decade ago, additional classifications have appeared.
In 2007, Archaea were grouped into the acCOG database [11].
Another alternative, the eggNOG database [12, 13], grouped
gene families at the universal level, covering all three domains
of life.

Recently, Bolshoy et al. introduced a “gene-length based”
model [14, 15], representing genomes as vectors of genes. The
set of genomes is represented as a matrix, in which each row
stands for a genome and each column stands for a gene family.
Therefore, each element of this matrix stands for the length of
a member of a gene family i in a genome j. In our study, the
objects are annotated prokaryotic genomes; the descriptors
are the lengths of the genome proteins indexed according to
the COG database.

A ranking is a relationship between a set of objects
such that, for any two objects, the first is either ranked
“higher than,” “lower than,” or “equal to” the second. Gene
ranking is a useful approach to answer biological questions,
however it is sometimes difficult to implement. Here we
bring examples of usage this measure in biologic sciences.
A prioritization or ranking is used in bioinformatics to aid
in the discovery of disease-related genes. Computational
methods are employed for ranking the genes according to
their likelihood of being associated with the disease. A variety
of methods have been conceived by the researchers for the
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prioritization of the disease candidate genes. A review of
various aspects of computational disease gene prioritization
and related problems is presented in Gill et al. [16].

In our case, the goal is to order the genomes that are rep-
resented as rows of a gene length matrix. There are different
possible approaches to define the optimal rank of rows in the
matrix. We have previously determined [9] that Bubble Sort
method (B-Sort, see Section 5) is more accurate than Average
Sort and Simple Additive Ranking and it is as accurate and
significantly faster than the Simulated Annealing Procedure.

The complexity of the ranking problem using matrices
with missing values was discussed in detail [17]. The same
ranking problem appears in several areas of operations
research, such as in the context of group decision making
[18] and country-credit risk rating [19]. Missing data as well
as variable relative importance of different gene families
make the problem increasingly complex. To the best of our
knowledge, genome ranking problem has been addressed for
the first time in [8, 9].

Establishing ordered lists of genomes using lengths of
coding sequences of orthologous genes, we aim to find an
association between a genome rank and a genome property
of interest, such as its role in virulence and adaptation. There
are many different types of such properties: a prokaryote
can be either Archaea or Bacteria; an organism may be
hyperthermophile, thermophile, psychrophile, or mesophile;
a genome has a certain GC-content, and so on. In summary,
the goal is to find out whether gene lengths of a genome are
associated with various genome properties and to measure
the magnitude of this association. These findings will allow
us to determine important factors such as virulence, biofilm
formation, and antimicrobial resistance that may be associ-
ated with the pathogenesis of a specific species and the ability
to cause serious infections in patients.

2. Results

We used a dataset of 1390 genomes (the “big” dataset) and
a randomly selected subset of 100 genomes (the “small”
dataset). For each dataset we used complete and filtered
versions. The filtering procedure (see Section5) removes
those COGs that are present in only a small number of
genomes and are likely to skew the ordering results. We
set the frequency threshold to be 35%, meaning that the
filtering procedure removes COGs present in less than 35%
of analyzed genomes. After filtering we obtained the filtered
dataset containing 1474 COGs.

We assessed the consistency of ranks of genomes of the
small dataset in two orderings: of the entire collection of
1390 genomes and of the subset of 100 genomes (Figure 1).
We determined corresponding ranks of 100 genomes in the
B-sorted dataset of 1390 genomes and discovered that the
two orderings of 100 genomes were highly consistent (with
correlation coefficient of 0.95). This confirms that the ranking
procedure is stable. However, random selection of a small
subset may cause wrong ranks of a few isolated genomes.
Indeed, there are some genomes that show differences in
100 and 1390 genomes rank, for example, bacteria Sodalis
glossinidius, which is ranked 42 in 100 genomes and 162
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TABLE 1: B-sort results (one run) for 1390 genomes, archaea.

Phylum Average rank StDev Median rank Rank range Number of genomes
Crenarchaeota 189 179 77 7-492 35
Euryarchaeota 312 297 233 5-1263 74
Korarchaeota 169 NA 169 169-169 1
Nanoarchaeota 5 NA 5 5-5 1
Thaumarchaeota 347 239 347 178-516 2
Unclassified archaea 771 NA 771 771-771 1
100
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FIGURE 1: Consistency of Bubble Sort ranks in 1390 and 100 genomes
datasets. Pearson’s correlation coefficient between two ranks is 0.95;
Kendall tau correlation coefficient is 0.82.

in 1390 genomes dataset. Therefore, the ranks’ consistency
found for the huge majority of ranks is an additional support
to the chosen method of ranking.

Let us start with an overview of the orderings; let us
compare ranks of Bacteria and Archaea. (Larger value of a
genome rank means longer genes in this genome.) Bacterial
genomes have a broader distribution of ranks than Archaeal
genomes (Figure 2). Overall, Bacterial ranks are larger than
Archaeal ranks in the 1390 genome, as well as in 100 genome
datasets. This observation can be illustrated using the violin
plot of ranks’ distributions, as shown in Figure 2. Average
rank of 1276 Bacterial genomes was 735 and average rank
of 114 Archaeal genomes was 254. This visual observation is
also supported by a simple statistical procedure. Using the
Wilcoxon rank test and & = 0.01, we calculated the test
statistic T, equal to the sum of the ranks for the ordered data
that belong to Archaea. T, was 28,913. For large samples T,
is approximately normal with expected value and standard
deviation calculated as

n, (ny, +n, +1)
2

)= \/nunb (n, +m,+1) g

E(T,) = = 79,287,

=4106.3.
12

FIGURE 2: Violin plots of Bubble sort ranks of Archaea and Bacteria.
Average rank of 1276 Bacterial genomes is 735 and average rank of
114 Archaeal genomes is 254.

Therefore,

LB,y
o (T,) )

P(Z < -12.27) ~ 10* < 0.01.

Hence, we conclude that Bacterial genomes rank signifi-
cantly higher than Archaeal genomes. Tables 1 and 2 show
the summary statistics for the ordering of Archaeal and
Bacterial genomes. These tables show mean, median, range,
and standard deviation of Archaeal and Bacterial ranks
of 1390 genomes stratified by phylum. In the Bacterial
domain, Firmicutes and Thermotogae have shorter genes and
Actinobacteria have longer ones. In the Archaeal domain,
Euryarchaeota have longer genes than Crenarchaeota.. These
results are consistent with our earlier findings from analysis
of 100 prokaryotic genomes [8].

Next, we considered the nucleotide composition of cod-
ing regions. In prokaryotes, the nucleotide composition of
coding regions varies significantly between species. GC,
(frequency of cytosine and guanine in the third position of
the codon) is one of the variable features. Across the Bacterial
domain, GC; ranges from 10% to 90% [20]. Tatarinova et al.
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TABLE 2: B-sort results for 1390 genomes, bacteria.
Phylum Average rank STD Median rank Rank range Number of genomes
Actinobacteria 1223 166 1260 343-1390 137
Aquificae 182 79 168 82-306 8
Bacteroidetes/Chlorobi 992 188 1071 502-1359 71
Candidatus Cloacamonas 1054 NA 1054 1054-1054 1
Chlamydiae/Verrucomicrobia 1076 81 1079 835-1223 25
Chloroflexi 774 520 1109 70-1274 15
Chrysiogenetes 545 NA 545 545-545 1
Cyanobacteria 938 209 975 619-1276 40
Deferribacteres 205 NA 205 205-205 1
Deinococcus-Thermus 607 282 566 263-1126 12
Dictyoglomi 207 49 207 172-242
Elusimicrobia 412 143 412 311-513
Fibrobacteres/Acidobacteria 171 172 1240 839-1293 6
Firmicutes 307 188 286 21-1387 271
Fusobacteria 462 100 461 361-564 4
Gemmatimonadetes 1214 NA 1214 1214-1214
Nitrospirae 563 418 563 267-858
Planctomycetes 1364 29 1368 1319-1389
Proteobacteria 759 325 775 1-1379 588
Spirochaetes 1050 155 1066 700-1317 31
Synergistetes 466 40 466 438-494 2
Tenericutes 657 223 631 92-1092 36
Thermobaculum 1049 NA 1049 1049-1049
Thermodesulfobacteria 458 32 458 435-480 2
Thermotogae 253 165 203 45-566 12

previously demonstrated [21, 22] that, within one eukary-
otic species, GC; content can be used to distinguish two
classes (housekeeping and stress-specific) genes. Currently,
we sought to evaluate mutation pressure acting on the entire
prokaryotic genome by examining how the average GC,
content, calculated across all genes in a genome, is related
to the position of the genome in a global ordering. We
calculated the GC,; content of coding regions across all
analyzed genomes and discovered that the genome rank
and cytosine/guanine content of the third codon position
of genes are positively correlated (Spearman rank corre-
lation coefficient p(GCs,rank) = 0.62 for Bacteria and
p(GCs, rank) = 0.59 for Archaea). For example, the average
GC; content in Actinobacteria (0.70) is twice the amount
seen in Firmicutes (0.35).

3. Discussion

The ability of some species to grow at high temperatures has
been a long-term fascination of microbiologists. Proteins of
hyperthermophilic species are more resilient to heat and are
shorter than proteins of mesophilic species. Understanding
this effect is important for biotechnology [23].

Up to now, less than a dozen studies were devoted to
protein length distribution. Among those, there were only
four relevant publications: [4, 5, 8, 24]. In 2000, using an
early version of the COG database, Zhang compared 22

species in three domains of life [4] and found that the
average gene length is smallest for Archaea and greatest
for eukaryotes. Similarly, Skovgaard et al. [24] analysed
34 prokaryotic genomes and discovered that, for the vast
majority of functional families, Bacterial proteins were longer
than Archaeal ones. In 2005, Brocchieri and Karlin [5]
confirmed these findings using a larger collection of genomes
(16 Archaeal and 67 Bacterial species). They found that bac-
teria were enriched in functional families with longer genes.
In addition, they described a negative correlation between
protein length and optimal growth temperature of Archaea
and Bacteria. By grouping proteins into broad functional
classes (information storage and processes; cellular processes;
metabolism; poorly characterized; not characterized) and
comparing their median lengths, Brocchieri and Karlin con-
cluded that “information storage and processes” proteins are
shorter than “cellular processes” and “metabolism” proteins.
They also found that Archaea have more of the shorter and
poorly characterized proteins.

The above mentioned studies, performed on relatively
small sets of genomes, share the same deficiency of using
average (mean or median) lengths of genes in a genome
to reach their conclusions. As we illustrated in [8, 9] this
approach can substantially distort results. In [8, 9] we pro-
posed a systematic framework to analyse the relationship of
prokaryotic gene lengths and environmental conditions that
is not based on analysis of average lengths of proteins. This
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framework, further investigated in the current paper, allows
more flexibility and produces more meaningful results than
the previous approaches.

Hyperthermophilic species of Archaea and Bacteria, liv-
ing in extreme environments (such as volcanic hot springs)
occupy the top portions of the ranking lists of the small and
big datasets. At a first glance it appears that we could hypothe-
size that extremophiles have shorter genes than species living
under normal conditions. However, the situation appears to
be more complex. For illustration we consider Sulfolobales,
Thermoproteales, and Halobacteriales. Sulfolobales grow in
volcanic hot springs at pH 2-3 and a temperature of 75-
80 degrees Celsius. In the ordered list of 1390 genomes,
Sulfolobales occupy positions from 12 to 94, which means that
as a rule Sulfolobales have very short genes. Thermoproteales
(extremely thermoacidophilic anaerobic Archaea isolated
from Icelandic solfataras) also have very short genes, their
genomes are found in positions from 7 to 77 but also in posi-
tions from 412 to 460 in the ordered list, which are positions
of genomes with moderately short genes. Halobacteriales
(found in water saturated or nearly saturated with salt) are
placed in positions from 541 to 1263 which are not considered
genomes with short genes. From these observations follows
that stress of living in an arbitrary extreme environment
is not the factor, while, probably, hyperthermophilicity and
halophilicity are the factors affecting orderings in opposite
directions.

We also showed that, as a group, Bacterial genomes are
ranked significantly higher than the Archaeal ones according
to the length of their genes (Figure 2). This observation may
be explained by the fact that the vast majority of completely
sequenced Archaeal genomes are hyperthermophiles, which
tend to have shorter genes as compared to psychrophiles
and mesophiles. Our previous speculations obtained on
relatively small datasets [8] and our current results on 1390
genome dataset are consistent with the hypothesis that high
temperature environment is a factor causing reduction of
gene length. In the 100-genome dataset hyperthermophiles
occupy positions in the top portion of the list: top 20 in the
100 genomes list. They are also ranked in the top of the 1390
genome dataset.

We also observed that 34% of the shortest (first 100
positions in the ordered list) of 1390 genomes are occupied
by hyperthermophilic species, while none are found in the
longest (last 100 in the ordered list). Furthermore, 90%
of thermophiles are placed in the top third of the list.
Moderately thermophilic species are not restricted to the
top positions. For example, Thermobifida fusca (a moderately
thermophilic soil bacterium growing at 55°C and a major
degrader of plant cell walls in heated organic materials such
as compost heaps, rotting hay, manure piles or mushroom
growth medium) occupies position 1260 in the ordered list.
Anaerolinea thermophila, with similar growth temperature,
has a close position of 1173.

There are several remarkable features that appeared as
a result of the 1390 genome ordering. Campylobacterales
(belonging to the phylum Proteobacteria) have an average
position of 203, with the smallest position of 10 (Helicobacter

bizzozeronii ciii-1) and the largest position of 392 (Helicobac-
ter hepaticus atcc 51449). Most species in this family are
human and animal pathogens. Namely, Campylobacter jejuni
is a microaerophilic bacterium frequently associated with
gastroenteritis in humans. Complications such as meningitis
[25], septicemia [26], and Guillain-Barré syndrome have also
been reported [27]. In addition, Helicobacter bizzozeronii
(position 10) has been implicated in gastric infections, similar
to Helicobacter pylori, referred to as non-Helicobacter pylori
Helicobacter (NHPH) infections in humans [28]. It appears
that all known Campylobacterales have short genomes. It is
tempting to speculate that there are evolutionary pressures to
keep genes in short pathogenic genomes as short as possible.

However, not all pathogens have short genes. Not even
all pathogens with short genomes have short genes. Common
obligate intracellular prokaryotic pathogens from the phylum
of Chlamydiae are very small (measuring 0.3-0.6 ym in
diameter) and grow by infecting eukaryotic host cells. This
phylum is comprised of several major intracellular pathogens
of humans and animals, causing a variety of diseases. These
bacteria can cause keratoconjunctivitis, pneumonitis, and
sexually transmitted infections. In spite of its small physical
dimensions, Chlamydiae have exceptionally long genes: the
ranks of 21 members of this class are located from positions
835 to 1127 in the ranking list. We speculate that there are
certain evolutionary factors (yet to be discovered) that keep
Chlamydiae genes so long.

As we see, Campylobacterales (of the phylum Proteobac-
teria), have short genes. At the opposite end of the length
spectrum we find the phylum Actinobacteria, tending to have
longer genes. Only 8 out of 137 species of Actinobacteria have
positions below 1000 in the ordered set. One of the species,
a pathogenic bacterium Renibacterium salmoninarum [29],
was placed among species with characteristically short genes
in the position 343. The genome of R. salmoninarum has
extended regions of synteny to the Arthrobacter sp. strain
FB24 and Arthrobacter aurescens TCl genomes, but it is
approximately 1.9 Mb smaller than two sequenced Arthrobac-
ter genomes and has a lower GC content [29]. In the Bubble
Sortlist, Arthrobacters occupy positions 1230, 1301, 1342, 1343,
and 1354. Our results show that significant genome reduction,
which has occurred since divergence from the last common
ancestor, affected not only gene content but also lengths of
remaining genes. It is possible that factors affecting gene
lengths of Actinobacteria are different from the factors acting
on Chlamydiae, while resulting in keeping proteins longer in
both cases.

Relationships between gene length and codon bias have
been previously studied by [30-33]. Oliver and Marin [30]
and Xia et al. [32] observed a positive correlation between
length and GC composition of coding sequences in prokary-
otes, attributing the effect to reduced frequency of stop
codons in GC-rich species. Later Xia et al. [33] mentioned
that the correlation is weak for a number of species, with
4 species showing a negative correlation. Thus Xia et al.
formulated a more general hypothesis incorporating selec-
tion against cytosine (C) usage. In [33] they described two
additional factors giving rise to this selection: transcription
efficiency and “insurance” against cytosine deamination.



Third positions in codon are largely degenerate; 70%
of changes at third codon positions are synonymous [34].
Therefore, it makes sense to analyze adaptation effects using
GC composition in the third position of the codon, GC;.
We showed that adaptation to higher temperatures affects
the genome in two ways: first, GC; content of genes tends
to increase with growth temperature [35]; at the same time,
hyperthermophilic species tend to have shorter genes as it
can be seen from the ranks of these species both in the 100-
genome dataset and in the larger dataset. Several factors may
compete for placement of the Bacterial species in the ordering
rank. Adaptation to high temperatures and pathogenicity
may tend to place an organism into lower ranks. High GC;
composition and adaptation to high salinity environments
places an organism into higher ranks. However, future
research is needed to determine important factors, both
environmental and genomic, that may affect the rank of the
genome. This information will allow us to further understand
and possibly predict the invasive or virulent nature of a par-
ticular species compared to a nonpathogenic organism that is
part of the normal commensal flora of an individual. Further
exploration of these factors may also answer questions on the
emerging mechanisms of resistance that may be associated
with specific organisms and on prediction of resistance using
novel methods other than conventional susceptibility tests.

We will continue updating our collection of prokaryotic
genome orderings. When a new genome is sequenced, it is
not necessary to repeat the entire ranking procedure from an
unordered dataset. In order to incorporate a newly sequenced
genome in our analysis, it is necessary to (1) predict genes
and (2) assign COG categories. Then the new, completely
annotated, genome can be added to the presorted data matrix,
using average gene length as a rough indicator of the new
genome position. Then the ranking procedure should be
applied to the updated matrix. Since all but one of the
genomes is already in the correct place, the ranking procedure
will have to make only a small number of steps to determine
the rank of a new genome.

4. Conclusions

We applied Bubble Sort to the set of 1390 prokaryotic
genomes and revealed several interesting trends. We demon-
strated that hyperthermophiles may be always characterized
as having short proteins. Also, the resulting ordering showed
that Archaea have shorter genes than Bacteria, and we
speculate that this can be attributed to the prevalence of
hyperthermophiles among the sequenced Archaea. Within
each domain, different phyla have preferences for short or
long genes. Another interesting observation is the significant
correlation between gene length and GC composition of
coding regions. Therefore, we suggest that gene lengths are
not randomly distributed across species but are shaped by
environmental and genomic factors.

The genome ranking procedure is stable. Inclusion of
additional genomes does not distort the relative ranking of
genomes. The correlation coefficient between the ranks of
the 100 genomes in the 100-genome dataset and in the larger
(1390) dataset is 0.95. Hyperthermophilic species are ranked
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on top in both 100 and 1390-genome lists; soil dwelling species
are consistently at the bottom of the list.

Our results show that environmental factors constitute a
strong force that groups evolutionary distant species together
in protein-lengths’ ranking. On the other hand, evolutionary
history and phylogenetic closeness group certain organ-
isms together as well. Relative influence of these factors
varies between organisms. For example, we demonstrated
that hyperthermophilic species have shorter genes than
mesophilic organisms, which implies that environmental fac-
tors may affect gene length. However, not every environmen-
tal stress has the gene shortening effect. For example, high
salinity represents an extreme environment that relatively few
organisms have been able to adapt to and occupy. Halophiles
are a type of extremophile organisms that live in high salt con-
centrations. Seemingly, high salinity opposite to high tem-
perature does not cause protein-length decrease; the extreme
halophiles (or halobacteria), tend to have pretty long genes.

5. Materials and Methods

All four ranking algorithms discussed in this paper were
applied to input matrices based on the database of Clusters
of Orthologous Groups of proteins (COG) [10, 36-38]. As
of October 2012, there were 5664 COGs, 1276 Bacterial
and 114 Archaeal genomes sequences in the NCBI database.
The sequences were processed according to the procedures
described below.

5.1. COGs Database. Information about every completely
sequenced and annotated prokaryotic genome is stored as
tables of protein features, called PTT files, prepared by the
National Center for Biotechnology Information (NCBI). The
complete collection of current PTT files can be found at
ftp://ftp.ncbi.nih.gov/genomes/.

From every prokaryotic NCBI PTT file, we extracted
information about each gene length, COG and added the
genome index (tax id). We created a combined gene-length
matrix, where rows correspond to genomes, identified by tax-
onomy id, and columns correspond to COGs. Each element
(i, j) of this matrix is a length of gene belonging to COG i
in genome j. All currently available genomes were described
in these two files. To check the ranking methods described
below we used small subsets (100 genomes) of this dataset.

5.2. Preprocessing Procedures. To get an input file for further
ranking the following preprocessing procedures developed by
Bolshoy et al. [9, 15, 39] were applied.

(1) Selection of Genome Subsets. A subset may be defined
applying different criteria: it may be either a repre-
sentative sample, a taxaspecific subset, or randomly
chosen genomes.

(2) Application of a Filtering Parameter (An Entry Thresh-
old) on a Selected Subset. Only COGs containing more
than a threshold number of genomes are considered
for further processing. For example, if the filtering
value is equal to 20% and an amount of genomes in
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TaBLE 3: List of Archaeal (A) and Bacterial (B) genomes in the Bubble Sort ordering rank, 100 genomes dataset. Hyperthermophiles,
Streptococci, and Enterococci are marked in the Note column.

Rank Domain Note Organism

1 A Hyperthermophile Archaeoglobus fulgidus dsm 4304
2 A Hyperthermophile Thermoplasma volcanium gssl

3 B Hyperthermophile Thermotoga sp. rq2

4 A Hyperthermophile Thermoplasma acidophilum dsm 1728
5 B Hyperthermophile Thermotoga neapolitana dsm 4359
6 A Hyperthermophile Thermococcus onnurineus nal

7 B Campylobacter concisus 13826

8 B Campylobacter curvus 525.92

9 B Hyperthermophile Aquifex aeolicus vf5

10 B Hyperthermophile Dictyoglomus thermophilum h-6-12
11 B Bacillus cereus atcc 14579

12 B Bacillus cytotoxicus nvh 391-98
13 B Melissococcus plutonius atcc 35311
14 A Hyperthermophile Thermococcus sibiricus mm 739
15 B Listeria monocytogenes clip81459
16 B Bacillus amyloliquefaciens dsm 7
17 B Rickettsia canadensis str. Mckiel
18 A Hyperthermophile Pyrococcus abyssi ge5

19 B Helicobacter felis atcc 49179

20 A Hyperthermophile Pyrococcus horikoshii ot3

21 B Streptococcus Streptococcus pneumoniae p1031
22 B Streptococcus Streptococcus agalactiae a909
23 B Caldicellulosiruptor bescii dsm 6725
24 B Mycoplasma fermentans m64
25 B Streptococcus Streptococcus agalactiae 2603v/r
26 A Methanosalsum zhilinae dsm 4017
27 B Francisella sp. tx077308

28 B Streptococcus Streptococcus equi subsp. zooepidemicus
29 B Bacillus pumilus safr-032

30 B Pediococcus pentosaceus atcc 25745
31 B Geobacter lovleyi sz

32 B Enterococcus Enterococcus faecalis v583

33 B Natranaerobius thermophilus jw/nm-wn-If
34 B Mycoplasma pulmonis uab ctip
35 B Brevibacillus brevis nbrc 100599
36 B Mycoplasma genitalium g37

37 B Mycoplasma leachii pg50

38 B Ureaplasma parvum serovar 3
39 B Bacillus thuringiensis str. al hakam
40 B Neisseria meningitidis 053442

41 B Legionella pneumophila str. paris
42 B Sodalis glossinidius str. “morsitans”
43 B Candidatus riesia pediculicola usda
44 B Lactobacillus gasseri atcc 33323
45 B Coxiella burnetii rsa 331

46 B Laribacter hongkongensis hlhk9
47 B Ruminococcus albus 7

48 B Mycoplasma pneumoniae m129
49 A Halalkalicoccus jeotgali b3
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TaBLE 3: Continued.

Rank Domain Note Organism

50 B Geobacter uraniireducens rf4

51 B Brachyspira pilosicoli 95/1000

52 B Pseudogulbenkiania sp. nh8b

53 B Dechloromonas aromatica rcb

54 B Maribacter sp. htcc2170

55 B Zobellia galactanivorans

56 B Escherichia coli bw2952

57 B Erwinia amylovora atcc 49946

58 B Gramella forsetii kt0803

59 B Klebsiella variicola at-22

60 B Salmonella enterica subsp. arizonae serovar

61 B Yersinia enterocolitica subsp. enterocolitica 8081

62 B Methylomonas methanica mc09

63 B Borrelia turicatae 9lel35

64 B Cronobacter turicensis z3032

65 B Yersinia pseudotuberculosis pbl/+

66 B Xanthomonas oryzae pv. oryzae maff 311018

67 B Tropheryma whipplei tw08/27

68 B Spirochaeta smaragdinae dsm 11293

69 B Sphingobacterium sp. 21

70 B Dyadobacter fermentans dsm 18053

71 B Eubacterium eligens atcc 27750

72 B Chlamydophila pneumoniae ar39

73 B Pelodictyon phaeoclathratiforme bu-1

74 B Desulfovibrio vulgaris str. hildenborough

75 B Prosthecochloris aestuarii dsm 271

76 B Dinoroseobacter shibae dfl 12

77 B Acidiphilium cryptum jf-5

78 B Anaerolinea thermophila uni-1

79 B Thauera sp. mzlt

80 B Magnetococcus sp. mc-1

81 B Sinorhizobium meliloti 1021

82 B Bordetella petrii dsm 12804

83 B Chloroflexus aggregans dsm 9485

84 B Corynebacterium glutamicum r

85 B Cyanothece sp. pcc 7822

86 B Starkeya novella dsm 506

87 B Arcanobacterium haemolyticum dsm 20595

88 B Rhodopseudomonas palustris dx-1

89 B Rhodospirillum centenum sw

90 B Xanthobacter autotrophicus py2

91 B Mycobacterium leprae br4923

92 B Gluconacetobacter diazotrophicus pal 5

93 B Streptomyces griseus subsp. griseus nbrc 13350

94 B Streptomyces scabiei 87.22

95 B Intrasporangium calvum dsm 43043

96 B Burkholderia rhizoxinica hki 454

97 B Haliangium ochraceum dsm 14365

98 B Salinibacter ruber m8

99 B Rothia dentocariosa atcc 17931

100 B Bifidobacterium animalis subsp. lactis ad011
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a subset is equal to 500, then only COGs containing
at least 100 genomes are considered (passed the entry
threshold).

(3) Sampling. If there are multiple instances of a COG
related to the same genome, a median length value for
all paralogs from the same genome and from the same
COG is used for further processing.

5.3. Sets of Genomes. As of May 2012, there were approxi-
mately 1500 NC-numbers, corresponding to 1390 annotated
prokaryotic genomes at NCBI. Multiple NC numbers occur
for prokaryotes with more than one chromosome, such as
Burkholderia cepacia (Tax id 269483). This large set was used
for the final Bubble sort analysis. In that set, 114 genomes are
Archaeal and 1276 are Bacterial. To compare performance of
the methods, we used a small subset of this dataset, same as
we used previously [8]. Then, we had randomly selected 100
prokaryotic genomes out of a possible 1390, contained at the
NCBI COG database. This small set contains 9 Archaeal and
91 Bacterial genomes. The list of selected genomes is shown
in Table 3. After the selection of genomes, we discarded those
COGs that were present in less than 35% of those selected
genomes. Upon filtering, our input contained 1455 COGs.
Note, that the input file is a sparse matrix.

5.4. Bubble Sort Ranking (B-Sort). As a LOPI strategy [40]
we apply here the regular “bubble sort” procedure [41]
interchanging the rows of a given matrix. (In a simulation
study on graphs [42], the LOPI strategies found a global
maximum of the goal function defined on edges in the
majority of the cases.) The criterion by which the procedure
decides whether rows would be interchanged is as follows.
Comparing two genomes we take into account only those
COGs that both genomes have members in them. Comparing
pairs of lengths of genes from relevant COGs we count which
genome in a pair has longer genes more frequently. In other
words, if a genome associated with a row i has longer genes
than has a genome associated with a row i+ 1, then these rows
would be interchanged. We note that due to application to a
sparse matrix this procedure would not necessarily lead to the
optimal ordering.

5.5. Solving of the Optimization Problem. The three methods
above are pretty intuitive. They do not have a goal to find an
optimal ranking but the results have a good chance to be close
to the optimal ranking. In our review [8] we described several
procedures to find a nearly optimal ranking using approach
from the field of combinatorial optimization. Maximization
of an average Kendall tau rank correlation coefficient is one
of them. As we presented it, the goal is to assign each genome
i to a scale x such that x; most accurately recovers the
across-genome gene lengths. “Most accurately” here means
achieving the maximum of the function x":

N —
Z C;j <z rk> : 3)

=
where given a rating vector % and an “individual” vector r* of

5
the genelengths of COG k, C;(%, *)isequal to 1, if(r];i < rij )

equal to 1/2, if (ri‘ = rf:_), and 0-otherwise.
i J

5.6. Kemeny-Optimal Ranking. Kemeny-Optimal Ranking is
an optimal rank aggregation approach. In [43, 44] the authors
proposed a precise criterion for determining the “best”
aggregate ranking. Given n objects and k permutations of
the objects, {m;,7,, ..., 1}, a Kemeny optimal ranking of the
objects is the ranking 7 that minimizes a “sum of distances”

- -
P= Zf;l d(x, r* ), where d(X, rk), denotes a distance between
-

a rating vector % and an “individual” vector 7* based on
Kendall’s T rank-correlation. From the properties of Kendall’s
T rank-correlation it follows that a Kemeny optimal ranking
minimizes the number of pairwise disagreements with the
given k rankings x* and maximizes sortedness.

It is known that finding a Kemeny optimal ranking is NP-
hard [45] and remains NP-hard even when there are only four
input lists to aggregate [46]. This motivates the problem of
finding a ranking that approximately minimizes the number
of disagreements with the given input rankings.
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We report the database of plastid protein families from red algae, secondary and tertiary rhodophyte-derived plastids, and
Apicomplexa constructed with the novel method to infer orthology. The families contain proteins with maximal sequence similarity
and minimal paralogous content. The database contains 6509 protein entries, 513 families and 278 nonsingletons (from which 230
are paralog-free, and among the remaining 48, 46 contain at maximum two proteins per species, and 2 contain at maximum three
proteins per species). The method is compared with other approaches. Expression regulation of the moeB gene is studied using
this database and the model of RNA polymerase competition. An analogous database obtained for green algae and their symbiotic
descendants, and applications based on it are published earlier.

1. Introduction

The concept of orthology and construction of orthology data-
bases are important areas of bioinformatic research. However,
the orthology relationship is not yet decisively formalized and
some of its important features may depend on taxonomic
context of the data and properties of particular organelles.
Mathematically, identification of orthologs corresponds to
building clusters in a graph with its vertices assigned gene or
protein sequences. The majority of clustering methods utilize
various strategies to weight the graph edges with subsequent
construction of “highly connected components,” that is,
clusters resulting from a certain clustering procedure.

The edge weight reflects similarity of amino acid sequen-
ces generated in various pairwise alignment procedures,
intron content and positioning, protein domain architecture,
gene synteny, and so forth. Usually the weights are computed
with global alignment using the Needleman-Wunsch algo-
rithm, or local alignment using BLAST. Various clustering
approaches were proposed, from specifically organized parti-
tioning of the spanning tree of the initial graph (the originally
proposed algorithm ClusterZSL, refer to [1]) to time estima-
tion of random walk on a graph (the OrthoMCL algorithm).

In the latter algorithm based on Markov clustering, walk
within a cluster is long, and jumps between clusters are rare
[2]. Due to heuristic nature of these processes, comparison
of the algorithms cannot be formalized, especially in the
absence of standard benchmarking data. The description of
OrthoMCL implicitly states that its convergence is difficult to
discuss even in hypothesis.

The algorithm ClusterZSL essentially differs from com-
monly employed methods, including OrthoMCL, by not
using the mutual-best-hit criterion. For a pair of genomes, a
gene may produce none or many best hits; the latter is espe-
cially the case when considering suboptimal hits that may in
fact represent true orthologs. In contrast with other methods,
ClusterZSL also minimizes the amount of paralogs in each
cluster that in general seems a reasonable property. Clus-
terZSL can consider gene positioning in DNA and ortholo-
gous context of the gene neighborhood. A version of this algo-
rithm that uses gene synteny was applied to various chordate
animals and will be described in a separate publication.

The algorithm ClusterZSL and its computer program im-
plementation possess the computational complexity of maxi-
mum n* accurate to a coefficient. The OrthoMCL uses matrix
multiplication, the operation with the minimal complexity
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TABLE 1: Orthologs of moeB in plastids of rhodophyte algae as inferred with ClusterZSL and their genomic neighborhoods.
Class Species Locus Protein MoeB Genomic context
Bangiophyceae Porphyra purpurea NC_000925 NP_053945.1 (trnW)-ORF75-moeB
Bangiophyceae Porphyridium purpureum NC_023133 YP_008965710.1 (ORF144)-ycf38-moeB
Bangiophyceae Pyropia haitanensis NC_021189 YP_007947865.1 (trnW)-ORF75-moeB
Bangiophyceae Pyropia perforata NC_024050 YP_009027619.1 (trnW)-ORF75-moeB
Bangiophyceae Pyropia yezoensis NC_007932 YP_537017.1 (trnW)-moeB
Bangiophyceae Cyanidioschyzon merolae NC_004799 NP_849016.1 (trnW)-moeB
Bangiophyceae Cyanidium caldarium NC_001840 NP_045115.1 (trnW)-moeB
Florideophyceae Calliarthron tuberculosum NC_021075 YP_007878185.1 (trnW)-moeB
Florideophyceae Chondrus crispus NC_020795 YP_007627343.1 (trnW)-moeB
Florideophyceae Gracilaria salicornia NC_023785 YP_009019560.1 (trnW)-moeB
Florideophyceae Gracilaria tenuistipitata NC_006137 YP_063552.1 (trnW)-moeB
Florideophyceae Grateloupia taiwanensis NC_021618 YP_008144807.1 (trnW)-moeB

The moeB orthologs are also denoted by moeB, irrespective of corresponding original annotations. Genes on the opposite strand to moeB are given in brackets.

n®, where the exponent w is a parameter. For the Gauss algo-
rithm w = 3 and for the Strassen algorithm w = log,7 =
2.81 [3]. An asymptotically faster algorithm is known, which,
however, takes advantage only with matrices of very high
order and is practically of little use [4]; also refer to [5, 6].
Further concerns with the OrthoMCL algorithm are the esti-
mation of the number of iterations (including matrix mul-
tiplications) and proof of convergence. The convergence
requirement is obviously met with ClusterZSL. The running
time of OrthoMCL appears to be much longer than that of
ClusterZSL, at least with our testing data. Due to high scal-
ability, performance of ClusterZSL does not depend on the
amount of CPUs, which is a valuable practical property; the
authors are unaware of attempts to assess the scalability of
OrthoMCL.

Compare ClusterZSL with the algorithm used in the
Ensembl database. Both start from the spanning tree. On
later stages, the Ensembl algorithm relies in many respects
on multiple alignments of leaf proteins, the task exponential
in computational complexity if the alignment is optimized
[7]. For alignment construction, the algorithm integrates the
M-Coffee algorithm [8] or Mafft for larger data [9]. Both
mentioned alignment procedures are heuristic and do not
guarantee global minimization of the used functional. The
ClusterZSL algorithm does not utilize multiple alignment.

Worth mentioning is another clustering method to estab-
lish orthology that was previously used by the authors. When
the size of the clusters is known, for example, in studies of
multicomponent systems where the length of the orthologous
series is known for one component, the most dense cluster of
the known size is constructed using the algorithm described
in [10, 11]. We do not compare with phylogenetic methods
here; for instance, refer to [12]. Note that the phylogenetic
position of a species or protein belonging to any species is
not always known.

The problem of the transcription factor regulon definition
is of great interest. In red algae, the only plastid-encoded tran-
scription factors are Ycf27, Ycf28, Ycf29, and RbcR (Ycf30).
Of little information on them, the RbcR binding sites are
known to vary even among close species [13], which hampers

their detection. We will consider this problem on the example
of the factor Ycf28, which, as it turned out, regulates the
expression of the gene moeB.

In this study, the gene moeB, which is itself an important
object of research, is tackled in a case study of gene expression
regulation using ClusterZSL. This gene encodes an El-like
family enzyme involved in molybdopterin and thiamine
biosynthesis. This family includes proteins that catalyze the
adenylation by ATP of the carboxyl group of the C-terminal
glycine in sulfur carrier proteins, for example, MoaD or ThiS.
Bacterial proteins with domains characteristic for this family
are described in [14]. The moeB gene is present in plastids
of all sequenced Rhodophyta; refer to Table 1. Its ortholog in
Porphyra purpurea and Pyropia spp. is ORF382, in Cyanidium
caldarium chIN. In P, perforata the neighboring genes moeB
and ORF382 encode the N- and C-termini of the MoeB
protein.

As evident from Table 1, the neighbor of moeB on the
opposite strand is trnW that encodes the tryptophanyl-tRNA.
In Porphyra purpurea, Pyropia haitanensis, and Pyropia
perforata the genes trnW and moeB are separated by the short
coding frame ORF75. The only exception is Porphyridium
purpureum, where the neighborhood of moeB lacks a reliably
highly transcribed gene on the opposite strand; refer to [15-
23].

In this study we describe a database ClusterZSL of orthol-
ogous plastid proteins in red algae, secondary and tertiary
rhodophyte-derived plastids, and Apicomplexa (the RedLine
at May 2014 from the GenBank; also refer to http://lab6.iitp
.ru/ppc/redline50/), constructed with the same algorithm
ClusterZSL.

We use it in a case study of transcription regulation of the
moeB gene. An analogous database obtained for green algae
and their symbiotic descendants (the green line) and its appli-
cations are published in [1, 24-26].

Some recent papers ([27] et al.) glance upon plastid
proteins the database CpBase, http://chloroplast.ocean.wash-
ington.edu/. It represents 35 plastomes from RedLine in com-
parison with 50 plastomes represented in the database Clus-
terZSL. The authors are not aware of the description of
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TaBLE 2: Orthologs of Ycf28 in plastids of Rhodophyta as inferred with ClusterZSL.

Class Species Locus Protein Ycf28 Bit score E-value

Bangiophyceae Porphyra purpurea NC_000925 NP_053952.1 50.9 9.5¢ — 14
Bangiophyceae Porphyridium purpureum NC_023133 YP_008965713.1 48.6 5.0e — 13
Bangiophyceae Pyropia haitanensis NC_021189 YP_007947872.1 52.9 22e-14
Bangiophyceae Pyropia perforata NC_024050 YP_009027626.1 533 1.7¢e - 14
Bangiophyceae Pyropia yezoensis NC_007932 YP_537023.1 55.2 4.4e — 15
Bangiophyceae Cyanidioschyzon merolae NC_004799 NP_849012.1 29.5 4.5e - 07
Bangiophyceae Cyanidium caldarium NC_001840 NP_045121.1 55.8 2.8¢-15
Florideophyceae Calliarthron tuberculosum NC_021075 YP_007878179.1 43.9 1.5e - 11
Florideophyceae Chondrus crispus NC_020795 YP_0076273371 31.7 9.1e - 08
Florideophyceae Gracilaria salicornia NC_023785 YP_009019566.1 29.0 6.5e — 07
Florideophyceae Gracilaria tenuistipitata NC_006137 YP_063558.1 32.6 4.8¢ - 08
Florideophyceae Grateloupia taiwanensis NC_021618 YP_008144797.1 33.6 2.4e - 08

The last two columns contain estimates for the Pfam Crp-like helix-turn-helix domain (PF13545).

the method, which the CpBase has been constructed with, as
well as the details related to it.

2. Materials and Methods

All plastid proteins are available in GenBank [28]. Orthology
was established with the ClusterZSL algorithm described in
[1] and applied previously in [24-26]. The algorithm param-
eters were set to H = 0.6, L = 0. Gene annotations were
verified with the Pfam [29] and Prosite [30] databases.

Promoters were predicted using an algorithm described
in [24, 31, 32]. For different o-subunits of bacterial type RNA
polymerases it utilizes data on mutation profiles of the psbA
promoter in Sinapis alba [33] and other experimentally stud-
ied promoters [34].

In searches for motifs in the 5'-leader regions of moeB
we used the original algorithm published in [35, 36] and
the WEB service MEME [37], although the motifs were not
detected.

The notion of the phylogenetic distribution (profile) is
defined in [26]: for a given gene/protein g, it is a function on
a given set S of species that equals (for all s from S) +1 if g is
present in s, and —1 otherwise.

In Section 3 we essentially exploit the originally proposed
model of RNA polymerase competition [38, 39]. The model
describes the following situation. In DNA locus transcription
many RNA polymerases involved simultaneously bind with
the promoters of their type and elongate along their chains,
possibly towards each other. This leads to the interaction of
RNA polymerases, both between each other and with various
protein and structural factors on DNA and RNA. As a result,
the transcription levels of the genes significantly change, right
up to inability to initiate the transcription of the divergent
located gene (below in this role moeB), when an actively
transcribed gene (resp., trnW) plays against it, provided the
intergenic region is not organized in a special way.
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FIGURE L: Distribution of cluster ( y-axis, the ordinate) versus species
(x-axis, the abscissa) numbers.

3. Results

We report the database ClusterZSL (http://lab6.iitp.ru/ppc/)
of plastid protein families from red algae, secondary
and tertiary rhodophyte-derived plastids, and Apicomplexa
(the RedLine). The families contain proteins with maxi-
mal sequence similarity and minimal paralogous content and
are built using the ClusterZSL algorithm. The database con-
tains 6005 protein entries, 513 families, and 278 nonsingletons
(from which 230 are paralog-free, and among the remaining
48, 46 contain at maximum two proteins per species and 2
at maximum three proteins per species). The comparison of
the obtained protein families with the biological annotations
indicates their good conformity.

Tables 1 and 2 describe two clusters of the database.
Figure 1 presents a diagram of species content in inferred
clusters.

Standard bacterial type promoters were not detected in
the 5'-leader regions of moeB. However, the {A,T}-rich



regions found upstream moeB may represent functioning
—10 promoter boxes. Based on modeling RNA polymerases
competition we suggest that the promoters of moeB are
located in between moeB and trnW (refer to the Conclusions)
and differ distinctly from the common template.

The presented database allows comparing a cluster of a
gene (e.g., moeB) with all other clusters. Phylogenetic distri-
butions of moeB and Ycf28 coincide; for example, there is a
unique transcription factor, which is encoded in a plastid if
and only if moeB is encoded in it; it is Ycf28. That indicates
that the best hit against moeB is Ycf28, a transcription factor.

The lack of detected —35 box for moeB naturally suggests
that Ycf28 is an activator. Based on the same modeling, we
surmise that the Ycf28 binding sites are located in between
genes moeB and trnW. The only exception might be Porphy-
ridium purpureum. The Ycf28 binding motif itself was not
identified, probably due to the variability of binding sites.

Note that the 5'-UTRs of moeB are usually short and allow
for very limited secondary RNA folding [40]. No conserved
structures potentially regulating translation initiation were
found that also suggests presence of transcription regulation.

4. Conclusions

The Ycf28 proteins are present in plastids of all Rhodophyta;
refer to Table 2. In Cyanidioschyzon merolae and Porphyrid-
ium purpureum this protein is notably shorter.

In the presented database, phylogenetic distributions of
moeB and transcription factor Ycf28 coincide. This observa-
tion leads to the suggestion that Ycf28 is a transcription regu-
lation factor for moeB. The factor Ycf28 is a close homolog of
the cyanobacterial transcription factor NtcA involved in reg-
ulation of nitrogen metabolism [41, 42]. Among cyanobacte-
rial genes under the NtcA regulation only two have homologs
in plastids. These are the genes of the factor itself and the regu-
latory protein GInB from the family PII [43]. However, GInB
is rarely found in plastids, and the corresponding 5'-UTRs
lack the conserved motif typically binding NtcA in cyanobac-
teria [41, 42]. This may suggest that the plastid-encoded Ycf28
and cyanobacterial NtcA are involved in different regulations.

In most species, presence of the actively transcribed tRNA
gene trnW on the opposite strand precludes moeB transcrip-
tion from a promoter located upstream that of trnW due to
inevitable strong RNA polymerase competition. An impor-
tant role of such competition in expression of closely located
antidirected genes is substantiated in modelling and various
experiments on gene expression. Such evidence includes data
on bacterial type RNA polymerases o-subunit knockout in
plastids of Arabidopsis thaliana and data for mitochondrial
RNA polymerases of the phage type [38, 39]. Therefore, the
moeB promoter is likely to be located in between genes moeB
and trnW and requires transcription initiation due to absence
of an evident —35 box. Considering polymerase competition
at these genes, the transcription factor binding site is likely to
occur in the same region between the genes. Indeed, a binding
site within an intensively transcribed region is unlikely effec-
tive due to interference of the factor with RNA polymerases.

BioMed Research International

Notably, short conserved motifs adjoining {A, T}-rich
regions at their 3'-end are commonly found upstream #o0eB.
This may be related to a low GC-content in plastids of
most species. However, the predicted location of the binding
site makes the putative mechanism of expression regulation
specific to moeB.
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We searched for 2,563 microRNA (miRNA) binding sites in 17,494 mRNA sequences of human genes. miR-1322 has more than
2,000 binding sites in 1,058 genes with AG/AG,, ratio of 85% and more. miR-1322 has 1,889 binding sites in CDSs, 215 binding
sites in 5’ UTRs, and 160 binding sites in 3’ UTRs. From two to 28 binding sites have arranged localization with the start position
through three nucleotides of each following binding site. The nucleotide sequences of these sites in CDSs encode oligopeptides with
the same and/or different amino acid sequences. We found that 33% of the target genes encoded transcription factors. miR-1322
has arranged binding sites in the CDSs of orthologous MAMLDI, MAML2, and MAML3 genes. These sites encode a polyglutamine
oligopeptide ranging from six to 47 amino acids in length. The properties of miR-1322 binding sites in orthologous and paralogous

target genes are discussed.

1. Introduction

Interest in microRNAs (miRNAs) is constantly growing, and
new data supplement existing knowledge about the role
of these molecules in key biological processes. The main
objective of these studies is to identify miRNA binding sites
and evaluate their binding affinities. The characteristics of
binding sites shed light on the biological role of miRNAs and
have practical applications. It is possible to predict interac-
tions between miRNAs and mRNAs and their properties by
using computational methods [1]. It has been established that
miRNAs bind to mRNAs predominantly in 3'-untranslated
regions (3’ UTRs) [2]. They can also bind to 5'-untranslated
regions (5" UTRs) and coding domain sequences (CDSs)
[3, 4]. Moreover, some miRNAs have binding sites in 5' UTRs,
CDSs, and 3’ UTRs [5]. For example, miR-3960 binding sites
are mainly in CDSs, and many are positioned adjacent to each
other (through one, two, three, or more nucleotides) [6]. Such
mRNA fragments can consist of 2-17 binding sites. Discussed
in this paper is miR-1322 which also contains multiple sites in
CDSs. Clusters of miRNAs binding sites located in the CDS
of genes are unexpected because proteins have specific amino
acid sequences that are evolutionarily conserved. The pres-
ence of multiple binding sites in close proximity significantly

increases the probability of interactions between miRNAs
and mRNAs, even if mutations occur. Many miRNAs regulate
the expression of genes involved in tumorigenesis [7-11].
For example, changes in miRNA concentrations are observed
during the development of lung cancer [7, 8], breast cancer
[9], gastrointestinal cancer [10], and other cancers [11]. The
serum level of miR-1322 is a potential diagnostic biomarker
for squamous cell carcinoma of the esophagus [12]. We
studied the arrangement and evolution of miR-1322 binding
sites in genes involved in disease.

2. Materials and Methods

The nucleotide sequences of precursor mRNAs (pre-mRNAs)
of human genes (Homo sapience (Hsa)) and mammal genes
(Bos mutus (Bmu), Bos taurus (Bta), Cricetulus griseus (Cgr),
Cavia porcellus (Cpo), Equus caballus (Eca), Felis catus
(Fca), Gorilla gorilla (Ggo), Heterocephalus glaber (Hgl),
Macaca mulatta (Mul), Macaca fascicularis (Mfa), Nomascus
leucogenys (Nle), Pongo abelii (Pab), Papio anubis (Pan), Pan
paniscus (Ppa), Pan troglodytes (Ptr), Rattus norvegicus (Rno),
and Tupaia chinensis (Tch)) were downloaded from NCBI
GenBank (http://www.ncbi.nlm.nih.gov) in FASTA format.
Nucleotide sequences of human mature miR-1322 were
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2
3’ GUCGUAGUCGUCGUAGUAG 5 mir-1322
5' FEEEE rrrreerer el 3/
GAAUUUCUACCAGCAGCAGCAGCAGCAGCAACAACAACA AAKI 2101
LG.GAAGG.G.............. Ao, G..G.. ABCFI1284
CC.GCAAGGG. . ......cvviininn.. G.GG..G.. AFF31471
GCAG.UA. ..., CC.C.UCG.. AKAP21221
.CCGCAGCCG............. C..... CC..G.CG.C ALX4425
A.UUCAACUU. . ... Ao, A...UCUUGC..... ANKRD17 2811
AUGUGGAG.G. ..o, UCGGG.GG.AC ANKS3 1281
.UGACAGUGA. . ... Ao..... UCAUCAUC.ACCUCGUG ANOZ2 1801
.CUGC.GCUG. . ......cvvvuiinnn, G..G..G.. AR 1286
AUUGAAGA.G.............. AUCAGC.A.G....G ARGFX 500
CU.CCC.CCG. .t vvn i G....G... ARIDIA 4351
G.GCCACUU. ........covvininn.. G..G..... ARID3B 213
A..CCAG.U........oiiiiinnn.. G..... G.. ARIDIB 339
GCGCGC.G.....cvvvviii i, G..G..G.. ASCL1721
C.GCAGC.G........ovvrinnnnn.. U..CGG.A. AUNI 1725
C.GCAGC.G.......vviiiinnnn. CG.CG.CU.C AUXN7Y 652
C.GC.G...G..ovviiiii i UG.UC.C B4GALU2 538
ACGAGG.CU........oviniinnn.. G..G..G.. BCL6B763
.C.GCGGCGG. ... ... G..G..G.. BHLHE221227
UCC.CA.C.G.....vviiiiiii G..... G.. BMP2K 1543
.C.GCAGG.GG........ovvviiunn, G.UG.CU.G BMP6 514
UG.G.GAG.G.........ovvvnn.n. UCAUCAG.GU BRDU 2624
UC.ACAGC.A... ..., U.UGAG.AG BUBD7 2874
LC.GCAGCGG. . ... v GA.GA. C90ORF431295
ACCACCUC.A. ..., G..G..... CELF3 1871
.G.GCAGC.G.............oun U...U.G.CCGG FAMI04A 504
C.GC.LAUG.........oiviriinnn.. G..G..G.. RAII1300
AGGGGAGC.G. ... vv i CU.CC.C SOCS7 661
A.GACCAA.G. ...t G..G..C.U SRPI439%4
AUU.C.AG.G..ovv it CU..GUC SUSD4 226
CoLLAAUG. G..G.. UFEB 404
AC.GCAGC.G.....ovviiininn GGAGGGGCGC UMEM?245 1048
..G.GCACUG. . ... G..GAGG.. UNRCe6B 4171
UGCAA.UG. ..o vt UOX3 1508
UGG.GGAGG. . ..o i G.GCUUUCU. USCI 3341
C.UGAA.C...oiiiii i GA..GCGGG USP7 208
U..CCAAA.G......iiiii i G..G..G.. VEZFI11151
LCLACC.CC..vv it G....C... ZFHX310261
CU.CCG.AGU. ....... ... GGGC.UGGC ZFP36L2 1473
LCL.GCAGC.G...ov v G.C..C ZNF384179%4

FIGURE 1: The arrangement of miR-1322 binding sites in CDSs of
human target genes.

downloaded from the miRBase database (http://mirbase.org)
[13].

Target genes for miR-1322 were determined using the
MirTarget program [6], which was developed in our labora-
tory. This program defines the following features of binding
sites: (a) the start position of an miRNA binding site with
respect to the mRNA sequence; (b) the localization of miRNA
binding sites in 5' UTRs, CDSs, and 3’ UTRs of genes; (c)
the free energy of hybridization (AG, k]J/mole); and (d) the
schemes of nucleotide interactions between miRNAs and
mRNAs. The ratio AG/AG,,, (%) was estimated for each bind-
ing site, where AG,,, is equal to the value of free energy of an
miRNA binding with its perfect complementary nucleotide
sequence. One family of miRNAs have nucleotide sequences
with the level of homology of 85% or more. Therefore we
used the AG/AG,, ratios of 85% or more. We also noted the
positions of the binding sites on the mRNA, beginning from
the first nucleotide of the 5’ UTR. The MirTarget program
predicts interactions between the nucleotides of miRNAs and
those of target gene mRNAs. It found bonds between adenine
(A) and uracil (U), guanine (G) and cytosine (C), and G
and U, as well as between A and C via a hydrogen bond

BioMed Research International

[14]. The TmiROSite program was used to identify mRNA
fragments that have miRNA binding sites and to define the
corresponding amino acid sequences [15].

3. Results and Discussion

3.1. Features of miR-1322-3p Binding Sites. miR-1322 has a
length of 19 nucleotides (nt) and a GC-content of 53%. The
maximum free energy of miR-1322 binding with mRNAs is
-101.9 kJ/mole. We found that miR-1322 has 2,264 binding
sites on 1,058 target mRNAs with a AG/AG,,, ratio of 85% or
more. Of those, 160 miR-1322 binding sites are located in the
3" UTRs of 130 genes, 215 binding sites are located in the 5'
UTRs of 109 genes, and 1,889 binding sites are located in the
CDSs of 819 genes. The average number of binding sites in the
CDS of a single gene is 2.3, which is almost two times higher
than the average number of binding sites in 3’ UTRs.

The maximum number of sites observed in 3' UTR
is eight in CACNIA and five in PDYN and SI00AI6. The
maximum number of sites in 5 UTR was 13 in MAB2ILI,
and the AMOT, BACH2, CAPNG, PIM1, RBM39, and STCI
genes have five sites. Characteristics of the clusters of five
or more binding sites located in CDSs are shown in Table 1.
The start points of several miR-1322 binding sites are located
through three nucleotides of each other. Several such sites in
mRNA form a cluster and increase the probability of binding
and the ability to inhibit protein synthesis. Oligonucleotides
of binding sites located in CDSs can encode polyglutamine,
polyalanine, or polyserine depending on the open read-
ing frame (Table 1). These data indicate the importance of
conserved nucleotide sequences of miR-1322 binding sites
and not only the amino acid sequence corresponding to
oligopeptides of the encoded protein.

The arranged nucleotide sequences of the CDSs contain
binding sites for miR-1322 (Figure 1). The conservation of
binding sites relative to the adjacent regions of CDSs is
shown in Figure 2. It is important to establish the presence
of miR-1322 binding sites for paralogous and orthologous
mRNA sequences. Additionally, the properties of binding
sites were studied for mRNA sequences of both human and
other animal species.

The AG/AG,), ratio for all miR-1322 binding sites of the
ANO?2 gene is 95.8%. The nucleotide fragment alignments of
the CDSs containing miR-1322 binding sites for 38 genes are
shown in Figure 1. Characteristics of the binding sites with
start points located through three nucleotides in 5 UTRs
and 3’ UTRs are shown in Table 2. The number of binding
sites in 5’ UTRs ranged from five to 13. Consequently, these
untranslated regions have an increased probability of binding
with miR-1322. The AG/AG,, ratio ranged from 85.4% to
91.7% (Table 2). Therefore, expression of these genes can be
controlled extensively by miR-1322.

Transcription factors represent 33% of all target genes in
this study (Figurel and Tables 1 and 2). Inhibition of the
synthesis of proteins can cause diseases, including cancer.
Unfortunately, experimental data on miR-1322 binding sites
are insufficient; however, some previous studies confirm the
high efficacy of the predictions of the MirTarget program
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FIGURE 2: Nucleotide variation in the miR-1322 binding sites in the CDSs of human target genes.

Ggo SLTPTSNLLSQQQQQQQQQQQ00Q00Q00Q00QQQQQQANATIFKPMSSNSSKTLSMIMQQGMASSSPGATEPFTF
Hsa SLTPTSNLLSQQQQQQQQQQQ----------—--—-—= ANVIFKPISSNSSKTLSMIMQQGMASSSPGATEPFTF
Ptr SLTPTSNLLSQQQQQQQQQQQ ——ANAIFKPMSSNSSKTLSMIMQQGMASSSPGATEPFTF
Pab SLTPTSNLLSQQQQQQQQQQQQQQ00QQQQQQ------ ANAIFKPMSSNSSKTLSMIMQQGMASSSPGATEPFTF
Mul SLTPTNNLLSQQQQQQQQQQQQQQQ--—----—--—-- ANAIFKPMNSNSSKTLSMIMQQGMASSSPGATEPFTF
Pan SLTPTSNLLSQQQQQQQQQQQQQQQ------—------ ANAIFKPMNSNSSKTLSMIMQQGMASSSPGATEPFTF
Ppa SLTPTSNLLSQQQQQQQQQQQ----------—--—--= ANATFKPMSSNSSKTLSMIMQQGMASSSPGATEPFTF
Nle SLTPTSNLLSQQQQQQQQQQQQ0Q0QQQ0QQQ---—-- ANAIFKPMSSNSSKTLSMIMQQGMASSSPGATEPFTF
Cpo SLTPTSNLLSQQQQQQQQQQQQ0Q00QQ0QQQQQ----SNSIFKPMTSNSSKTLSMLMHQGLASSSPEAPEPFTF
10 Eca SLTPASNPLSQQQQQQQQAQQQQQQ--—----—--—--- ANAVFKPMVTNSPKTLSMIMHQGLASPSPGAPEPFSF
11 Hgl SLTPTSNLLGQQQQQAQQQQ ANAIFKPMTSNSSKTLSMLMHQGLASSSPEASEPFTF

GNTKPLSHFVSEPGPQKMPSMPTTSRQPSLLHYLQQPTPTQASSATASSTATATLQLQQQQAQQQQAQQPDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMPSMPTTSRQPSLLHYLQQPTPTQASSATASSTATATLQLQQQQAQQQQQQPDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMSSMPTTSRQPSLLHYLQQPTPTQASSATASSTATATLQLQQQQAQQQAQQPDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMPSMPATSRQPSLLHYLQQPTPTQASSATASSTATATLQLQQQQQQQQ--PDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMPSMPATSRQPSLLHYLQQPTPTQASSATASSTATATLQQQQQQAQQQQ--PDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMPSMPATSRQPSLLHYLQQPTPTQASSATASSTATATLQLQQQQQQQQQQPDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMSSMPTTSRQPSLLHYLQQPTPTQASSATASSTATATLQLQQQQAQQQAQQPDHSSFLLQQMM
GNTKPLSHFVSEPGPQKMPSIPATSRQPSLLHYLQQPTPTQASSATASSTATATLQQQQQQAQQQAQ-PDHSSFLLQQMM
ANTKPLSHFASEPAPQKMPSMPAASRQASLLHYLQQPISAQASSATASSTATATLQLQPQPQQQQPQPEHS-FLLQQMM
10 GNTKPLSHFIAEPGPQKLPSMPATSRQPSLLHYLQQPTPAQASSATASSTATTSLQLPPQQ-—--—- PDHSAFLLQQMM
11 GNTKPLSHFISEPAPPKMPSMPATSRQASLLHYLQQPLPAQASSATASSTATATLQLQPQPQQQ---PEHS-FLLQQMM

OO NNV W =

O 0NN U W

FIGURE 3: Conserved amino acid sequences containing polyglutamine in orthologous MAMLDI.

1 Hsa QNKPSLLHYTQQQQQQQAQQQQQAAQQAQQAQAAQAAAQAAAAQAAQASSISAQQQQAQQQ
2 Ppa QNKPSLLHYTQQQQQQQAQQQAQQAQQAAQQAQQAQQAQAQQ------ SSISAQQQQQAQQ
3 Mfa QNKPSLLHYTQQQQQQQQQQQQAAAAQAQQQAAAAAAAQ----- SSISAQQQQQAQQ
4 Mul QNKPSLLHYTQQQQQQQQQQQQQQAQAAAAAAAAAAAAAQ————- SSISAQQQQAQQQ
5 Pab QNKPSLLHYTQQQQQQQQQQQQQQQQQQAQAQAQAQAAQAAQ-—------ SSISAQQQQQAQQ
6 Ptr QNKPSLLHYTQQQQQQQQQQAAAQQQQQQQAAAAQQ--------- SSISAQQQQQAQQ
7 Ggo QNKPSLLHYTQQQQQQQQQQQQAAAAQAQQQQAAAAQ-------- SSISAQQQQQAQQ
8 Tch QNKPSLLHYTQQQQQQPQ SSISAQQQQQQH
9 Eca QNKPSLLHYTQQQQQQQ GSISAQQAQQQQ
10 Bmu QSKPSLLHYTQQQPQQ

—
—

Rno  @SKPSLLHYTQQQAPQLGPQSQAQAQAAAAAAARAAAAAA----- GSLAAQQQQQAQ
12 Mmu QSKPSLLHYTQQQQQQAQAQAQ0Q0QQAQAQ0Q0Q0AQAQA15QGSLAAQQAQAAP

13 Hgl  QskPSLLHYTQQQQHQQQQAQQQQAP

1 ----5SISAQQQQAQAAQAAAAAAAARAAAAARAAA--—-——~~ PSSQPAQSLPSQ Hsa
2 ----SSISAQQQAQQAQRAAQRAAAAAAAARAAAAAAARAA-—--~ PSSQPAQSLPSQ Ppa
3 ----SSISAQQAQQAQQAQRAAAAAQRAAAAAAAARAAQ-—-——-—~ PSSQSAQSLPSQ Mfa
4 ----SSISAQQQAQQAQRAAQAAAAAAAAARAAAAARAA-————--= PSSQSAQSLPSQ Mul
5 QQ--SSISAQQQAQQAQQAQQAQAARAAAAAAAAAAAAAAAA---PSSQPAQSLPSQ Pab

6 ----SSISAQQAQAQAQAAQAQAAARAARAARAAAAAAAA-—--- PSSQPAQSLPSQ Ptr

7 ----SSISAQQQQQQQQAQAAQAAQAAAAAAAAAAAAAAA----PSSQPAQSLPSQ Ggo
8  QQQESSISAQQAAQAAQAAQAAAAAAAAAAARAAAAAAAAAAA-PPSASSQPLSSQ Tch

9 QQQQ----- QQQAQAAAAAAAAAAAAAAAAAAAPAQ-——————~ PTSQPTQPLSSQ Eca

10 ----SSITVQPQQQQAQPQAQQAQPAQQAQPAPAQQAAQAPQAQQPAAQPTQPLSNG Bmu
11 ----SSLAAQQQQAQAAQAAAQAAAAAAAAAAAQ--~~~=~~=~~ PS-QPTQALSSQ Rno
12 QpQ-SSLVAQQQQAQAAQAAQAAGSLTAQRAQRARAAQA-———- PS-QPTHALSSQ Mmu
13 —————- QQQQRAAQAAAAAAAARAAAAAAAAAAAAAAAARAAAAAPPSAPTAPLPTY  Hgl

FIGURE 4: Conserved amino acid sequences containing polyglutamine in orthologous MAML2. Note: the number “15” indicates the number
of glutamine residues in a site position of Mmu protein.
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TaBLE 1: Characteristics of miR-1322 binding sites located through three nucleotides in the CDSs of some mRNAs. The number of binding

sites in the mRNA fragment is indicated within parentheses.

Gene Position of binding sites, nt AG/AG,,, % Oligopeptide
AFF3 1471-1486 (6) 85.4 + 875 SSSSSSSGSSS
AR 1286-1334 (17) 875 QQQQQQQQAAQQQQAQQQQAQQQQQQ
ARID3B 213-225 (5) 87.5 QQQQQQQQQAQ
ASCLI 724-742 (8) 875 QQQQQQQQQAQQA
ATNI1 1692-1731 (13) 875+ 91.7 QQQQQQQQQQQQAQQQQQH
ATXNI 1559-1592 (12) 85.4 + 91.7 QQQQQQQQQQQQHQHQQ
1604-1631 (10) 875 + 89.6 QQQQQQQQQQQQQQH
ATXN2 657-684 (10) 875 QQQQAQQQAAQQQQQQQ
699-714 (6) 87.5 + 89.6 QQQQQQQQQPP
ATXN7 637-658 (8) 85.4 + 89.6 QQQQQPPPPQPQ
BCL6B 763-775 (5) 85.4 + 875 $SSSSSSSSS
BHLHE22 1224-1236 (5) 85.4 + 875 GSSSSSSSSS
BMPIK 1543-1555 (5) 87.5 QQQQQNQQQQQ
1600-1615 (6) 85.4 + 91.7 QQQQQQQQHHH
CYorf43 1283-1298 (6) 85.4 + 875 QQQRQQQQQQQ
CELF3 1871-1883 (5) 875 QQQQQQQQQQ
E2F4 980-1007 (10) 85.4 = 875 SSSSSSSSSSSSSN'S
EP400 8333-8363 (11) 875 QQQQAQQQAQQQQAAQAQAQAQ
FAMI55A 732-753 (8) 85.4 =+ 875 QQQQRQQQQQQAQ
FAMI57A 408-432 (9) 87.5 QQQQQQQQQQAQQQ
FAMI57B 414-435 (8) 85.4 + 875 RQQQQQQQQQQQ
HTT 196-247 (19) 85.4 + 89.6 QQQQQQQQAAQQQAQQQQAAQNQQQANQQAQ
IRF2BPL 1249-1267 (7) 875 QQQQAQQQAQAQAQAQ
IRS1 2088-2100 (5) 85.4 + 875 SSSSSSSNAV
KCNN3 512-539 (10) 875+ 91.7 QQQQQQQQQQQQQQP
KIAA2018 4794-4815 (8) 875 QQQQQQQQAQAQQAQAQ
MAGII 1759-1771 (5) 875 QQQQQQQQAQQ
MAML?2 3064-3091 (10) 875 QQQQQRAQQQAQANQQAQAQQ
MAML3 2219-2264 (16) 875 QQQQQQQQQQQAQQQQQQQHSN
2678-2690 (5) 875+ 91.7 QQQQQPPPPQ
MEDIS 710-722 (5) 875+ 91.7 QQQQQQQQHL
830-848 (7) 875 QQQQQQQQNAQQAQ
MEF2A 1836-1860 (9) 85.4 + 89.6 GFQQQQQQQQQQQP
MLLT3 729-741 (5) 85.4 + 875 SSSSSSSSSS
762-774 (5) 85.4 + 875 SSSSSSSSSS
MNI 2524-2539 (6) 875 QQQQQAQQQQQQ
MPRIP 622-643 (8) 875+ 91.7 SSSSSSSSSSSIP
NAPIL3 549-561 (5) 85.4 + 875 GSGSSSSSSG
NCOA3 4023-4038 (6) 87.5 QQQQQNQQQQQQ
NCOA6 1126-1138 (5) 875 QQQQQNQQQQQ
NCOR2 1812-1830 (7) 875 + 91.7 QQQQQQQQNQQQAQ
POLG 408-429 (8) 85.4 + 875 QQQQAAQQQAQNQQQAQ
POUGF2 701-719 (7) 85.4 + 89.6 QQQQQQQQQQPP
PRPF40A 785-797 (5) 85.4 AAAAAAAAAA
RAIl 1300-1324 (9) 875 QQQQAQQQAQQQAQAQQ
SALLI 590-602 (5) 85.4 + 875 SSSSSSSSSG
SCAF4 3303-3315 (5) 875+ 91.7 QQQQQQQPPP
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TaBLE 1: Continued.

Gene

Position of binding sites, nt

AGIAG,,, %

Oligopeptide

SMARCA2
SRP14

TBP

THAPII
TNSI
VEZFI1
ZNF384

765-795 (1)
394-406 (5)
468-480 (5)
501-546 (16)
611-629 (7)
2348-2363 (6)
1151-1175 (9)
1770-1806 (13)

87.5
875 +91.7
87.5
87.5
87.5 +91.7
87.5 +91.7
87.5
875+ 9L.7

QQQQQAAAAAAQAQQRQQ

AAAAAAAAAP
QQQQQQAQAQRAQ

QQRQRAAAAQQAAAAQQRARAAAQQ
QQQARAAAQQRRAA

QQQQQQQQQPR

TSNQKQQQQQQQQAQ
QQQQRAAQAQQQAQQQQAQPP

Hsa
Ptr
Ppa
Mul
Pab
Eca
Bmu
Bta
Rno
Mmu
Ggo
Cgr
Fca

AAQQQQRAKLMQQAKQQQQQAAAAAQQQAAAAAAAQ--HSNQTSNWSPLGPPSSPYGAAFT
AAQQQQRAKLMQRKQQQAQQQAQQQQAAQQAAQ----HSNQTSNWSPLGPPSSPYGAAFT
AAQQQQRAKLMQRKQQRAQQQAQAQQAAQQAAQ-——-HSNQTSNWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQAKQQQQQAAAAAQQQQAAAAAQ---HSNQTSNWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQAKQQQQAAAAAAQQQAAAAAAQ---HSNQTSNWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQKQQQQAQAAAAAQQQQAAAAAAAQQQHSNQTSSWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQKQQQQQ HSNQTSSWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQKQQRQQQQ-——-—--———————-—- HSNQTSSWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQKQQRQQQQ--------—-—-=---—- HSNQTSSWSPLGPPSSPYGAAFT
AAQQQQRAKLMQQAKQQQQQAAAAAQQQAAAAAQ----HSNQTSSWSPLGPPSSPYGTAFA
AAQQQQRAKLMQQKQQQCTTALQPGXXXXQQQQQQQQHSNQTSNWSPLGPPSSPYGAAFT
AAQQQQRAKLMQRKQQQAQQQAQQQQAAQQAAQQP--HSNQTSSWSPLGPPSSPYGAAFT
AAQQQQRAKLMQRKQQRARQQAQQQQAAQQAAAQQA9QHSNQTSSWSPLGPPSSPYGAAFT

(a)

Hsa ANPNKNPLMPYIQQQQQQQQQQAQQQQQQQQ---PPPPQLQAPRAHLS

Ptr ANPNKNPLMPYIQQQQQQQQQQQQQQQQQQQ--PPPPQLQAPRAHLS
Ppa ANPNKNPLMPYIQQQQQQQQQQQQQQQQQQQQQPPPPQLQAPRAHLS
Mul ANPNKNPLMPYIQQQQQQQQQQQQQQQQQQQ--PPPPQLQAPRAHLS
Pab ANPNKNPLMPYIQQQQQQQQQQQQQQQQQQQQ-PPPPQLQAPRAHLS
Ggo ANPNKNPLMPYIQQQQQQQQQQQQQQQ------ PPPPQLQAPRAHLS
Fca ANPNKNPLMPYIQQQQPPPPPPPQQPPPP----PPPPQLQAPRAHLS
Rno ANPNKTPLMPYIQQPQQSQQPQPQPPQQQ---PPPPPQLQAPRAHLS
Mmu ANPNKTPLMPYIQQPQQSQQPQPQPPQQQ---PPPPPQLQAPRAHLS
Eca ANPNKNPLMPYIQQQQPQQQQPQQQQ-------- PPPQLQAPRAHLS
Bmu ANPNKTPLTPYIQQQPPQPQPPQQ-—-------- PPPQLQAPRAHLS
Bta ANPNKTPLTPYIQQQPPQPQPPQQ---—----—- PPPQLQAPRAHLS
Cgr ANPNKNPLMPYIQQQPPQPQPQPQPQPPQQQQ--PPPQLQAPRAHLS

(b)

Hsa EQQKQQFLREQRQQQQAQQQ----——--—- ILAEQQLQQSHLP
Ptr EQUKQQFLREQRQQQQQQQQ--—--—--—- ILAEQQLQQSHLP
Ppa EQQKQQFLREQRQQQQQAQAQ---------- TLAEQQLQQSHLP
Mul EQQKQQFLREQRQQQQQQQQ------—--- ILAEQQLQQSHLP
Pab EQQKQQFLREQRQQQQQAQQQ--------—- ILAEQQLQQSHLP
Bta EQQKQQFLREQRQQQQAQQQ----——--—- ILAEQQLQQSHLP
Cgr EHQKQQFLREQRQQQQQQAQQ---------- ILAEQQLQQSHLP
Eca EQQKQQFLREQRQQQQQQQ---------—- ILAEQQLQQTHLP
Fca EQQKQQFLREQRQQQQQQQ------—--—- ILAEQQLQQSHLP
Bmu EQQKQQFLREQRQQQQQQQAQQQAQ------- ILTEQQLQQPHLP
Mmu EHQKQQFLREQRQQQQQAQQAQQAAQAQQAQILAEQQLQQPHLP

(c)

FIGURE 5: Conserved amino acid sequences containing polyglutamine in orthologous MAML3. Note: the number “9” indicates the number

of glutamine residues in a site position of Fca protein (a).

developed in our laboratory. For example, downregulation
of ECRG2 and TCA3 is associated with squamous cell car-
cinoma of the esophagus (ESCC) via miR-1322 [12]. ECRG2
can act as a tumor suppressor, regulating protease cascades
during carcinogenesis and the migration and invasion of
esophageal cancer cells [16].

3.2. Binding Sites in Paralogous and Orthologous mRNAs of the
MAML Gene Family. The relationship between paralogous
and orthologous mRNAs of the MAML gene family was
considered an example of adaptation of gene expression to
the action of miR-1322. MAMLDI encodes a mastermind-like
domain-containing protein, which can act as a transcriptional
coactivator [17]. Both MAML2 and MAML3 stabilize the
DNA-binding complex RBP-J/CBF-1 and the Notch intracel-
lular domains that are signaling intermediates [18]. Higher
MAML?2 expression is observed in several B cell-derived

lymphoma types, including classical Hodgkins lymphoma
cells, more than in normal B cells [19].

Various paralogous genes are targets for miR-1322. Two
regions contain multiple miR-1322 binding sites in MAMLDI
(Figure 3). The first region consists of eight sites and the
second region consists of four sites. They were in domains
(oligopeptides) consisting of 11 and 10 glutamine residues in
the corresponding proteins, respectively.

The number of amino acids in orthologous proteins
depends on the species (Figure 3). For example, for the first
region, there are 28 glutamine residues in Ggo and nine
residues in Hgl. Ten glutamine residues of Hsa, Ggo, and Ptr
mRNAs to six of Eca mRNA were identified in the second
region. In this case, the binding site of horse mRNA encoded
proline in the associated protein.

miR-1322 binding sites in orthologous MAML mRNAs
are highly conserved. Orthologous MAML proteins have



TaBLE 2: The arrangement of miR-1322 binding sites in 5’ UTRs and
3’ UTRs human target genes.

Gene Position of binding sites, nt AG/AG,,, %
BACH? 25-43 (7) 85.4 < 875
CACNAIA 7170-7191 (8) 87.5
CAPN6 118-136 (7) 85.4 + 87.5
CNKSR2 178-199 (8) 87.5 + 89.6
GLS 53-86 (12) 85.4 + 89.6
MAB2ILI 342-378 (13) 87.5
PDYN' 1413-1425 (5) 85.4 + 875
PIM1 103-118 (7) 85.4 + 89.6
RBM39 323-335 (5) 875 +91.7

Note: the symbol " indicates binding site localization in the 3’ UTR.

conserved amino acid sequences containing polyglutamine
(Figures 3-5). Orthologous miRNAs are not identified in
most animals except Pan troglodytes (chimpanzee) and Pongo
pygmaeus (orangutan); however, some other miRNAs are
identical or very similar to the corresponding human miR-
NAs. Therefore, human miRNAs were used for the sub-
sequent identification of conserved binding sites. Oligonu-
cleotides containing CAG repeats represent the miR-1322
binding site of the mRNA that encoded a long polyglutamine
sequence in the corresponding protein. Oligonucleotides
encoding polyglutamine are located in the conserved protein
domain.

The CDS of the human MAML2 gene also has two
regions with miR-1322 binding sites and encodes oligopep-
tides containing 47 and 27 glutamine residues (Figure 4).
The number of glutamine residues in the oligopeptides is
varied depending on the species. For example, there are six
glutamine residues in the first oligopeptide region of the cow
protein and 24 residues in the second region of the rat protein.

The CDS of the human MAML3 gene has three regions
that contain miR-1322 binding sites, and it encodes oligopep-
tides containing 21, 18, and eight glutamine residues. Some
amino acids were lacking in the domains of MAML3, depend-
ing on the species (Figures 5(a)-5(c)).

The presence of multiple miR-1322 binding sites in
MAMLDI, MAML2, and MAML3 demonstrates their interac-
tions. The expression of these genes has become increasingly
important because the studied organisms were separated by
tens of millions of years. The presence of multiple regions
containing miR-1322 binding sites in MAMLDI, MAML2, and
MAML3 genes shows a strong dependence of their expression
via miR-1322.

The glutamine-containing regions play an important role
in the development of different diseases, according to previ-
ous literature. It is possible that changes in the dependence of
the interactions between miR-1322 and MAMLDI, MAML2,
and MAML3 are interconnected.
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How is it possible to find good traits for phylogenetic reconstructions? Here, we present a new phyloproteomic criterion that is an
occurrence of simple motifs which can be imprints of evolution history. We studied the occurrences of 11780 six-residue-long motifs
consisting of two randomly located amino acids in 97 eukaryotic and 25 bacterial proteomes. For all eukaryotic proteomes, with the
exception of the Amoebozoa, Stramenopiles, and Diplomonadida kingdoms, the number of proteins containing the motifs from
the first group (one of the two amino acids occurs once at the terminal position) made about 20%; in the case of motifs from the
second (one of two amino acids occurs one time within the pattern) and third (the two amino acids occur randomly) groups, 30%
and 50%, respectively. For bacterial proteomes, this relationship was 10%, 27%, and 63%, respectively. The matrices of correlation
coefficients between numbers of proteins where a motif from the set of 11780 motifs appears at least once in 9 kingdoms and 5
phyla of bacteria were calculated. Among the correlation coefficients for eukaryotic proteomes, the correlation between the animal
and fungi kingdoms (0.62) is higher than between fungi and plants (0.54). Our study provides support that animals and fungi are
sibling kingdoms. Comparison of the frequencies of six-residue-long motifs in different proteomes allows obtaining phylogenetic
relationships based on similarities between these frequencies: the Diplomonadida kingdoms are more close to Bacteria than to
Eukaryota; Stramenopiles and Amoebozoa are more close to each other than to other kingdoms of Eukaryota.

1. Introduction developed RNA phylogeny because it is based on the division
of living organisms into three DOMAINS. RNA and protein

By the middle of the XXth century, it had become clear  phylogenies are based on the alignments of sequences from

that all living organisms of cellular texture are divided
into two groups or kingdoms, prokaryotes and eukaryotes,
according to structural peculiarities of their cells. It was
long believed that the terms “prokaryotes” and “bacteria” are
synonyms for the same independent evolutionary branch of
living organisms. However, about 30 years ago, molecular
comparisons of base sequences of ribosomal RNAs provided
grounds to divide prokaryotes into at least two independent
branches, Eubacteria and Archaebacteria, which differ in
their origin [1]. Later, these data were generalized and the
term DOMAIN was suggested, which is the branch that
has the highest rank in the hierarchic taxonomy [2]. These
DOMAINS are Bacteria, Archaea, and Eukaryota.

Protein phylogeny was developed simultaneously with
RNA phylogeny [3, 4]. Protein phylogeny is similar to the

different organisms, and most phylogenetic methods are
based on comparison of protein or nucleic acid sequences in
their aligned parts. The conventional tree-building methods
for phylogenetic reconstructions are neighbor joining (NJ)
[5], maximum parsimony (MP) [6], and maximum likelihood
(ML) [7]. Moreover, there is an additional approach as
alignment-free phylogeny methods based on k-mer appear-
ance in genomic DNA [8-12].

The understanding of how different major groups of
organisms are related to each other and the tracing of their
evolution from the common ancestor remains controversial
and unsolved. In recent years, the wealth of new information
based on a large number of gene and protein sequences has
become available. At present, a phylogenetic analysis can be
carried out based on either nucleic acid or protein sequences.
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Nonetheless, the phylogenetic relationship among the king-
doms Animalia, Plantae, and Fungi remains uncertain despite
extensive attempts to clarify it. The first hypothesis states that
Animalia is more closely related to Plantae [13-15]. The sec-
ond one supports Plantae and Fungi grouping [16]; the third
one, Animalia and Fungi [17-23]. To elucidate evolutionary
relationships among different proteomes we will consider the
occurrence of some simple motifs which can be imprints of
evolution history.

What candidates can be stated as simple motifs? We
have done several investigations in this direction. First, by
combining the motif discovery and disorder protein segment
identification in the Protein Data Bank (PDB: http://www
.rcsb.org/), we have compiled the largest database of disor-
dered patterns (171) from the clustered PDB where identity
between chains inside a cluster is larger than or equal to
75% using simple rules of selection [21-24]. Second, among
these patterns, the patterns with low complexity are more
abundant and the length of these motifs is six residues. Third,
the patterns with frequent occurrence in proteomes have
low complexity (PPPPP, GGGGG, EEEED, HHHH, KKKKK,
SSTSS, and QQQQQP), and the type of patterns varies across
different proteomes [21]. It is supposed that if an amino acid
motif possesses no definite spatial structure in most protein
structures, it is likely to be disordered in a protein with
an unknown spatial structure [21]. Therefore, the patterns
with the length of six residues and low complexity, which
are, for example, homorepeats of 20 amino acids, are the
major candidates for this role. The length of six residues
is important: (1) the experiments performed demonstrated
that a minimum repeat size of 6 histidine residues was
required for efficient protein translocation to nuclear speckles
[25]; (2) six-residue patches affect the folding/aggregation
features of proteins, and they are important “words” for the
understanding of protein dynamics [26]; (3) nucleation sites
are constrained by patches of approximately six residues [27,
28].

It has been found that homorepeats of some amino acids
(runs of a single amino acid) occur more frequently than
others and the type of homorepeats varies across different
proteomes [21]. For example, EEEEEE appears to be the
most frequent for all considered proteomes for Chordata,
QQQQQQ for Arthropoda, and SSSSSS for Nematoda. A
comparative analysis of the number of proteins containing
6-residue-long homorepeats and the 109 disordered selected
patterns in 123 proteomes has demonstrated that the corre-
lation coefficients between numbers of proteins are higher
inside the considered kingdom than between them [21]. In
these proteins a six-residue-long homorepeat occurs at least
once for each of the 20 types of amino acid residues and 109
disordered patterns from the library appearing in 9 kingdoms
of Eukaryota and 5 phyla of Bacteria.

Here, we present a new phyloproteomic criterion which is
based on the peculiarities of amino acid sequences which is
an occurrence of some simple motifs which can be imprints
of evolution history. In this work, we focus our attention
on studying the frequency of six simple amino acid motifs
consisting of two randomly located amino acids (11780
motifs) in 122 eukaryotic and bacterial proteomes.

BioMed Research International

2. Materials and Methods

2.1. Construction of the Library of Six-Residue-Long Motifs .
We constructed the library of all possible motifs composed of
two amino acids, with the assumption that each amino acid
could be at any position and at any ratio and that such a motif
was six amino acids long [29]. There were 11780 = (26—2)-C§0
such motifs in total (excluding two homorepeats for every
amino acid pair). The obtained motifs could be divided into
three groups. The first group contains the motifs where one of
the two amino acids occurs only once and occupies the first
or sixth (i.e., outside) position. The second group includes
motifs where the second amino acid also occurs once but is
inside the motif. The third group contains all the other motifs
where each of the two amino acids occurs at least twice and
in any order.

2.2. Database of Proteomes. We considered 3279 proteomes
from the EBI site (ftp://ftp.ebi.ac.uk/pub/databases/SPproteo-
mes/last_release/uniprot/proteomes/). A preliminary analy-
sis showed that the number of proteins with at least one
occurrence of homorepeats, 6 residues long, is less than 500
for proteomes with an overall number of residues below
2,500,000. Even so, only 22 proteomes out of 3156 have more
than 100 proteins with at least one occurrence of 6-residue
homorepeats. These data provided grounds for our research
involving only proteomes with an overall number of residues
exceeding 2,500,000.

We obtained 122 proteomes taking into account the length
of proteomes representing 9 kingdoms of eukaryotes and 5
phyla of Bacteria (see Table 1 in [21]). Unfortunately, only
three kingdoms of eukaryotes (Metazoa, Viridiplantae, and
Fungi) are given at http://www.ncbi.nlm.nih.gov/Taxonomy.
In other cases, the rank of kingdom is missing. In such
situations, we chose the highest taxonomic category following
from the subkingdom of eukaryotes instead of the kingdom.
We chose 97 out of 120 eukaryotic proteomes and a small
number of bacterial proteomes. The smallest eukaryotic pro-
teome belongs to Hemiselmis andersenii, class Cryptophyta. It
is evident that 498 proteins with an overall number of 167,452
amino acid residues are not sufficient for reliable statistics.
Historically, the superkingdom of Bacteria is divided into
phyla but not kingdoms. We preferred to consider such phyla
separately.

Among 97 eukaryotic proteomes, 17 belong to the king-
dom of Metazoa or animals: Homo sapiens (51778 protein
sequences), Bos taurus (18405), Mus musculus (42120), Rat-
tus norvegicus (28166), Gallus gallus (12954), Danio rerio
(21576), and Tetraodon nigroviridis (27836) belong to Chor-
data phylum; Drosophila melanogaster (15101), Drosophila
pseudoobscura (16000), Aedes aegypti (16042), Anopheles dar-
lingi (11437), and Anopheles gambiae (12455) to arthro-
pods; Caenorhabditis briggsae (18531), Caenorhabditis elegans
(23817), Loa loa (16271), and Trichinella spiralis (16040)
to nematodes; Nematostella vectensis (24435) belongs to
Cnidaria phylum.

2.3. Calculation of Correlation Coefficient. The vectors of
11780 values for each type of motif are compared between
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TABLE 1: 11780 motifs that frequently occur in 123 proteomes.
11780 The first group The second group The third group
EEEEED 6744 EEEEED 6744 EDEEEE 4248 APAPAP 3543
QQQQQP 6300 QQQQQP 6300 STSSSS 4166 DDEEEE 3464
DEEEEE 6165 DEEEEE 6165 NNNNSN 4030 SGSGSG 3423
TSSSSS 6135 TSSSSS 6135 EEEEDE 3995 PAPAPA 3392
SGGGGG 6117 SGGGGG 6117 NSNNNN 3992 EEEEDD 3292
AAAAAG 5863 AAAAAG 5863 EEDEEE 3959 GSGSGS 3240
PSSSSS 5813 PSSSSS 5813 SSSSTS 3953 DEDEDE 3127
NNNNNS 5811 NNNNNS 5811 GGGGSG 3934 EDEDED 3045
QQQQQH 5798 QQQQQH 5798 AAVAAA 3768 RSRSRS 2983
SSSSST 5780 SSSSST 5780 AAAVAA 3758 DDDDEE 2953
DDDDDE 5611 DDDDDE 5611 GSGGGG 3690 EEEDDD 2845
SNNNNN 5585 SNNNNN 5585 SSTSSS 3660 DDDEEE 2822
ASSSSS 5581 ASSSSS 5581 SSSTSS 3652 RGRGRG 2817
SAAAAA 5405 SAAAAA 5405 EEEDEE 3627 EEDDDD 2754
APPPPP 5325 APPPPP 5325 AAAAVA 3616 AAAAGG 2743
AAAAAS 5322 AAAAAS 5322 GGGSGG 3556 EDEDEE 2651
AAAAAV 5277 AAAAAV 5277 SPSSSS 3459 DDEDED 2570
GGGGGS 5118 GGGGGS 5118 NNSNNN 3429 RGGRGG 2537
GGGGGA 4862 GGGGGA 4862 NNNSNN 3418 DEDEDD 2489
PQQQQQ 4819 PQQQQQ 4819 AVAAAA 3391 SSSSTT 2448

different proteomes. The correlation coefficient (r) was cal-
culated using the equation

. U/m ¥, (% =%) (v - )
a sty

, 1

where S, and S, are the standard deviations for variables x
and y.

For 20 homorepeats, the standard error in determin-
ing the correlation coeflicient is less than 1/v20-2 =
0.24. The standard error of correlation coefficient is se, =

V(1 = 12)/(n—2) where n is the number of points; for 109
disordered patterns it is less than 1/v/109 — 2 = 0.1, and for
11780 patterns it is less than 0.01. Therefore, in Tables 3-7 the
correlation coefficients range as follows: less than 0.5, from
0.5 to 0.75, and larger than 0.75.

3. Results and Discussion

3.1. Occurrences of Motifs in 122 Proteomes. We constructed
the library of all possible motifs consisting of the two amino
acids, with the assumption that each amino acid could be
at any position and at any ratio and that such a motif was
six amino acid residues long. There were 11780 such motifs
in total. The obtained motifs were divided into three groups
(see Section 2). The numbers of motifs in the first, second,
and third groups were 760 (6%), 1520 (13%), and 9500 (81%),
respectively. We estimated the occurrences of these motifs in
122 proteomes.

The most often occurrences of simple motifs for 122
proteomes from the three groups are presented in Table 1.
Among the motifs from the first group, the leaders from

the human proteome were EEEEED (422 times), DEEEEE
(370), LPPPPP (327), APPPPP (264), PLLLLL (251), and
PPPPPL (216). It should be noted that such motifs as LPPPPP,
PLLLLL, and PPPPPL are not leaders among the occurrences
of 122 proteomes (see Table 1). Among the motifs in which
one amino acid occurred once and only inside the motif,
the leaders from the human proteome were EEEEDE (288),
EDEEEE (279), EEDEEE (248), EEEDEE (250), PLPPPP
(239), and PPPPLP (207). Among the leaders in which the
two amino acids occurred were SGSGSG (135), EEEEDD
(157), GPPGPP (162), and RSRSRS (153). The following rare
motifs that appeared only in two proteins should be noted
for the human proteome: FFFFEN, FFFFFP, CHHHHH,
MVVVVV, IHHHHH, WKKKKK, NNNNNS, and IIIF
from the first group; IIMIII, RRFRRR, YLYYYY, NNC-
NNN, HHTHHH, and DDQDDD from the second group;
and CCCRRR, MMMGGG, TTTDDD, FESFFS, FFPFFP,
VVRVVR, QQKQQK, and DDHDDH from the third group.
At the same time, the NNNNNS motif is among the leader
motifs for 122 proteomes and it occurs 146 times in the
Drosophila melanogaster proteome and 473 times in the
Plasmodium falciparum proteome (Alveolata kingdom). An
analogous situation is observed for SNNNNN. It does not
occur in the human proteome and appears in 489 proteins
for the Plasmodium falciparum proteome. PQQQQQ occurs
52 times in the human proteome and 413 times in the
Dictyostelium discoideum proteome.

In frequently occurring motifs from the Drosophila
melanogaster proteome, the leading amino acids were glu-
tamine, alanine, and glycine. Among the motifs from the
first group, the leaders were QQQQQH (470), HQQQQQ
(410), LQQQQQ (359), QQQQQL (359), QQQQQP (276),
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FIGURE L: Statistics of occurrence of motifs, six residues long. Statistics of occurrence of motifs, six residues long, consisting of two amino acids
in the three groups for 3 kingdoms of Eukaryota and for 5 phyla of Bacteria in percentage terms: (a) the Metazoa kingdom (17 proteomes), (b)
the Amoebozoa kingdom (2 proteomes), (c) the Diplomonadida kingdom (3 proteomes), and (d) 26 bacterial proteomes. For each kingdom,

the motif with the frequent occurrence in the group is presented.

PQQQQQ (260), QQRQQQA (221), AQQQQQ (219), and
SAAAAA (224). Among the motifs of the second group, the
leaders were QQQQHQ (319), QQQHQQ (297), QQHQQQ
(290), QHQQQQ (284), QQQQLQ (243), QLQQQQ (229),
and QQLQQQ (218). Among the motifs of the third group,
the leaders were GSGSGS (174), SGSGSG (157), HHQQQQ
(163), QQQQHH (166), SSGGGG (110), and GGSGSG (105).
Out 0f 11780 motifs, 865 were not found in 122 proteomes.
We estimated the occurrence of the motifs from the three
groups in 9 kingdoms of Eukaryota and 5 phyla of Bacteria
(see Table 2). Interestingly, for all eukaryotic proteomes
with the exception of the Amoebozoa and Diplomonadida
kingdoms, the number of proteins containing at least one
motif from the first group was about 20%; in the case of motifs
from the second and third groups, 30% and 50%, respectively
(see Table 2). For bacterial proteomes this relationship is
10%, 27%, and 63%, respectively. One can see that proteomes
from the Diplomonadida kingdom are more close to bacterial
proteomes than to eukaryotic ones (see Figure 1). It should
be noted that diplomonads are a group of flagellates, most
of which are parasitic. At the same time, the proteomes
from the Amoebozoa kingdom have different statistics: 31%,
31%, and 38%, respectively. For the Metazoa, Amoebozoa,
Diplomonadida, and Bacteria kingdoms, the motifs with the
frequent occurrence in the groups are presented in Figure 1.
Among animal proteomes, one can see some deviation
from the average values for Nematostella vectensis (class

TABLE 2: Occurrence of 11780 motifs from the three groups in 9
kingdoms of Eukaryota and for 5 phyla of Bacteria in percentage
terms.

Kingdom <x> Error <x> Error <x> Error
First group  Second group  Third group
Metazoa (17) 21 3 29 1 50 4
Viridiplantae (5) 21 4 28 2 51 5
Stramenopiles (1) 28 — 32 — 41 —
Choanoflagellida (1) 18 — 27 — 55 —
Euglenozoa (4) 22 3 29 2 49 4
Alveolata (6) 23 4 29 1 48 5
Amoebozoa (2) 31 1 31 0 38 2
Diplomonadida (3) 11 1 24 1 65 2
Fungi (58) 18 3 28 1 53 4
Bacteria (25) 10 1 27 2 63 3
All 11780 motifs 6 0 13 0 81 0

Anthozoa, phylum Cnidaria): 14%, 27%, and 59%, corre-
spondingly. This is more close to the statistics for the bacterial
proteomes. Another deviation from the average values is
observed for phylum Arthropoda, especially for class Insecta
(29%, 30%, and 41% for Anopheles darlingi and 26%, 29%, and
45% for Anopheles gambiae).
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It should be also noted that the proteins bearing motifs
from the third group occurred more frequently than the
proteins with motifs from the two other groups only because
the third group contained a significantly larger number of
motifs (12.5 times as many as in the first group). It might
be noted that motifs from the first groups are the simplest,
being homorepeats with an adjacent amino acid. Motifs from
the second group are homorepeats with an inclusion of the
other amino acid. Meanwhile, members of the third group
can hardly be derived from homorepeats. The most frequent
motifs are the ones most closely resembling homorepeats,
that is, the motifs from the first group, whereas the motifs
from the second group occur somewhat more rarely, and the
motifs not resembling homorepeats are the rarest of all. Each
proteome contains its characteristic leading motifs, and it is
apparent that the amino acids foremost among six amino acid
repeats occur most often.

3.2. Construction of Matrices of Correlation Coefficients for
Proteins Containing Simple Motifs in the Studied Proteomes.
For each proteome, we calculated a set of 11780 values reflect-
ing the number of proteins containing at least one simple
motif, 6 residues long. Then considering all possible pairs
of proteomes, the correlation coeficients between the 11780
values have been calculated which allowed us to construct
a matrix of correlation coeflicients (see Table 3). As a rule,
the correlation coefficients are higher inside the studied
kingdom than between them. A similar conclusion follows
from considering the occurrence of motifs from the three
groups (see Tables 4, 5, and 6). “x#” in Tables 3-7 is used to
show the correlation higher than 75%, and “+” is used to show
the correlation from 50% to 75%. Usually, the correlation
coefficients are higher inside the considered kingdom than
between them. The highest correlation is observed for the
Amoebozoa kingdom in all cases (see Tables 3-6).

Most of the theories suggest that colonial naked
choanoflagellate-like protists gave rise to first animals, while
chitinous thecate choanoflagellate-like protists gave rise to
first fungi [30, 31]. In the case of occurrence of the motifs from
the first and second groups, we obtained a high correlation
between the Choanoflagellida and Fungi kingdoms (0.67 and
0.61) compared to between the Choanoflagellida and animals
kingdoms (0.61 and 0.54) (see Tables 4-6).

We averaged the correlation coeflicients over all pro-
teomes from the studied kingdoms. The averaged correlation
coeficient is low inside such a kingdom as Metazoa (see
Table 3). We decided to analyze in more detail the proteomes
from the Metazoa kingdom. If the correlation coefficients for
animal proteomes only (see Table 7) are to be considered,
four clusters can be selected with high correlation between
the numbers of proteins where a simple motif, 6 residues
long, appears at least once. The first cluster corresponds to the
phylum Chordata (7 proteomes), the second to Arthropoda
(5 proteomes), the third to Nematoda (4 proteomes), and the
fourth to Cnidaria (only 1 proteome). Again one can see that
the correlation coeflicients are higher inside the considered
phylum than between them.

In Table7 one can see that the correlation coefficient
between zebrafish, Danio rerio, and pufferfish, Tetraodon
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nigroviridis, is 0.72, while on the other hand that between D.
rerio and starlet sea anemone, Nematostella vectensis, is 0.77
and those between D. rerio and two nematodes, Caenorhab-
ditis elegans and C. briggsae, are 0.73 and 0.80, respectively.
The correlation coefficients between T. nigroviridis and other
vertebrates are 0.70-0.75, while those between D. rerio and
other vertebrates, except for T. nigroviridis, are 0.80-0.86.
These values suggest that the pattern of six-residue-long
motifs in T. nigroviridis has changed very rapidly after the
separation of the lineages of pufferfish (belongs to a family of
primarily marine and estuarine fish) and zebrafish (a tropical
freshwater fish). This fact is not surprising in light of the
last data, that horses were evolutionarily closest to Brandt’s
bats (Myotis brandtii); their divergence occurred about 81.7
million years ago, which is close to the time of the adaptive
radiation of the class Mammalia [32].

In the case of the occurrence of simple motifs (all 11780
and 9500 for the third group), there is no high correlation
(larger than 0.5) between eukaryotic and bacterial proteomes.
Among the correlation coefficients for eukaryotic proteomes,
there is a high correlation between the animal and Fungi
kingdoms (0.62) compared to between the fungi and plants
(0.54). This is valid also in the case of consideration of the
correlation coefficients for the occurrence of the motifs from
the three groups separately (see Tables 4-6). Moreover, this
result agrees with the results obtained by us after analysis of
loops in elongation factors EF1A using the novel informative
characteristic called the “loops” method [20]. The method is
based on the ability of amino acid sequences to form flexible
loops in protein structure. Each kingdom displayed variations
in the number of loops and their location within the three
EF1A domains. It has been found that animals and fungi are
sibling kingdoms [20].

4. Conclusions

One can see that some simple motifs have been maintained
throughout evolution and that in the studied 122 eukaryotic
and bacterial proteomes the most frequent motifs are specific
for each proteome. The ratio between occurrences of the
simple motifs from the three groups is practically the same
for the eukaryotic proteomes. The other relationship between
occurrences of the motifs is observed for the bacterial pro-
teomes. The question about specificity of these motifs is more
important for biological functioning. Our study provides
support that animals and fungi are sibling kingdoms.
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Thermopsideae has 45 species and exhibits a series of interesting biogeographical distribution patterns, such as Madrean-Tethyan
disjunction and East Asia-North America disjunction, with a center of endemism in the Qinghai-Xizang Plateau (QTP) and Central
Asia. Phylogenetic analysis in this paper employed maximum likelihood using ITS, rps16, psbA-trnH, and trnL-F sequence data;
biogeographical approaches included BEAST molecular dating and Bayesian dispersal and vicariance analysis (S-DIVA). The results
indicate that the core genistoides most likely originated in Africa during the Eocene to Oligocene, ca. 55-30 Ma, and dispersed
eastward to Central Asia at ca. 33.47 Ma. The origin of Thermopsideae is inferred as Central Asian and dated to ca. 28.81 Ma.
Ammopiptanthus is revealed to be a relic. Birth of the ancestor of Thermopsideae coincided with shrinkage of the Paratethys Sea
at ca. 30 Ma in the Oligocene. The Himalayan motion of QTP uplift of ca. 20 Ma most likely drove the diversification between
Central Asia and North America. Divergences in East Asia, Central Asia, the Mediterranean, and so forth, within Eurasia, except
for Ammopiptanthus, are shown to be dispersals from the QTP. The onset of adaptive radiation at the center of the tribe, with
diversification of most species in Thermopsis and Piptanthus at ca. 4-0.85 Ma in Tibet and adjacent regions, seems to have resulted
from intense northern QTP uplift during the latter Miocene to Pleistocene.

1. Introduction

In the Leguminosae, the so-called core genistoides includes
tribes Crotalarieae, Genisteae, Podalyrieae, Thermopsideae,
Euchresteae, and Sophoreae sensu strictu [1-8]. Tribe Ther-
mopsideae includes seven genera and about (43)-45-(46)
species and occurs in the temperate regions of Eurasia and
North America [6, 9]. Of them, Pickeringia, with one species
endemic to western North America, has been transformed
into Cladrastis-Styphnolobium [5, 10]. Thermopsis and Bap-
tisia are two perennial herbaceous genera, respectively, in

distributions of an East Asian-North American disjunc-
tion and North American endemism. Anagyris, Piptanthus,
and Ammopiptanthus are shrubby and in Eurasia. Anagyris
includes two species and occurs around the Mediterranean
Basin [11, 12]. Piptanthus and Ammopiptanthus mainly occur
in China, the former in Sino-Himalayan [13] and the latter
in Central Asian regions [14]. New monotypic genus Vuralia
recently is segregated from Thermopsis in Turkey [15].
Molecular evidence above the rank of genus has provided
a foundation for Thermopsideae systematics and biogeog-
raphy [4, 5, 16-19]. However, due to a lack of sufficient
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species sampling, a dense addition of species at generic level
is necessary. Wang et al. [14] carried out a comprehensive
systematic study of Thermopsideae on the basis of dense
species addition and ITS sequences. Biogeographically, the
fossil record indicates that the three legume subfamilies
appeared in the early Eocene, and extensive diversification
and origin of most of the woody legume lineages occurred
in the middle Eocene [20]. Schrire et al. [21] divided the
distribution patterns of ca. 730 legume genera into four
biomes, that is, succulent, grass, rainforest, and temperate,
with temperate groups possessing the largest numbers. From
macrofossils of leaves and pods, the origin of legumes appears
unlikely to have been much before 60 Ma, and, from that
time, a rapid diversification among major clades took place
[22]. In contrast with a proposed West Gondwana origin
of the family [23, 24] or a “moist equatorial megathermal”
origin, recent studies favor an origin in the seasonally dry
to arid tropical Tethyan seaway corridor [21]. Lavin et al.
[22] established a comprehensive schematic chronogram
of legumes based on sequence data and fossil constraint,
employing a total of 324 species. However, only three species
of Thermopsideae were sampled. Lavin et al. [22] estimated
ca. 26.5Ma for the time of origin of Thermopsideae, and
Ortega-Olivencia and Catalan [I12] dated the appearance
of Anagyris to late Miocene (8.2 + 4.5Ma). Xie and Yang
[25] estimated Ammopiptanthus to have originated in early
Miocene ca. 20-21 Ma.

Exceptionally, in the Wang et al. [14] study, although
there was strong support for the tribal clade, the systematic
position of Ammopiptanthus was suspected as not being a
member of Thermopsideae because of the nesting of three
Sophora species with it, resulting in Ammopiptanthus being
placed in a basally branching position with respect to the rest
of the tribe. Many studies have speculated that Piptanthus,
Ammopiptanthus, Thermopsis, and so forth in the tribe
originated in the Tertiary [14, 26-29], but the exact time and
place of origin have remained poorly understood.

In summary, Thermopsideae contains many attractive
biogeographical topics, Central Asia, East Asia, and QTP
endemism and Madrean-Tethyan disjunction, East Asia-
North America disjunction, Tertiary origin, and so forth.
Therefore, this paper attempts to reconstruct the phylogeny of
the tribe using four genes and, afterward, focuses on the tribe
Thermopsideae biogeography by employing biogeographical
molecular dating and S-DIVA approaches to explore the
spatiotemporal origin and evolution of Thermopsideae and
its evolutionary dynamics; to confirm the Madrean-Tethyan
disjunction using Thermopsideae; and to discuss the East
Asia-North America disjunction, Central Asian endemism,
QTP endemism, and so forth.

2. Materials and Methods

2.1. Taxon Sampling. We sampled 32 individuals of 20 species,
mainly from China, belonging to three genera, Thermopsis,
Piptanthus, and Ammopiptanthus of Thermopsideae; see
Table 1. Outgroups were selected from Sophora (S. davidii, S.
flavescens, and S. microphylla), Podalyria (Podalyrieae), and
Cytisus (Genisteae); see Supplementary Material S 1 available

BioMed Research International

online at http://dx.doi.org/10.1155/2015/864804. More out-
group species were used in ITS phylogeny; also see S 2.

2.2. DNA Sequencing. Total genomic DNA was extracted
using the CTAB method [30]. The polymerase chain reaction
(PCR) was used for amplification of double stranded DNA.
A 25 pL reaction system contained 0.25 uL of Ex Taq, 2.5 uL
of 10x Ex Taq buffer (Mg** concentration of 25 mM), 2.0 uL
of ANTP mix (2.5mM concentration for each dNTP), 1uL
of the forward and reverse primers at 5 ymol/uL, and 0.5 uL
of template DNA. The following primers were used: for ITS,
ITSI-F (5'-AGA AGT CGT AAC AAG GTT TCC GTA GC-
3') and ITS4-R (5'-TCC TCC GCT TAT TGA TAT GC-3)
[31], for trnL-F, trnLF (5'-CGA AAT CGG TAG ACG CTA
CG-3) and trnFR (5'-ATT TGA ACT GGT GAC ACG AG-
3") [32], for psbA-trnH, psbAF (5'-GTT ATG CAT GAA CGT
AAT GCT C-3') [33] and trnHR (5'-CGC GCA TGG ATT
CAC AAT CC-3") [34], and, for the intron of rpsl6, rpsl6F
(5'-GTG GTA GAA AGC AAC GTG CGA CTT-3"), and for
rpsl6R (5'-TCG GGA TCG AAC ATC AAT TGC AAC-3)
[35].

PCR amplifications were carried out using the following
procedures: there was predenaturation at 94°C for 3 min.,
followed by 30 cycles of (1) denaturation at 94°C for 30s,
(2) annealing at 48°C-54°C for 30s, and (3) extension at
72°C for 1min,; at the end of these cycles, there was a final
extension at 72°C for 10 min. PCR products were purified
using the PEG precipitation procedure [36]. Sequencing
reactions were performed by a company specializing in the
procedure (Beijing Sanbo Biological Engineering Technology
and Service Corporation, China). Sequences were aligned
using CLUSTAL X software [37] and then adjusted by hand
in BioEdit ver. 5.0.9 [38].

2.3. Phylogenetic Analyses. Two datasets consisting of ITS
and the 4-gene sequences combined (ITS+3cpDNA) were
prepared for phylogenetic analysis. The 4-gene dataset was
examined using the incongruence length difference (ILD)
tests [39], implemented in PAUP version 4.0b10 [40], with 100
homogeneity replicates, 10 random addition sequences, tree-
bisection-reconnection (TBR) branch swapping on best only,
and MULTREES on, and this was performed to test whether
the four datasets could be combined. The data partitions of
four genes were not significantly incongruent on the basis of
the ILD tests (P = 0.01).

Phylogenetic analysis by Maximum Likelihood (ML) of
the 4-gene combined sequences was conducted using PAUP*
4.0b10 [40].

For ML analysis, the best fitting DNA substitution model
was found employing Modeltest 3.6 [41], of which the Akaike
information criterion (AIC) was selected on the basis of
the log likelihood scores of 56 models [41]. For the dataset,
the TrN+G model was selected as the most appropriate in
Modeltest 3.5, with the nucleotide frequencies A = 0.3283,
C =0.1676, G = 0.1985, T = 0.3055, the shape parameter =
0.6264, and an assumed proportion of invariable (PIV) sites
= 0. Clade support for the phylogenetic tree was estimated,
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TABLE 2: References for fossils of seven genera used to constrain ages for dating.

Taxa Time (Ma) Location Reference

Cercis 60-11 Late Cretaceous-Miocene China Tao, 1992 [58]; Tao et al., 2000 [42]

Cercis Eocene N America Lavin et al., 2005 [22]

Acacia 47-42 Eocene Liaoning, China; Tanzania Tao et al., 2000 [42]; Lavin et al., 2005 [22]

Acacia 15 Miocene Dominican Rep. Lavin et al., 2005 [22]

Bauhinia ca. 65 later Cretaceous Helongjiang, China, Tao et al., 2000 [42]

Cladrastis 40-20 middle Eocene Tennessee, N America Herendeen et al., 1992 [20]

Cladrastis Miocene Inner Mongolia Tao et al., 2000 [42]

Sophora 35-9 Oligocene-Miocene China, Siberia, N America Tao et al., 2000 [42]; IB & NIGP, 1978 [43]

Pueraria 17-5 Miocene Yunnan, Shandong, China Tao, 1992 [58]; Tao et al., 2000 [42]

Dalbergia 19.5-5 Miocene China, N America, Europe IB & NIGP, 1978 [43]; Tao, 1992 [58]; Tao et al., 2000 [42]

IB and NIGP: Institute of Botany and Nanjing Institute of Geology and Palacontology, Academia Sinica.

employing bootstrap values in PAUP and posterior probabil-
ity values in MrBayes software.

In order to obtain comprehensive molecular dating, ITS
sequence data covered broad outgroups including the four
core genistoides tribes and seven fossil genera, which came
from our data and from GenBank; see S 2. The final dataset
comprised 107 species and 722 bps.

2.4. Estimating Divergence Times

2.4.1. Fossil Constraints. Legumes have rich fossil records
[20, 42], but there are fewer fossils assignable to the core
genistoides and Thermopsideae. Most fossils of legume gen-
era date to the Miocene, with several approaching the Eocene
and Paleocene, with Bauhinia and Cercis extending even to
the Late Cretaceous [42, 43]. Seven fossil genera are used
as outgroups; see Table 2. The occurrence of Sophora in the
Oligocene-Miocene is credible, since its fossils are known
from the Eocene of eastern Siberia and North America
[42, 43]. In China, Sophora fossils have been found in
Oligocene strata from Heilongjiang province, the Miocene
from Shandong and Yunnan provinces, and Pliocene from
Shanxi province [42, 43]. Acacia in the Eocene is also well rep-
resented in museum collections. Dalbergia fossils, including
leaves and fruit, have been recorded at the Eocene-Miocene
boundary in North America, the Oligocene-Miocene bound-
ary in Europe, and in the Miocene in Yunnan Province,
China. Fossil leaves of Pueraria appeared in the Miocene
in Shandong and Yunnan provinces, China [42, 43], and
Cladrastis has been dated to middle Eocene [22].

In terms of the ancient fossil record and the phylogenetic
tree, the root taxon was considered as Cercis. In the southern
China Guangdong province, Cercis fossils haves been found
from the Late Cretaceous to Eocene, in the Oligocene of
Yunnan province, and the Miocene of Shandong and Qinghai
provinces. Therefore, this genus is regarded as the root taxon
and the age of its ancestor is constrained as 60 Ma. This root
constraint is in agreement with Lavin et al. [22], by whom
the ancestor of Polygala and Cercis was constrained at 60 Ma.
Detailed information are described in Table 2.

The outgroup fossil dates were used as the constraint
minimum ages; that is, the maximum fossil dates were

selected as the generic minimum age of the most recent
common ancestor (MRCA).

2.4.2. Dating Implementation. Currently, phylogenetic dating
approaches include r8s, PAML, and BEAST. Of them, BEAST
has an advantage for practical applications because of its non-
dependence on a phylogenetic tree, and convenient imple-
mentation software (BEAST v1.46, http://beast.bio.ed.ac.uk).
Moreover, a relaxed molecular clock and Bayesian MCMC
search optima are available within it [44, 45].

BEAST was implemented [46] using a Yule process
speciation prior to an uncorrelated lognormal model of rate
variation and a normal distribution. Tracer v1.4 was used
to measure the effective sample size of each parameter and
mean and 95% credibility intervals. Two separate MCMC
analyses were run for 20,000,000 generations and sampled
every 1000 generations. After discarding as burn-in the first
10% of trees searched, the mean and 95% credibility intervals
of MRCA nodes were calculated by TreeAnnotator v1.4.8. and
visualized by FigTree v.1.2.4 [46].

2.5. Biogeographic S-DIVA. DIVA is used to infer mainly
ancestral distributions and biogeographical events [47]; it is
an event-based method that optimizes ancestral distributions
by assuming a vicariance explanation, while incorporat-
ing the potential contributions of dispersal and extinction,
despite minimizing these under a parsimony criterion [47,
48]. Nylander et al. [49] proposed a modified approach
to DIVA naming it Bayes-DIVA because it integrates bio-
geographical reconstructions of DIVA over the posterior
distribution of a Bayesian MCMC sample of tree topologies.
Bayes-DIVA is also referred to as S-DIVA [50].

The BEAST dating tree (Figure 2) was treated as a fully
resolved phylogram for use as a basis for S-DIVA, and 791
post burnin trees derived from the BEAST analysis were
used for ancestral area reconstruction in the program S-DIVA
beta version 1.9. S-DIVA was performed with constraints of
maximum areas 2 at each node, to infer possible ancestral
areas and potential vicariance and dispersal events.

Geographic areas were chosen to cover the distributions
of the four core genistoides tribes, especially tribe Thermop-
sideae. Seven geographic endemic areas were defined in this
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study: East Asia, Central Asia, the Mediterranean, Africa,
Russia (including Central East, Caucasus, and northeastern
Russia), North America, and Tibet. Because of its species
richness and endemism, the QTP, Tibet is regarded as an area
separated from the East Asian floristic region [13].

3. Results

3.1. Phylogenetic Analyses

3.11. 4-Gene Combined Analysis. The 4-gene combined
dataset included 38 samples and 3099 bps; 496 variable
characters were parsimony-uninformative and 421 were
parsimony-informative. ML analysis resulted in three opti-
mum trees, topologically almost equivalent; one of them
is shown in Figure 1. Bootstrap support from PAUP and
Bayesian posterior probability are labeled on the nodes in
Figure 1.

Thermopsideae and Ammopiptanthus, respectively,
formed a monophyletic group with high support, near
100% bootstrap (BT) and posterior probability values (PP).
Piptanthus did not form a monophyletic group, since P.
nepalense was placed outside of the genus (Figure 1). Even
though the samples of Thermopsis came only from China
(Figure 1), the results show that section Thermopsis sensu
Sa et al. [28] can apparently be divided into two clades
(Figure 1).

3.1.2. ITS Analysis. The ITS BEAST implementation yielded
a phylogenetic tree and dating chronogram; see Figure 2. This
topology of tree is in rough agreement with that of the previ-
ous ITS tree [14] and our 4-gene tree (Figure 1). It indicates
that Ammopiptanthus and Thermopsideae are monophyletic
groups, respectively. Importantly, this chronogram has a
temporal evolutionary significance for the Thermopsideae,
Podalyrieae, Crotalarieae, Genisteae, and so forth.

In contrast with previous phylogenies, especially Wang
et al. [14], this ITS tree places Ammopiptanthus within
Thermopsideae rather than outside of the tribe, and this is
the same as in our 4-gene tree (Figurel). The topological
structure of the four tribes of core genistoides is also some-
what different from previous studies [19]; Thermopsideae is
related to the cluster of Genisteae and Podalyrieae, while
Crotalarieae is more isolated.

3.1.3. Estimating Divergence Times. Using seven fossil genera
as constraints and outgroups, for 107 species and ITS dataset,
the estimated root age of the four tribes of core genistoides
was ca. 54.43 Ma and that of Thermopsideae was ca. 28.81 Ma,
as presented in Figure 2. The estimated crown ages of the
four tribes range from later Eocene 39.45 Ma (Crotalarieae)
to Miocene 11.89 Ma (Podalyrieae).

Within Thermopsideae, five genera are well mono-
phyletic, respectively, with credible crown and stem ages
excluding Thermopsis. Ammopiptanthus has stem age ca.
28.81 Ma, namely, crown age of Thermopsideae. In order to
discuss the origin and evolution of taxa, a geological scale was
appended to the BEAST diagram in Figure 2.

3.1.4. Biogeographic S-DIVA. Reconstruction of ancestral
areas with S-DIVA (Figure 2) suggested that the ancestral
distribution area of core genistoides is Africa (A) and that
of Thermopsideae is possibly Central Asia (C) and that
Ammopiptanthus is directly derived from Thermopsideae.
Extant taxa of North America and the QTP are shown to
be dispersals from Central Asia; several events of dispersal
and vicariance are illustrated in Figure 2. The most distinct
dispersal for the core genistoides is from Africa to Central
Asia. From the QTP a dispersal was westward via the
Himalayas to the Mediterranean for the genus Anagyris, and
dispersal and adaptive radiation to East Asia and Central
Asia. The eastward line is via the Bering Strait to North
America (Figures 2 and 3).

4. Discussion

4.1. Systematics of Thermopsideae. In the previous ITS phylo-
genetic tree [14], the five genera of Thermopsideae formed a
well resolved monophyly, except for the fact that Ammopip-
tanthus fell outside of Thermopsideae due to the nesting
of a few species of Sophora. In addition, diversification
into East Asian and North American groups is observed
in Thermopsis. From our 4-gene combined (Figure 1) and
ITS trees (Figure 2), the monophyly of Thermopsideae and
Ammopiptanthus is confirmed once more, and Ammopiptan-
thus is entirely included within Thermopsideae with high
confidence support. Consequently, our enhanced species
sampling and 4-gene tree (Figurel) yield a distinct result
compared with Wang et al. [14], mainly, that Thermopsideae
is monophyletic, since the three Sophora species (S. davidii,
S. flavescens, and S. microphylla) are out of the tribe; two
phylogenetic clades are recognized, where the previous tree
only had one (see Figure 1 of Wang et al. [14]; our ITS
tree also has one clade see Figure 2). This probably will be
useful for the revision of classification [28, 51, 52], especially
for section Thermopsis sensu Sa et al. [28], of which most
species occur in Asia. In addition, the previous taxonomic
opinion of Ammopiptanthus being morphologically related
to Piptanthus [26, 53] should be considered as reflecting a
convergence, since our results (Figures 1 and 2) illustrate that
they are separated in the tree. Vuralia has only one species
V. turcica (Kit Tan et al.) and has a narrowed distribution
(marshy side of Aksehir in Turkey) Uysal et al. [15], even
though it had not been joined into the present dataset of
Thermopsideae; however, together with Thermopsis chinensis
and Th. fabacea, all are shown to be included into North
America clade node 9 (Figure 2) [15].

4.2. Age and Distribution Pattern of Thermopsideae. The age
of Thermopsideae has been estimated several times by the
molecular dating approach. On the basis of fossil data, the
genistoides crown node was constrained at 56.42 + 0.2 Ma.
Lavin et al. [22] dated Thermopsideae to ca. 26.5Ma, but
only three species were sampled, that is, Piptanthus nepalense,
Baptisia australis, and Thermopsis rhombifolia. This node of
the genistoides is placed at ca. 54.43Ma (Figure 2), near
this fossil constraint, confirming the validity of our dating.
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FIGURE 1: Phylogenetic tree resulted from maximum likelihood analysis of the combined dataset of 4 genes (ITS, trnL-F, psbA-trnH, and
rpsl6). Bootstrap support values > 50% above branches and posterior probability support > 0.5 below branches are indicated.

To estimate the age of Anagyris, Ortega-Olivencia and
Cataldn [12] employed numerous samples of the two species
A. foetida and A. latifolia and added three other species
in the tribe. Their results indicated that an estimated age
of Thermopsideae was 27.2 + 4.1 Ma and of Anagyris was
8.2 + 4.5 Ma. The present paper dates Thermopsideae to ca.
28.81 Ma, which approaches the dates from previous studies
by Lavin et al. [22] and Ortega-Olivencia and Catalan [12].
Therefore, the middle Oligocene ca. 28.81Ma should be
treated as the diversification age of the tribe.

Along with the significant global climate cooling and
increased aridity from Eocene to Oligocene, seven distinctive
biomes have been recognized for the Oligocene (38~24 Ma)
[54]. At ca. 30 Ma, one of seven is the warm/cool temperate

biome, with a wide band of broadleaved evergreen and
deciduous woodland throughout central Eurasia and North
America. This biome in its northernmost part just covers
the distribution range of Thermopsideae. These woodlands
and forests replaced the dominantly evergreen paratropical
rainforest of the middle Paleocene and much of the Eocene
[54]. Therefore, we can determine that the original accom-
panying vegetation of Thermopsideae was woodlands and
forest, with broadleaved evergreen and deciduous plants.
From the Oligocene ca. 30 Ma to middle-to-late Miocene,
shrinkage of the Paratethys played an important role in
causing transformation of the Central Asian climate from
an oceanic to a continental condition [55]. As Hrbek and
Meyer [56] have reviewed, the closing of the sea near
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the Oligocene/Miocene boundary had a major impact on
the distribution of organism diversity. Therefore, origin and
diversification of the Thermopsideae at ca. 30 Ma could
therefore have been driven by the closing of the Paratethys,
which resulted in a series of changes of environmental and
ecological factors and profoundly affected the evolution of the
tribe.

The Oligocene environment in Kazakhstan, with broad-
leaved forest and swamps, was indicated to be a wet climate
[57]. However, the Paleogene floristics of northwestern and
central China evidenced by fossil data was dry and sub-
tropical [58]. During the Oligocene, the climate of middle
China is speculated to have been an arid/semiarid belt [59].
Therefore, climate in Oligocene Central Asia should have
changed from western wet (relic locations of Paratethys

shrinkage) in Kazakhstan to eastern dry in northwestern
China. These wet environments and climates of western parts
of Central Asia most likely fit the emergence of the ancestor
of Ammopiptanthus and Thermopsideae, with a broad-leaved
forest and a wet to arid climate.

Therefore, from these perspectives of time and place of
origin, paleovegetation, and paleoclimate, we can confirm a
balanced Oligocene Central Asian origin of Thermopsideae.

4.3. Central Asian Origin and Diversifications among Cen-
tral Asia, the QTP, and North America. In terms of our
inferences of dispersal and vicariance in Thermopsideae
(Figures 2 and 3), we can speculate that, after origina-
tion in Central Asia, most of its broadleaved evergreen
and deciduous ancestors probably soon became extinct.
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FIGURE 3: Scheme of dispersal routes from the biogeographical S-DIVA analysis, Figure 2. The blue dashed line indicates the origin center
of core genistoides from Africa (elliptic 1), arriving in Central Asia (elliptic 2), which was the place of origin of the Thermopsideae; then
there was a dispersal to North America. Routes are shown by green dashed lines. From Central Asia (elliptic 2), a dispersal westward via the
Caucasus to the Mediterranean with genus Anagyris and dispersal and adaptive radiation to QTP (elliptic 3), from QTP to North China, are
shown by yellow dashed lines. Dispersal from North America at about late Miocene eastward to East Asia and Mediterranean is shown by

red lines.

Only a few survived, a case being Ammopiptanthus, which
evolved from the ancestor of Thermopsideae (Figure 2). From
the Central Asian ancestor, Thermopsideae had a dispersal to
North America at ca. 28.81 Ma and to the QTP at ca. 20.32 Ma
(Figures 2 and 3).

As mentioned above, shrinkage of the Paratethys start-
ing from the Oligocene [55] was a dynamic influence for
Thermopsideae and most likely also drove the dispersal to
North America (dispersal from node 7 Figures 2 and 3).
The diversification age between Central Asia and QTP of ca.
20.32 Ma implies a response to QTP uplift and extension as
a geological event. QTP uplift is presumed to have initiated
very early but had a major phase near the Oligocene-Miocene
boundary when loess deposition began and strengthened
thereafter. The first phase (Gangdese motion ca. 40 Ma, 45~
38 Ma) is characterized by the Indian plate subducting under
the Eurasian plate, resulting in the rise of the Gangdise
Mountains. High altitude conifers became abundant in the
QTP starting at 38 Ma [60]. The second phase (Himalayan
motion ca. 21 Ma, 25~17 Ma) is characterized by westward
withdrawal of the Paratethys Sea and aridification of interior
Asia. The rise or expansion of the QTP became sufficient
for the initiation of dust deposition due to the Asian winter
monsoon [59, 61, 62]. The third phase, uplift of northern and
eastern parts of the QTP at many intervals during the late
Neogene to Pleistocene [63-65] is correlated with appearance
of ocean upwelling connected to development of the Asian
summer monsoons. A particularly intense geologic uplift
during this period was recorded in parts of the northernmost
QTP at ca. 3.6 Ma [63, 66-68], which was accompanied by the
intensification of monsoons to present levels.

These events strikingly influenced the ecology and
environment of the QTP and adjacent regions, especially
northern China. These ecological and environmental
settings, consequently, can hold temporally the dispersal
from Central Asia (see Figure 2, node 8) into the QTP.

The QTP and adjacent regions possess many endemic
species in Thermopsideae (nodes 11,14 in Figure 2); these
areas are shown by the analysis to be related mechanistically
to Central Asia. A vicariance between the QTP and Central
Asia is estimated at ca. 6.5 Ma (node 10, Figure 2), whereas
those species of the QTP, North China, and Central Asia
(with BCE in Figure 2) are shown to come from the Central
Asian ancestor node 14 (Figure 2) at ca. 0.97 Ma. Therefore,
Central Asia shows a remarkable relation to the origin
of Thermopsideae in temporal-spatial dimensions, in other
words, evolution of Thermopsideae in Central Asia, was
coupling with the multiple stages of uplift of the QTP since
Cenozoic, which significantly affected the paleoenvironment,
paleogeography, and paleoclimate in QTP and Central Asia.
To explain evolutionary process of Thermopylae using uplift
is reasonable. For instance, divergence of Piptanthus and
other taxa in the QTP and North China (node 11 in Figure 2)
is dated to ca. 4 Ma, during the third phase (intensive
northern QTP uplift ca. 3.6 Ma). Piptanthus is estimated to
be young, with a diversification age of ca. 0.85 Ma, which falls
into the period of QTP maximum iceosphere (cryosphere)
during the third phase of uplift [66, 68]. Many people have
discussed the East Asia-North America disjunction in regard
to Thermopsis [14, 28, 51, 52, 69]. Yuan et al. [69-71] and Peng
and Yuan [51] considered Thermopsis section Archithemopsis,
C.J.Chen, R. Sa,and P. C. Li, to be occurring in Sino-Japanese
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regions, as the primitive group in the genus. Sa et al. [28]
concluded that Thermopsis originated from the Sino-Japanese
flora and then dispersed to North America via the Bering
Strait. However, our analysis shows the ancestor of North
American species to have come from Central Asia (node 8
in Figure 2) rather than East Asia and that the East Asia
clade also on the whole evolved in Central Asia, which
is different from previous hypotheses. In addition, a new
genus Vuralia is erected from Thermopsis and related to
North American node in the ITS phylogenetic tree [15],
whereas Thermopsis chinensis and Th. fabacea (Figure 2) are
also included in North American node; therefore, these three
species in Eurasia can be regarded as the dispersals from
North America and recent event in Pliocene-Pleistocene
from North America crown root 5 Ma, as shown in Figures
2and 3.

Meanwhile, our estimated diversification age of the
Eurasia (Central Asia)-North America disjunction within
Thermopsis is ca. 20.32 Ma (node 8 in Figure 2). This early
Miocene time is similar to that of most other genera showing
East Asia-North America disjunctions, for example, Cercis
ca. 15.41 Ma, Torreya ca. 16.7 Ma [72], Cornus 13.1Ma [73],
Calycanthus 16 Ma [74], Epimedium-Vancouveria 9.7 Ma [75],
and Hamamelis 7.7-71 Ma [76], but is different from Kelloggia
with 5.42Ma [77] and Phryma 5.23-3.68 [78]. As men-
tioned above, another diversification between Eurasia-North
America disjunction which originates from North America
at ca. 5 Ma Pliocene-Pleistocene (node 9, Figure 2) resembles
Kelloggia and Phryma.

From Central Asia, a western dispersal route via the
Caucasus arriving at the Mediterranean, is illustrated with
Anagyrisin Figures 2 and 3. Our dating of Anagyrisis 3.08 Ma,
which is different from the suggested age of 8.2 + 4.5Ma
[12]. The Anagyris estimate of Ortega-Olivencia and Catalan
[12] probably lacks denser sampling from Thermopsideae,
since only 5-6 species were selected in total. In general,
sufficient samples are necessary in dating. Vuvalia, another
Mediterranean genus that belongs to the North America
clade (node 9 in Figure 2), as well as Thermopsis chinensis
and Th. fabacea, probably dispersed from North America in
Pliocene-Pleistocene, since our estimated crown age of North
America clade node 9 is about 5 Ma; see Figures 2 and 3.

4.4. Origin and Geographic Diversification of Ammopiptan-
thus. In view of the unique evergreen broadleaf habit of
Ammopiptanthus in the desert region of northwestern China
and Kyrgyzstan, many people have speculated that Ammopip-
tanthus is a relict of the evergreen broadleaf forest of this
region from the Tertiary period [14, 26-29, 79, 80]. The two
species form an obvious disjunction pattern, A. mongolicus
distributed in western Inner Mongolia and the south Gobi
desert and A. nanus in the western Tianshan Mts. restricted to
the borders between China and Kyrgyzstan [29]. Both species
of Ammopiptanthus are diploid [81]. Genetic diversity from
ISSR analysis [29] indicated that differentiation of the two
species was significant. In view of its high genetic diversity,
a vicariance possibly resulted from the fragmentation of the
ancestor range.

From the present analysis (Figure 2), Ammopiptanthus is
shown to be directly derived from the common ancestor of
Thermopsideae, and its divergence time is estimated at ca.
28.81 Ma of middle Oligocene. As mentioned above, during
this period, the climate was cooling and increasing in aridity
and the vegetation was broadleaved evergreen and decidu-
ous woodland. Therefore, Ammopiptanthus spatiotemporally
should be speculated to be a relict survivor of the evergreen
broadleaf forest at the Tertiary Oligocene.

Much evidence indicates that CO, decline promoted
the origin of C, photosynthesis in grasses in the middle
Oligocene ca. 30 Ma [82-84]. Similar to C, grass plants,
emergence of Ammopiptanthus just falls into this period, and
since it favors cold and arid climates in an arid region, it can
be regarded as a plant case of response to CO, decline.

The vicariance and fragmentation of the two Ammopip-
tanthus species dated to ca. 3.88 lead us to link these events to
the time label 3.6 Ma of QTP intense uplift and consequently
to Asian interior land aridification [66, 68, 85]. This is the
same as the speciation of some species in Caragana [86] and
Phyllolobium [87]. The vicariance and fragmentation of the
two Ammopiptanthus species also likely corresponded to the
low pCO, and cold and arid climate that resulted from glacial
intensification at late Pliocene times (~3.3 to 2.4 Ma) (another
time label is at middle Miocene ~14 to 10 Ma) [88].

4.5. Attribute of Madrean-Tethyan Disjunction of Thermop-
sideae. The Madrean-Tethyan disjunction was proposed by
Axelrod [89], as reviewed recently by Wen and Ickert-
Bond [90], which hypothesized a nearly continuous belt
of Madrean-Tethyan dry broadleaf evergreen sclerophyllous
vegetation stretching from western North America to Central
Asia in the early Tertiary (from Eocene to late Oligocene)
at low latitudes. The former Madrean-Tethyan belt, in fact,
falls into the succulent biome locating on the two sides
of the Tethys in the Tertiary flora and vegetation, one of
four biomes of the legume distribution pattern [21]. The
representatives of taxa forming a distinctive disjunction in
Thermopsideae are Thermopsis section Thermia and Baptisia
in North America and Thermopsis sections excluding section
Thermia and Piptanthus in Eurasia, mainly in the QTP and
its adjacent regions and Ammopiptanthus in Central Asia
and Anagyris in the Mediterranean. Clearly, Thermopsideae
presents a Madrean-Tethyan disjunction. From the temporal
dimension, our dating of Thermopsideae to Oligocene ca.
28.81 Ma, is just consistent with Axelrod [89] time range of
early Tertiary Oligocene. This is different from the ages of
origin of Madrean-Tethyan disjunctions (see review of Wen
and Ickert-Bond [90]), for instance, Platanus orientalis-P.
racemosa s.l. (Platanaceae) ca. 20.5-21.9 Ma [91]; Juniperus
was at 43.66 Ma [92]. Since Thermopsideae is illustrated to
be derived from Central Asia, the evolutionary pattern of this
tribe would be migration from Eurasia to North America
via the Bering Strait. Moreover, types of Thermopsideae,
except for members of Thermopsis and Baptisia, are perennial
herbs producing rhizomes. The rest of these taxa, especially
Ammopiptanthus, are shrubby and likely to be relicts of the
Tertiary dry broadleaf evergreen sclerophyllous vegetation
[89]. This, in fact, provides a relict status of dry broadleaf
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evergreen sclerophyllous vegetation of Madrean-Tethyan dis-
junction. Therefore, from perspectives of distribution, dated
age, and vegetation of Thermopsideae, it fits as a good case of
Madrean-Tethyan disjunction.

4.6. African Origin and Dispersal of Core Genistoides. The so-
called core genistoides are defined on the basis of molecular
phylogeny [1, 3-5, 16-19]. This clade has four tribes taxo-
nomically [19], namely, Crotalarieae, Podalyrieae, Genisteae,
and Thermopsideae. Except for Thermopsideae, the tribes
occur mainly in Africa, and only a few species expand to
the Mediterranean, southern Europe, the Middle East, the
Caucasus, and Russia [6-8].

Schrire et al. [21] stated that the derived genistoides,
including Crotalarieae, Podalyrieae, and Genisteae, have
their basal branching elements in warm temperate southern
Africa, an ancestral crown in the southern warm temperate
biome [22]. From there, they would have migrated north-
wards through montane tropical Africa to the Mediterranean
and Macaronesian regions and sequentially to the New
World, or have secondarily invaded the tropics.

Our molecular dating and S-DIVA results (Figures 2 and
3) indicate that the core genistoides originated from Africa,
probably warm temperate southern Africa as mentioned
above [21], from Eocene to Oligocene ca. 54.43-33.47 Ma
(Nodes 1,3). The four tribes not only dispersed to the Mediter-
ranean, West Asia, the Caucasus, northwestern Russia, Cen-
tral Asia, East Asia, and North America, but also continuously
diversified in Africa in situ until middle Miocene ca. 12 Ma,
which is fundamentally due to the diversification of the
three tribes Crotalarieae, Podalyrieae, and Genisteae in that
continent (Figure 2). The exact place of origin of these
three tribes will probably become less ambiguous due to
discovery of fossil records and increased taxon sampling
and sequencing and so forth. However, an African origin is
affirmed; furthermore, the biome warm temperate southern
Africa, sensu Schrire et al. [21], is accepted here. This also
illuminates the origin of Thermopsideae.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

Thanks are to Dr. Yong-Ming Yuan and Dr. Heng-Chang
Wang for their valuable comment and suggestion to the
manuscript, to Dr. Rodrigo Duno de Stefano and anonymous
referee for their critical, constructive, and helpful comment
and suggestions, and to Professor Peter E Stadler for his
careful corrections to manuscript. This study was financially
supported by National Natural Science Foundation of China
(no. 41271070), China National Key Basic Research Program
(2014CB54201) and Xinjiang Institute of Ecology and Geog-
raphy, CAS.

BioMed Research International

References

[1] M.D. Crisp, S. Gilmore, and B. Van Wyk, “Molecular phylogeny
of the genistoid tribes of papilionoid leguminosae,” in Advances
in Legume Systematics, Part 9, P. S. Herendeen and A. Bruneau,
Eds., pp. 249-276, Royal Botanic Gardens, Kew, Richmond, UK,
2000.

[2] R.T. Pennington, M. Lavin, H. Ireland, B. Klitgaard, J. Preston,
and J.-M. Hu, “Phylogenetic relationships of basal papilionoid
legumes based upon sequences of the chloroplast trnL intron,”
Systematic Botany, vol. 26, no. 3, pp. 537-556, 2001.

[3] A. Ainouche, R. J. Bayer, P. Cubas, and M. T. Misset, “Phy-
logenetic relationships within tribe Genisteae (Papilionoideae)
with special reference to genus Ulex,” in Advances in Legume
Systematics. Part 10: Higher Level Systematics, B. B. Klitgaard
and A. Bruneau, Eds., pp. 239-252, Royal Botanic Gardens, Kew,
UK, 2003.

[4] M. E Wojciechowski, “Reconstructing the phylogeny of
legumes (Leguminosae): an early 21st century perspective,” in
Advances in Legume Systematics, Part 10: Higher Level Systemat-
ics, B. B. Klitgaard and A. Bruneau, Eds., pp. 5-35, Royal Botanic
Garden, Kew, Richmond, UK, 2003.

[5] M. E Wojciechowski, M. Lavin, and M. J. Sanderson, “A
phylogeny of legumes (Leguminosae) based on analysis of the
plastid matK gene resolves many well-supported subclades
within the family,” The American Journal of Botany, vol. 91, no.
11, pp. 1846-1862, 2004.

[6] J. M. Lock, “Thermopsideae;” in Legumes of the World, G. Lewis,
B. Schrire, B. Mackinder, and M. Lock, Eds., pp. 263-265, Royal
Botanic Gardens, Surrey, UK, 2005.

[7] R. M. Polhill and B. E. van Wyk, “Genisteae,” in Legumes of the
World, G. Lewis, B. Schrire, B. Mackinder, and M. Lock, Eds.,
pp- 283-297, Royal Botanic Gardens, Kew, UK, 2005.

[8] B. E. Van Wyk, “Podalyrieae, Crotalarieae;” in Legumes of the
World, G. Lewis, B. Schrire, B. Mackinder, and M. Lock, Eds.,
pp. 267-282, Royal Botanic Gardens, Surrey, UK, 2005.

[9] B. L. Turner, “Thermopsideae;” in Advances in Legume System-
atics, R. M. Polhill and P. H. Raven, Eds., vol. 1, pp. 403-407,
Royal Botanic Gardens, Kew, UK, 1981.

[10] M. E. Wojciechowski, “The origin and phylogenetic relation-
ships of the Californian chaparral “paleoendemic” Pickeringia
(Leguminosae),” Systematic Botany, vol. 38, no. 1, pp. 132-142,
2013.

[11] K. Browicz, “Geographic distribution of some shrubsfrom
the family Leguminosae in southwestern Asia,” in Arboretum
Kornickie, Rocznik XXXII, pp. 5-30, 1978.

[12] A. Ortega-Olivencia and P. Catalan, “Systematics and evolu-
tionary history of the circum-Mediterranean genus Anagyris L.
(Fabaceae) based on morphological and molecular data,” Taxon,
vol. 58, no. 4, pp- 1290-1306, 2009.

[13] C.Y. Wuand S. G. Wu, A Proposal for a New Floristic Kingdom
(Realm): The E. Asiatic Kingdom, Its Delineation and Character,
CHEP & Springer, Beijing, China, 1999.

[14] H. C. Wang, H. Sun, J. A. Compton, and J. B. Yang, “A
phylogeny of Thermopsideae (Leguminosae: Papilionoideae)
inferred from nuclear ribosomal internal transcribed spacer
(ITS) sequences,” Botanical Journal of the Linnean Society, vol.
151, no. 3, pp. 365-373, 2006.

[15] T. Uysal, K. Ertugrul, and M. Bozkurt, “A new genus segregated

from Thermopsis (Fabaceae: Papilionoideae): Vuralia Plant
Systematics and Evolution, vol. 300, no. 7, pp. 1627-1637, 2014.



BioMed Research International

[16] T. Kajita, H. Ohashi, Y. Tateishi, C. D. Bailey, and J. J. Doyle,
“rbcL and legume phylogeny, with particular reference to
Phaseoleae, Millettieae, and allies,” Systematic Botany, vol. 26,
no. 3, pp. 515-536, 2001.

[17] A. Bruneau, M. Mercure, G. P. Lewis, and P. S. Herendeen,
“Phylogenetic patterns and diversification in the caesalpinioid
legumes,” Botany, vol. 86, no. 7, pp. 697-718, 2008.

[18] M. A. Bello, A. Bruneau, E Forest, and J. A. Hawkins, “Elusive
relationships within order fabales: phylogenetic analyses using
matK and rbcl sequence data,” Systematic Botany, vol. 34, no. 1,
pp. 102-114, 2009.

[19] G. Lewis, B. Schrire, B. Mackinder, and M. Lock, Legumes of the
World, Royal Botanic Gardens, Kew, Richmond, UK, 2005.

[20] P. S. Herendeen, W. L. Crepet, and D. L. Dilche, “The fossil
history of the Leguminosae: phylogenetic and biogeographic
implications,” in Advances in Legume Systematics, Part 4, P.
S. Herendeen and D. L. Dilcher, Eds., pp. 303-316, Royal
BotanicGardens, Kew, Richmond, UK, 1992.

[21] B. D. Schrire, G. P. Lewis, and M. Lavin, “Biogeography of
the Leguminosae,” in Legumes of the World, G. P. Lewis, B.
D. Schrire, B. MacKinder, and M. Lock, Eds., pp. 21-54, Kew
Publishing, 2005.

[22] M. Lavin, P. S. Herendeen, and M. E Wojciechowski, “Evolu-
tionary rates analysis of leguminosae implicates a rapid diversi-
fication of lineages during the Tertiary,” Systematic Biology, vol.
54, no. 4, pp. 575-594, 2005.

[23] P. H. Raven and D. I. Axelrod, “Angiosperm biogeography and
past continental movements,” Annals of the Missouri Botanical
Garden, vol. 61, no. 3, pp. 539-673, 1974.

[24] R. M. Polhill and P. H. Raven, “Papilionoideae;” in Advances in
Legume Systematics, Part 1, R. M. Polhill and P. H. Raven, Eds.,
pp- 191-208, Royal Botanic Gardens, Kew, UK, 1981.

[25] L.Xie and Y. Yang, “Miocene origin of the characteristic broad-
leaved evergreen shrub Ammopiptanthus (leguminosae) in the
desert flora of eastern central Asia,” International Journal of
Plant Sciences, vol. 173, no. 8, pp. 944-955, 2012.

[26] P.C.Liand Z. C. Ni, “The formation and evolution of Fabaceae
in Xizang,” Acta Phytotaxonomica Sinica, vol. 20, pp. 142-154,
1982.

[27] C. Y. Wu and H. S. Wang, Plant Geography, Science Press,
Beijing, China, 1983, (Chinese).

[28] R.Sa,].C. Chen, and P. C. Li, “The phytogeographical studies of
Thermopsis (Leguminosae),” Acta Phytotaxonomica Sinica, vol.
38, pp. 148-166, 2000.

[29] X.-]. Ge, Y. Yu, Y.-M. Yuan, H.-W. Huang, and C. Yan,
“Genetic diversity and geographic differentiation in endangered
Ammopiptanthus (Leguminosae) populations in desert regions
of northwest China as revealed by ISSR analysis,” Annals of
Botany, vol. 95, no. 5, pp. 843-851, 2005.

[30] J. Doyle and J. L. Doyle, “Genomic plant DNA preparation from
fresh tissue—CTAB method,” Phytochemical Bulletin, vol. 19, pp.
11-15, 1987.

[31] Y.Kang, M.-L. Zhang, and Z.-D. Chen, “A preliminary phyloge-
netic study of the subgenus Pogonophace (Astragalus) in China
based on ITS sequence Data,” Acta Botanica Sinica, vol. 45, no.
2, pp. 140-145, 2003.

P. Taberlet, L. Gielly, G. Pautou, and J. Bouvet, “Universal
primers for amplification of three non-coding regions of chloro-
plast DNA,” Plant Molecular Biology, vol. 17, no. 5, pp. 1105-1109,
1991.

(32

(33]

[34]

(35]

(36]

[37]

(38]

(39]

(42]

(43]

(48]

[49]

1

T. Sang, D. J. Crawford, and T. E Stuessy, “Chloroplast DNA
phylogeny, reticulate evolution, and biogeography of Paeonia
(Paeoniaceae),” The American Journal of Botany, vol. 84, no. 8,
pp- 1120-1136, 1997.

J. A. Tate and B. B. Simpson, “Paraphyly of Tarasa (Malvaceae)
and diverse origins of the polyploid species,” Systematic Botany,
vol. 28, no. 4, pp. 723-737, 2003.

B. Oxelman, M. Lidén, and D. Berglund, “Chloroplast rpsl6
intron phylogeny of the tribe Sileneae (Caryophyllaceae), Plant
Systematics and Evolution, vol. 206, no. 1-4, pp. 393-410, 1997.
L. A. Johnson and D. E. Soltis, “Phylogenetic inference in
Saxifragaceae sensu stricto and Gilia (Polemoniaceae) using
matK sequences,” Annals of the Missouri Botanical Garden, vol.
82, no. 2, pp. 149-175, 1995.

J. D. Thompson, T. J. Gibson, F. Plewniak, F. Jeanmougin, and
D. G. Higgins, “The CLUSTAL_X windows interface: flexible
strategies for multiple sequence alignment aided by quality
analysis tools,” Nucleic Acids Research, vol. 25, pp. 4876-4882,
1997.

T. A. Hall, “BioEdit: a user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT;
Nucleic Acids Symposium Series, vol. 41, pp. 95-98, 1999.

J. S. Farris, M. Kaillersjo, A. G. Kluge, and C. Bult, “Testing
significance of incongruence;” Cladistics, vol. 10, pp. 315-319,
1994.

D. L. Swofford, ‘PAUP", Phylogenetic Analysis Using Parsi-
mony, Version 4.0b10, Sinauer, Sunderland, Mass, USA, 2002.
D. Posada and K. A. Crandall, “Modeltest: testing the model
of DNA substitution,” Bioinformatics, vol. 14, no. 9, pp. 817-818,
1998.

J. R. Tao, Z. K. Zhou, and Y. S. Liu, The Evolution of the Late
Cretaceous-Cenozonic Floras in China, Science Press, Beijing,
China, 2000 (Chinese).

Institute of Botany, Nanjing Institute of Geology and Palaeon-
tology (IB & NIGP), and Academia Sinica, Chinese Plant Fossils,
Volume 3: Neogene Floras, Academic Press, Beijing, China, 1978.
S. S. Renner, “Relaxed molecular clocks for dating historical
plant dispersal events,” Trends in Plant Science, vol. 10, no. 11,
pp- 550-558, 2005.

J.J. Welch and L. Bromham, “Molecular dating when rates vary,”
Trends in Ecology and Evolution, vol. 20, no. 6, pp. 320-327,2005.
A.J. Drummond and A. Rambaut, “BEAST: bayesian evolution-
ary analysis by sampling trees;” BMC Evolutionary Biology, vol.
7, no. 1, article 214, 2007.

E Ronquist, “Dispersal-vicariance analysis: a new approach
to the quantification of historical biogeography,” Systematic
Biology, vol. 46, no. 1, pp. 195-203, 1997.

E Ronquist, DIVA Version 11, (ftp.uu.se orftp.systbot.uu.se),
Uppsala Univeristy, Uppsala, Sweden, 1996.

J. A. A. Nylander, U. Olsson, P. Alstrom, and I. Sanmartin,
“Accounting for phylogenetic uncertainty in biogeography:
a Bayesian approach to dispersal-vicariance analysis of the
thrushes (Aves: Turdus);” Systematic Biology, vol. 57, no. 2, pp.
257-268, 2008.

Y. Yu, A. J. Harris, and X. He, “S-DIVA (Statistical Dispersal-
Vicariance Analysis): a tool for inferring biogeographic histo-
ries;” Molecular Phylogenetics and Evolution, vol. 56, no. 2, pp.
848-850, 2010.

Z. X. Peng and Y. M. Yuan, “Systematic revision on Ther-
mopsideae (Leguminosae) of China,” Acta Botanica Boreali-
Occidentalia Sinica, vol. 12, pp. 158-166, 1992.



12

(52]

(53]

(54]

(55]

(56]

(58]

[59]

(61]

[62]

[63]

(64]

[65]

[66

[67]

C. J. Chen, M. G. Mendenbhall, and B. L. Turner, “Taxonomy
of Thermopsis (Fabaceae) in North America,” Annals of the
Missouri Botanical Garden, vol. 81, no. 4, pp. 714-742, 1994.

S. H. Cheng, “Ammopiptanthus Cheng f., a new genus of
Leguminosae from Central Asia,” Botanicheskii Zhurnal, vol. 44,
pp. 1381-1386, 1959.

K. J. Willis and J. C. McElwain, The Evolution of Plants, Oxford
University Press, New York, NY, USA, 2002.

G. Ramstein, E Fluteau, J. Besse, and S. Joussaume, “Effect of
orogeny, plate motion and land-sea distribution on Eurasian
climate change over the past 30 million years,” Nature, vol. 386,
no. 6627, pp. 788-795, 1997.

T. Hrbek and A. Meyer, “Closing of the Tethys Sea and the
phylogeny of Eurasian killifishes (Cyprinodontiformes: Cyprin-
odontidae),” Journal of Evolutionary Biology, vol. 16, no. 1, pp.
17-36, 2003.

V. A. Zubakov and I. I. Borzenkova, Global Palaeoclimate of
the Late Cenozoic, vol. 12 of Developments in Palaeontology and
Stratigraphy, Elsevier, Amsterdam, The Netherlands, 1990.

J. R. Tao, “The Tertiary vegetation and flora and floristic regions
in China,” Acta Phytotaxomica Sinica, vol. 31, pp. 25-43, 1992.

Z.T. Guo, B. Sun, Z. S. Zhang et al., “A major reorganization of
Asian climate by the early Miocene,” Climate of the Past, vol. 4,
no. 3, pp. 153-174, 2008.

G. Dupont-Nivet, C. Hoom, and M. Konert, “Tibetan uplift
prior to the Eocene-Oligocene climate transition: evidence from
pollen analysis of the Xining Basin,” Geology, vol. 36, no. 12, pp.
987-990, 2008.

Z.'T. Guo, W. F. Ruddiman, Q. Z. Hao et al., “Onset of Asian
desertification by 22 Myr ago inferred from loess deposits in
China,” Nature, vol. 416, no. 6877, pp. 159-163, 2002.

J. L. Pei, Z. M. Sun, X. S. Wang et al., “Evidence for Tibetan
Plateau uplift in Qaidam basin before Eocene-Oligocene
boundary and its climatic implications,” Journal of Earth Sci-
ence, vol. 20, no. 2, pp. 430-437, 2009.

Z.S. An, J. E. Kutzbach, W. L. Prell, and S. C. Porter, “Evolution
of Asian monsoons and phased uplift of the Himalaya-Tibetan
plateau since Late Miocene times,” Nature, vol. 411, no. 6833, pp.
62-66, 2001.

X. M. Wang, B. Y. Wang, Z. X. Qiu et al, “Danghe area
(western Gansu, China) biostratigraphy and implications for
depositional history and tectonics of northern Tibetan Plateau,”
Earth and Planetary Science Letters, vol. 208, no. 3-4, pp. 253—
269, 2003.

G. J. Li, T. Pettke, and J. Chen, “Increasing Nd isotopic ratio
of Asian dust indicates progressive uplift of the north Tibetan
Plateau since the middle Miocene,” Geology, vol. 39, no. 3, pp.
199-202, 2011.

J. J. Li and X. M. Fang, “Research on the uplift of the Qinghai-
Xizang Plateau and environmental changes,” Chinese Science
Bulletin, vol. 43, pp. 1569-1574, 1998.

X. Fang, W. Zhang, Q. Meng et al., “High-resolution magne-
tostratigraphy of the Neogene Huaitoutala section in the eastern
Qaidam Basin on the NE Tibetan Plateau, Qinghai Province,
China and its implication on tectonic uplift of the NE Tibetan
Plateau,” Earth and Planetary Science Letters, vol. 258, no. 1-2,
pp. 293-306, 2007.

Y. E Shi, M. C. Tang, and Y. Z. Ma, “The relation of second
rising in Qinghai-Xizang Plateau and Asia Monsoon,” Sciences
in China D, vol. 28, pp. 263-271,1998.

BioMed Research International

[69] Y. M. Yuan and C. J. Chen, “Anatomical evidence for phylogeny
of the tribe Thermopsideae (Leguminosae),” Journal of Lanzhou
University (Natural Sciences), vol. 29, pp. 97-104, 1993.

[70] Y. M. Yuan, Z. X. Peng, and C. J. Chen, “The systematical and
ecological significance of anatomical characters of leaves in the
tribe Thermopsideae (Leguminosae),” Acta Botanica Sinica, vol.
33, pp. 840-847, 1991.

[71] Y. M. Yuan and Z. X. Peng, “Pollen morphology and its sys-
tematic significance of the tribe Thermopsideae (Leguminosae)
from China,” Acta Botanica Boreali-Occidentalia Sinica, vol. 27,
pp. 84-95,1991.

[72] M.]. Donoghue, C. D. Bell, and J. Li, “Phylogenetic patterns in
Northern Hemisphere plant geography,” International Journal of
Plant Sciences, vol. 162, pp. S41-S52, 2001.

[73] Q Y. Xiang, D. E. Soltis, and P. S. Soltis, “Phylogenetic
relationships of Cornaceae and close relatives inferred from
matK and rbcL sequences,” American Journal of Botany, vol. 85,
no. 2, pp. 285-297,1998.

[74] S. L. Zhou, S. S. Renner, and J. Wen, “Molecular phylogeny and
intra- and intercontinental biogeography of Calycanthaceae;
Molecular Phylogenetics and Evolution, vol. 39, no. 1, pp. 1-15,
2006.

[75] M.-L. Zhang, C. H. Uhink, and J. W. Kadereit, “Phylogeny
and biogeography of Epimedium/Vancouveria (Berberidaceae):
Western North American—East Asian disjunctions, the origin
of European mountain plant taxa, and East Asian species
diversity,” Systematic Botany, vol. 32, no. 1, pp. 81-92, 2007.

[76] L. Xie, T.-S. Yi, R. Li, D. Z. Li, and J. Wen, “Evolution and bio-
geographic diversification of the witch-hazel genus (Hamamelis
L., Hamamelidaceae) in the Northern Hemisphere,” Molecular
Phylogenetics and Evolution, vol. 56, no. 2, pp. 675-689, 2010.

[77] Z.-L. Nie, J. Wen, H. Sun, and B. Bartholomew, “Monophyly
of Kelloggia Torrey ex Benth. (Rubiaceae) and evolution of its
intercontinental disjunction between western North America
and eastern Asia,” American Journal of Botany, vol. 92, no. 4,
pp. 642-652, 2005.

[78] Z.-L. Nie, H. Sun, P. M. Beardsley, R. G. Olmstead, and J.
Wen, “Evolution of biogeographic disjunction between eastern
Asia and eastern North America in Phryma (Phrymaceae),” The
American Journal of Botany, vol. 93, no. 9, pp. 1343-1356, 2006.

[79] J. Q. Liu, M. X. Qiu, K. Yang, and Q. H. Shi, “Studies on the plant
community of Ammopiptanthus mongolicus,” Journal of Desert
Research, vol. 15, pp. 109-115, 1995.

[80] B. Y. Geng, J. R. Tao, and G. P. Xie, “Early Tertiary fossil
plants and paleoclimate of Lanzhou Basin,” Acta Phytaxonomica
Sinica, vol. 39, no. 2, pp. 105-115, 2001.

[81] B. R. Pan and S. P. Huang, “Cytological study of the genus
Ammopipthanthus,” Acta Botanica Sinica, vol. 35, pp. 314-317,
1993.

[82] R. E Sage, “The evolution of C, photosynthesis,” New Phytolo-
gist, vol. 161, no. 2, pp. 341-370, 2004.

[83] P-A. Christin, G. Besnard, E. Samaritani et al., “Oligocene
CO, decline promoted C, photosynthesis in grasses,” Current
Biology, vol. 18, no. 1, pp. 37-43, 2008.

[84] A. Vicentini, J. C. Barber, S. S. Aliscioni, L. M. Giussani, and

E. A. Kellogg, “The age of the grasses and clusters of origins of

C, photosynthesis,” Global Change Biology, vol. 14, no. 12, pp.

2963-2977, 2008.

Y. E Shi, J. J. Li, B. Y. Li et al., “Uplift of the Qinghai-Xizang

(Tibetan) Plateau and east asia environmental change during

late Cenozoic,” Acta Geographica Sinica, vol. 54, no. 1, pp. 10-

21, 1999.

(85



BioMed Research International

(86]

(87]

(88]

(89]

(90]

M.-L. Zhang and P. W. Fritsch, “Evolutionary response of
Caragana (Fabaceae) to Qinghai-Tibetan Plateau uplift and
Asian interior aridification,” Plant Systematics and Evolution,
vol. 288, no. 3-4, pp. 191-199, 2010.

M.-L. Zhang, Y. Kang, Y. Zhong, and S. C. Sanderson, “Intense
uplift of the Qinghai-Tibetan Plateau triggered rapid diversifica-
tion of Phyllolobium (Leguminosae) in the Late Cenozoic,” Plant
Ecology and Diversity, vol. 5, no. 4, pp. 491-499, 2012.

A. K. Tripati, C. D. Roberts, and R. A. Eagle, “Coupling of CO,
and Ice sheet stability over major climate transitions of the last
20 million years,” Science, vol. 326, no. 5958, pp. 1394-1397, 2009.

D. 1. Axelrod, “Evolution and biogeography of Madrean-
Tethyan sclerophyll vegetation,” Annals of the Missouri Botanical
Garden, vol. 62, no. 2, pp. 280-334, 1975.

J. Wen and S. M. Ickert-Bond, “Evolution of the Madrean-
Tethyan disjunctions and the North and South American
amphitropical disjunctions in plants,” Journal of Systematics and
Evolution, vol. 47, no. 5, pp. 331-348, 2009.

Y. Feng, S.-H. Oh, and P. S. Manos, “Phylogeny and historical
biogeography of the genus Platanus as inferred from nuclear
and chloroplast DNA,” Systematic Botany, vol. 30, no. 4, pp. 786-
799, 2005.

K. S. Mao, G. Hao, J. Q. Liu, R. P. Adams, and R. 1. Milne,
“Diversification and biogeography of Juniperus (Cupressaceae):
variable diversification rates and multiple intercontinental dis-
persals,” New Phytologist, vol. 188, no. 1, pp. 254-272, 2010.

13



Hindawi Publishing Corporation
BioMed Research International

Volume 2015, Article ID 675260, 25 pages
http://dx.doi.org/10.1155/2015/675260

Research Article

Phylogeography of Pteronotropis signipinnis,

P. euryzonus, and the P. hypselopterus Complex

(Teleostei: Cypriniformes), with Comments on Diversity and
History of the Gulf and Atlantic Coastal Streams

Richard L. Mayden' and Jason Allen®

lDepartment ofBz'ology, Saint Louis University, 3507 Laclede Avenue, St. Louis, MO 63103, USA
Department of Biology, Saint Louis Community College-Meramec, 11333 Big Bend Road, St. Louis, MO 63122, USA

Correspondence should be addressed to Richard L. Mayden; cypriniformes@gmail.com

Received 11 July 2014; Revised 4 November 2014; Accepted 17 December 2014

Academic Editor: William H. Piel

Copyright © 2015 R. L. Mayden and J. Allen. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The cyprinid genus Pteronotropis is endemic to southeastern Gulf of Mexico and Atlantic Ocean of North America. Never before
has the genus been demonstrated to be monophyletic. We investigate both the phylogenetic relationships and the phylogeography
of some species in the genus using mitochondrial ND2 sequences. In no analysis is the genus resolved as monophyletic if Notropis
harperi is not included in the genus. Biogeographic and phylogeographic evaluations are conducted with Pteronotropis, including
P, signipinnis, P. euryzonus, and the P. hypselopterus complex. Patterns of relationships and population genetic analyses support
divergences within multiple clades both at the species level and within species that are tied to abiotic changes in the region.
Replicated patterns across clades are observed, as well as patterns previously found in other taxa. Pteronotropis hypselopterus is
likely not a natural grouping as populations from some drainages form clades more closely related to other species of the genus. The
general patterns of relationships indicate likely cryptic species not currently recognized. Finally, the patterns of species relationships
and clades and population structuring within species serve as another example of replicated divergences in the biodiversity east

and west of the Mobile Bay.

1. Introduction

Avise [1] defines phylogeography as “...a field of study
concerned with the principles and processes governing the
geographic distributions of genealogical lineages, especially
those within and among closely related species.” Phylogeogra-
phy is a subdiscipline of historical biogeography, which seeks
to find historical explanations for the present distribution of
organisms [2]. Within this framework, two competing hypo-
theses have existed for over a century to explain how species
and their populations came to occupy a geographic area or
aquatic system, dispersal and vicariance. Dispersalists favor
the hypothesis that the present distributions of organisms are
explained by movement of populations; closely related taxa
separated by some type of barrier significant to them diverged

once some populations were successful in overcoming this
barrier and were isolated long enough to diverge from
their sister group. Vicariant biogeographers seek to explain
the distribution of related taxa by hypothesizing that part
of the geographic range of an ancestral species became
fragmented by some barrier, isolating some populations that
later diverged. The hypothesis of dispersal in the past is one
that is largely impossible to test. The theory behind vicariance
biogeography stipulates that vicariant patterns should be used
as a first-order explanation for the distribution of organ-
isms and only if this hypothesis is rejected should dispersal
be invoked. Thus, vicariance biogeography does not stipulate
that dispersal does not occur. Further, this model of diver-
gence maintains that if a variety of taxa show concordant
patterns around the same barrier then the vicariant event


http://dx.doi.org/10.1155/2015/675260

BioMed Research International

P sp. cf. signipinnis
P72 P.signipinnis

EEA P colei

P, hypselopterus
EZE P euryzonus

P. merlini

P. metallicus
XX P, stonei
E= P grandipinnis

FIGURE 1: Distributions and sampling localities for Pteronotropis signipinnis, P. euryzonus, and the P. hypselopterus complex.

underlying the diversification event across lineages is the
most parsimonious explanation. The confidence that we have
in these concordant patterns is really a function of how often
empirical evidence corroborates their occurrence. Fishes
from rivers and streams of the southeastern United States
along the Gulf and Atlantic slopes have been the attention of
varied phylogeographic studies, including those by Wiley and
Mayden [3], Swift et al. [4], Nagle and Simons [5], and Sandel
[6] as well as studies referenced therein.

The cyprinid genus Pteronotropis is largely endemic
to aquatic habitats of the southeastern United States and
contains species with small and large distributions across
this large geographic area (Figure 1). The genus was reviewed
by Suttkus and Mettee [7] and Mayden and Allen [8]. Not
until the latter was the genus corroborated as a monophyletic
with two major lineages [8]. The distributions of species of
Pteronotropis, combined with the many rivers systems that
they occupy and independently enter the Gulf of Mexico or
Atlantic Ocean, make species of the genus of particular inter-
est for both systematic and biogeographic evaluations. The
geological processes and timing of both geological and hydro-
logical events across this region are relatively well known, the
lower reaches of rivers have been inundated by fluctuating
sea levels, and multiple species inhabit coastal areas [4]. The
species diversity of Pteronotropis, distributions of species,
and the history of the area provide for an attractive model
to investigate their historical biogeography and compare to
other species inhabiting this same area. Herein, we examine
the evolutionary and biogeographic history of Pteronotropis
using both sequences of one of the most appropriate genes
for the scale of diversity being examined, ND2. We use
this genetic information and appropriate statistical tests to
explore hypotheses of the evolutionary history of targeted
species.

Statistical parsimony, although technically a phenetic
method (based upon overall similarity and not shared derived
characters as in phylogenetics), can offer valuable insight

into relationships of closely related individuals (i.e., popu-
lations within a single species) where the resolution of true
parsimony may fail. Functionally, the method converts the
haplotype tree of each species into a series of networks
showing differences to the level of single mutational events
[9]. This technique is widely accepted as a means of exploring
phylogeographic relationships and has been used in many
studies of Nearctic and Palearctic fishes [10, 11]. Mismatch
distribution analysis (MDA) essentially takes the distribution
of pairwise differences (mismatch distributions) calculated
earlier and plots them against the number of individuals in
the analysis [12]. The advantage of this method is its ability
to distinguish between rapid range expansion and expansion
through recurrent gene flow. If rapid range expansion has
occurred in the history of a species, the expectation is that
the plot will show a unimodal distribution of pairwise differ-
ences; a multimodal distribution would indicate population
stability [13]. This technique was used in many demographic
studies, including those of human [14] and fish populations
[15]. Mitochondrial genes are very useful as phylogeographic
markers because of their generally fast rate of anagenesis,
uniparental mode of inheritance, and lack of recombination,
all allowing researchers to detect events occurring at the
population level and track events over geographical ranges
and through evolutionary time [1]. In particular, ND2 is
an effective marker in distinguishing relationships at many
levels [16]. Two nuclear genes, the third exon of RAG 1
and the first intron of S7, used in Mayden and Allen [8],
were tested for use in this analysis but lacked sufficient
variation to be informative for the questions being examined
herein; likewise, Chen and Mayden [17] and Mayden and
Chen [18] examined variation in an additional six nuclear
genes, but these genes also provided insufficient variation
to test hypotheses of inter- and intraspecific relationships
at this level. Finally, the southeast as a whole has served as
a paradigm for phylogeographic research with many of its
principles and techniques being developed from studies on
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taxa endemic to this region. Consequently, many congruent
patterns have emerged for numerous species ranging from
freshwater fishes, amphibians, reptiles, mammals, macroin-
vertebrates, plants, and maritime species [1, 3,19, 20]. Species
and species complexes of Pteronotropis are also endemic
to streams of the southeastern United States. Furthermore,
the genus Pteronotropis has never been well corroborated as
monophyletic. A previous analysis of the group by Suttkus
and Mettee [7] developed specific hypotheses as to the
diversification and biogeography of the group. Thus, this
species complex serves as another excellent candidate group
to examine the historical patterns of biodiversity along the
Atlantic-Gulf slopes and to test multiple hypotheses as to dis-
persal, vicariance, speciation, and divergence of populations.

2. Review of the Geography and
Diversity of the Region

Swift et al. [4] define the southeastern United States as areas
occurring south, southeast, and southwest of the peripheral
Tennessee River system, west to Lake Pontchartrain and east
to the Savannah River. This includes aquatic systems from
the entire states of Alabama, Florida, Georgia, Mississippi,
and part of South Carolina. Geologically the southeast can
be thought of as three separate areas: (1) a mountainous area
consisting of Paleozoic and Mesozoic rocks, (2) a lower relief
hilly terrain made up of pre-Cretaceous formations termed
the Piedmont, and (3) a sedimentary terrain of very low
relief termed the Coastal Plain [21]. The region separating the
Piedmont from the Coastal Plain is the “fall line” and often
forms the distributional boundary between many upland
and lowland species. The southeast has been a model of
geographic stability since the middle to late Cretaceous
period with no major land movements or continental shifting
occurring since this time [22]. This is also thought to be
true of the river systems, which traverse this region, with
most of the drainage basins being in place since the late
Cretaceous to early Eocene. The southeast includes about
32 major to minor river systems. These generally have a
pattern of flow to the southeast or southwest, depending
on where they discharge, with the larger drainage systems
having their headwaters above the fall line. The larger river
systems include the Pearl, Pascagoula, Tombigbee (including
Black Warrior River), Alabama (including Cahaba, Coosa,
and Tallapoosa rivers), Chattahoochee, Altamaha, and Savan-
nah rivers. The remaining rivers are much smaller in their
drainage basins, have their headwaters originating below
the fall line, and include the Escambia, Choctawhatchee,
Ochlocknee, Suwannee, St. Marys, and Satilla Rivers [4].
Rivers originating at or above the fall line tend to have
high gradient and a substrate mainly consisting of bedrock,
boulders, and gravel. Streams below the fall line are typically
lower gradient and have slower flows and substrates largely
consisting of clay or sand, with some gravel or bedrock in
some areas. These streams typically flow through forested
swamps and wetlands, and it is because of this that they get
their name “Blackwater streams” and are typically described
as being “tannin stained,” from the leaching of tannins from
decaying vegetation. Even though the land formations of

this region have been stable over millions of years, sea level
fluctuations have been an impact on the region and proposed
to have had a major impact on the biodiversity of this region
(4].

It is estimated from fossil record that towards the end
of the Oligocene sea levels fell dramatically and exposed a
large continental shelf due to the development of polar ice
caps and the filling of the Mediterranean Sea [4]. These events
were followed by an elevation of sea level to about 100 meters
above present levels in the mid to early Miocene. A slight
drop in water level occurred again at the end of the Miocene
followed by another rise in the early Pliocene, with slight
fluctuations during the Pleistocene glaciations. During the
high sea stands the smaller rivers below the fall line were
likely completely obliterated, leaving obligate freshwater taxa
to inhabit the refugia of isolated upstream sections in the
larger rivers. As waters receded it is hypothesized that suitable
habitat became available in lower reaches of the larger rivers
coinciding with the appearance of smaller streams and rivers.
Although no drainage connections exist between most of
these rivers today, during periods of low sea stands there were
coalescent events between many of these streams, enabling
taxa to disperse throughout these systems [5, 6]. This history
likely explains why many of the smaller rivers below the fall
line, such as the Escambia, Blackwater, and Yellow, have no
modern-day connections, yet contain most of the same taxa
with few, if any, endemics [4].

One of the classical concordant patterns of diversification
in this region has been the genetic distinction between
Atlantic and Gulf slope taxa, with the Apalachicola drainage
system being the range limit or contact zone for taxa on
either side. One of the first studies to show this was that
of Bermingham and Avise [19], who in their comparison of
four freshwater fish species (Amia calva, Lepomis punctatus,
L. microlophus, and L. gulosus) observed significantly greater
genetic differentiation between Atlantic and Gulf slope popu-
lations of each species than that observed among haplotypes
within each region. These patterns of diversification for
freshwater fishes have been confirmed by Swift et al. [4], in
their study of the zoogeography of the southeast, using a
simple present-absence matrix for almost all the freshwater
species and illustrated phenetically that the “oldest” split
was between the Gulf Slope streams, up to and including
the Apalachicola, and southeastern Atlantic Slope streams,
including all of those of Florida.

Another often cited pattern in the region is that associated
with the Central Gulf slope speciation hypothesis proposed
by Wiley and Mayden [3]. In their work on vicariant patterns
in the North American freshwater fish fauna they identified
several sister species and populations within a single species
that have their distributional limits defined by the Mobile
Basin. Some of these taxa include the Fundulus nottii species
group, Ammocrypta beani and A. bifasciata, Etheostoma
chlorosomum and E. davisoni, and populations of Notropis
longirostris. In a study on the Notropis dorsalis species group,
using the mitochondrial marker cytochrome b, Raley and
Wood [23] showed that populations of N. longirostris on
either side of the Mobile Basin were resolved as two separate
clades with as much as 8% sequence divergence. Swift et al.



[4] provide a possible mechanism for these occurrences by
hypothesizing that the Alabama-Tombigbee river system had
more of a westward or southwestward flow pattern in the early
Miocene that was diverted directly southward during the
middle to late Miocene, thus dividing populations of species
on either side of this river system.

The Pteronotropis hypselopterus species complex occurs in
streams extending across the Atlantic-Gulf slopes (Figure 1).
Pteronotropis hypselopterus occurs from western tributaries
of the Mobile Bay eastward to, but not including the
Apalachicola River drainage. Pteronotropis merlini is endemic
to the Choctawhatchee River system, including the Pea River,
at and above the confluence of the east and west forks.
Any Pteronotropis below this confluence is considered to be
P hypselopterus [7]. Pteronotropis grandipinnis is endemic
to the Apalachicola River system in the lower reaches of
the Chattahoochee and Flint rivers. Pteronotropis euryzonus,
though not part of the P. hypselopterus complex, is closely
related to this group [8] and is endemic to the middle
Chattahoochee River. The two remaining species are endemic
to Atlantic slope rivers and include P. metallicus, ranging
from the Ochlocknee River to the St. Johns and Hillsborough
rivers of peninsular Florida, and P. stonei with its northern
distributional limit in the lower reaches of the Pee Dee River,
South Carolina, to as far south as the Satilla River in southern
Georgia.

Suttkus and Mettee [7] offered the most current biogeo-
graphical account for members of this genus. They contended
that P. euryzonus evolved below the fall line in the middle
Chattahoochee River system, where still endemic, and then
spread to the adjacent Choctawhatchee River system through
a temporary stream capture. These ancestral populations
were then dispersed throughout the Choctawhatchee and Pea
river systems, eventually giving rise to P. merlini above the
confluence of these two rivers and P. hypselopterus below,
possibly through a vicariant event such as habitat special-
ization. Pteronotropis merlini is thought to be more of an
upland species and P, hypselopterus a more swampy lowland
species. Thus, under the hypothesis of Suttkus and Mettee [7]
P. hypselopterus populations then migrated as far west as the
Mobile Bay area and east to the Apalachicola River Drainage,
and via a stream capture with the Ochlocknee River, it
dispersed further northeast.

As further described by Suttkus and Mettee [7] popula-
tions of Pteronotropis hypselopterus in the Apalachicola River
Drainage eventually became isolated from other populations
expanding to the north and east and as ancestral popula-
tions eventually gave rise to P. grandipinnis. Eventually, the
P hypselopterus stock spreading east gained access to the
Suwannee and St. Mary’s rivers and through interconnecting
drainages spread as far north as the Pee Dee River System
in South Carolina and as far south as the Myakka River in
peninsular Florida. Through changes in drainage patterns the
once continuous population of P. hypselopterus ranging from
South Carolina to Florida became fragmented with the South
Carolina and Georgia populations evolving into P. stonei and
the Florida populations east of the Apalachicola diverging
into P. metallicus [24].
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3. Methods

For the phylogeographic analysis, multiple populations and
multiple individuals throughout the ranges of species of the P.
hypselopterus complex, as well as P. signipinnis, P. euryzonus,
P hubbsi, P. welaka, and P. harperi, were sequenced for the
mitochondrial gene ND2. Pteronotropis harperi is included in
this analysis as almost all previous analyses of Pteronotropis
[8, 25-28], using both mitochondrial (Cytochrome b, 12S
and 16S ribosomal RNA) and nuclear (RAG 1 and S7)
sequences, have corroborated the hypothesis that this species
is imbedded within Pteronotropis. Included in our analyses
were P. hypselopterus (n = 65; 25 localities), P. merlini (n = 10;
4 localities), P. grandipinnis (n = 9; 4 localities), P. metallicus
(n = 31; 10 localities), P. stonei (n = 21; 11 localities), P
signipinnis (n = 23; 11 localities), P. euryzonus (n = 8 indi-
viduals; 3 localities), P. welaka (n = 5; 4 localities), P. hubbsi
(n = 4; 2 localities), and P. harperi (n = 12; 5 localities) for a
total number of 188 individuals from 79 localities. Taxa pur-
ported earlier to be the close relatives of Pteronotropis
were used as outgroups and included species of Notropis,
Cyprinella, and Lythrurus (based on previous classification of
Pteronotropis and these three genera previously in Notropis
[29, 30]). Pteronotropis welaka and P. hubbsi also served as
outgroups based on phylogenetic reconstructions by Mayden
and Allen [8, 25-28]. A complete listing of sample records is
provided in Table 1.

Complete genomic extractions were performed using
QIAgen QIAamp tissue kits (QIAGEN, Valencia CA). The
entire mitochondrial ND2 coding region was amplified using
PCR with the following conditions: denaturation 94°C for
40 seconds, annealing 56°C for 60 seconds, and extension
72°C for 90 seconds. This was performed for 35 cycles
with each 50L PCR reaction consisting of 4L of DNTPs,
5L of 10X Taq buffer, 2.5L of both forward and reverse
primers, 30.7 L of dH, 0O, 5L of MgCl,, and 0.3 L of Tag. PCR
product purification was performed using either a QIAgen
gel extraction kit (QIAgen, Valencia CA) or an Agencourt
AMPure purification kit (Agencourt Biosciences, Beverly
MA). Sequencing was performed using a big dye labeled
dideoxy sequencing kit (Big Dye) and visualized on an
ABI 377 automated sequencer (Auburn University Molecular
Genetics Instrumentation Facility, Auburn, AL) or an ABI
3700 (Macrogen Sequencing Facility, Seoul, South Korea).
Sequences were edited and aligned by eye using BioEdit
versus 0.9 (Hall [31]).

Parsimony analyses were initially run in PAUPrat [32]
using 5-25% character permutations. The best tree found
from these analyses was used in all subsequent parsimony
analyses. Maximum parsimony (MP; MPA = MP analysis)
was performed in PAUP* [33] with 1000 random addition
sequence replicates and tree bisection-reconnection branch
swapping (TBR). All characters were equally weighted and
unordered. Likelihood analyses were performed using the
general algorithm for rapid likelihood inference (GARALI)
[34, 35] and the GTR+ G+I model of evolutionary change;
the tree with the best likelihood score was retained and is
presented as the optimum ML topology. Bootstrap analysis
(BA) was completed using 100 bootstrap pseudoreplicates
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TABLE 1: Species, localities, and GenBank numbers for phylogenetic study of species of Pteronotropis.

(a)

Species drainage Locality Catalogue number ~ Extraction number  GenBank number
Pteronotropis welaka
Cahaba R. Lighseys pond Bibb AL UAIC 10391 10 KP101134
Cahaba R. Lightseys pond Bibb AL UAIC 10391 1 KP101135
Apalachicola R. Spring Cr. Miller GA STL 1114.03 81 KP101136
Apalachicola R. Spring Cr. Miller GA STL 1114.03 82 KP101137
Choctawhatchee R. Hathaway Mill Holmes FL UAIC 14327.02 210 KP101138
Choctawhatchee R. Hathaway Mill Holmes FL UAIC 14327.02 211 KP101139
Choctawhatchee R. Hathaway Mill Holmes FL UAIC 14327.02 212 KP101140
Pteronotropis harperi
Escambia R. Hunter Cr. Conecuh AL STL 862.01 65 KP101141
Escambia R. Hunter Cr. Conecuh AL STL 862.01 66 KM363660
Escambia R. Patsaliga Cr. Conecuh AL STL 367.01 67 KM363661
Escambia R. Patsaliga Cr. Conecuh AL STL 367.01 68 KM363662
Escambia R. Patsaliga Cr. Conecuh AL STL 367.01 69 KM363663
Chattahoochee R. Kirkland Cr. Early GA STL 689.03 70 KP101142
Chattahoochee R. Kirkland Cr. Early GA STL 689.03 71 KM363664
Apalachicola R. Coolewahee Cr. Baker GA STL 691.01 73 KM363665
Apalachicola R. Coolewahee Cr. Baker GA STL 691.01 74 KM363666
Apalachicola R. Coolewahee Cr. Baker GA STL 691.01 75 KM363667
Apalachicola R. Spring Cr. Miller GA STL 1114.01 83 KM363671
Apalachicola R. Spring Cr. Miller GA STL 1114.01 85 KM363672
Pteronotropis hubbsi
Ouachita R. Backwater pond Ouachita LA UAIC 11928.01 06 KM363617
Ouachita R. Backwater pond Ouachita LA UAIC 11928.01 07 KM363617
Little R. Little R. McCurtin OK UAIC 12053 41 KM363643
Little R. Little R. McCurtin OK UAIC 12053 42 KM363644
Pteronotropis grandipinnis
Apalachicola R. Irwin Mill Cr. Houston AL No voucher 12 KM363620
Apalachicola R, Irwin Mill Cr. Houston AL No voucher 13 KM363621
Apalachicola R, Spring Cr. Miller GA STL 1114.02 77 KM363668
Apalachicola R, Spring Cr. Miller GA STL 1114.02 78 KM363669
Apalachicola R. Spring Cr. Miller GA STL 1114.02 79 KM363670
Apalachicola R. Beaver Cr. Taylor GA STL 1129.01 116 KM363689
Apalachicola R. Beaver Cr. Taylor GA STL 1129.01 117 KM363690
Apalachicola R. Cherokee Cr. Lee GA GMNHTC 6252 141 KM363692
Apalachicola R. Cherokee Cr. Lee GA GMNHTC 6252 144 KP101143
Pteronotropis hypselopterus
Mobile R. Cedar Cr. Mobile AL UAIC 12730.02 01 KM363612
Mobile R. Cedar Cr. Mobile AL UAIC 12730.02 02 KM363613
Mobile R. Cedar Cr. Mobile AL UAIC 12730.02 03 KM363614
Alabama R. Little Reedy Cr. Clarke AL UAIC 10850 18 KM363626
Yellow R. Crooked Cr. Covington AL UAIC 11026 19 KM363627
Choctawhatchee R. Ponce DeLeon Holmes FL UAIC 12649 20 KM363628
Yellow R. Pond Cr. Okaloosa FL UAIC 12594 25 KM363632
Escambia R. Tenmile Cr. SantaRosa  FL UAIC 12593 33 KM363636
Escambia R. Tenmile Cr. SantaRosa  FL UAIC 12593 34 KP101144
Tombigbee R. Mill Cr. Clarke AL UAIC 11050 38 KM363640
Tombigbee R. Mill Cr. Clarke AL UAIC 11050 39 KM363641
Tombigbee R. Mill Cr. Clarke AL UAIC 11050 40 KM363642
Escambia R. Pritchett Mill Br., Escambia FL STL 684.03 55 KM363652
Choctawhatchee Bay Garnier Cr. Okaloosa FL STL 620.01 56 KM363653
Choctawhatchee Bay Garnier Cr. Okaloosa FL STL 620.01 57 KM363654
Choctawhatchee Bay Garnier Cr. Okaloosa FL STL 620.01 58 KM363655
Yellow R. Turkey Hen Cr. Okaloosa FL STL 685.02 59 KM363656
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(a) Continued.

Species drainage Locality Catalogue number Extraction number GenBank number
Yellow R. Turkey Hen Cr. Okaloosa FL STL 685.02 60 KM363657
Mobile Bay Olive Cr. Baldwin AL STL 363.02 62 KM363658
Blackwater R. Blackwater R. Okaloosa FL No voucher 161 KM363697
Blackwater R. Blackwater R. Okaloosa FL No voucher 162 KM363698
Blackwater R. Blackwater R. Okaloosa FL No voucher 163 KM363699
Blackwater R. Ates Cr. SantaRosa  FL No voucher 164 KM363700
Blackwater R. Ates Cr. Santa Rosa  FL No voucher 165 KM363701
Blackwater R. Ates Cr. Santa Rosa  FL No voucher 166 KM363702
Fish R. Unnamed trib. Baldwin AL UAIC 14317.01 167 KM363703
Fish R. Unnamed trib. Baldwin AL UAIC 14317.01 169 KM363704
Perdido R. Blackwater R. Baldwin AL UAIC 14318 173 KM363707
Perdido R. Blackwater R. Baldwin AL UAIC 14318 174 KM363708
Perdido R. Blackwater R. Baldwin AL UAIC 14318 175 KM363709
Escambia R. Pine Barren Cr Escambia FL UAIC 14320 179 KM363710
Blackwater R. Cobb Cr. Santa-Rosa  FL UAIC 14321 182 KM363711
Blackwater R. Cobb Cr. Santa-Rosa  FL UAIC 14321 183 KM363712
Blackwater R. Cobb Cr. Santa-Rosa  FL UAIC 14321 184 KM363713
Blackwater R. Ates Cr. Santa-Rosa  FL UAIC 14322.01 185 KM363714
Yellow R. Julian Mill Cr. Santa-Rosa  FL UAIC 14323.01 191 KM363715
Yellow R. Julian Mill Cr. Santa-Rosa  FL UAIC 14323.01 192 KM363716
Yellow R. Julian Mill Cr. Santa-Rosa  FL UAIC 14323.01 193 KM363717
Yellow R. Juniper Cr. Okaloosa FL UAIC 14324 195 KM363718
Yellow R. Juniper Cr. Okaloosa FL UAIC 14324 196 KM363719
Yellow R. Juniper Cr. Okaloosa FL UAIC 14324 197 KM363720
Yellow R. Mill Cr. Okaloosa FL UAIC 14325.01 198 KM363721
Yellow R. Mill Cr. Okaloosa FL UAIC 14325.01 199 KM363722
Yellow R. Mill Cr. Okaloosa FL UAIC 14325.01 200 KM363723
Choctawhatchee R. Blue Cr. Holmes FL UAIC 14326 204 KM363724
Choctawhatchee R. Blue Cr. Holmes FL UAIC 14326 205 KM363725
Choctawhatchee R. Blue Cr. Holmes FL UAIC 14326 206 KM363726
Choctawhatchee R. Hathaway Mill Holmes FL UAIC 14327.01 207 KM363727
Choctawhatchee R. Hathaway Mill Holmes FL UAIC 1432701 208 KM363728
Choctawhatchee R. Hathaway Mill Holmes FL UAIC 1432701 209 KM363729
Choctawhatchee R. Wrights Cr. Holmes FL UAIC 14328.01 213 KM363730
Choctawhatchee R. Wrights Cr. Holmes FL UAIC 14328.01 214 KM363731
Choctawhatchee R. Seven Runs Cr. Holmes FL UAIC 14329.01 217 KM363732
Choctawhatchee R. Seven Runs Cr. Holmes FL UAIC 14329.01 218 KM363733
St. Andrews Bay Cooks Bayou Bay FL UAIC 14330 219 KM363734
St. Andrews Bay Cooks Bayou Bay FL UAIC 14330 220 KM363735
St. Andrews Bay Cooks Bayou Bay FL UAIC 14330 221 KM363736
St. Andrews Bay Unnamed trib. Bay FL UAIC 14331 222 KM363737
St. Andrews Bay Unnamed trib. Bay FL UAIC 14331 223 KM363738
St. Andrews Bay Unnamed trib. Bay FL UAIC 14331 224 KM363739
Choctawhatchee Bay Bear Cr. Bay FL UAIC 14332 225 KM363740
Choctawhatchee Bay Bear Cr. Bay FL UAIC 14332 226 KM363741
Choctawhatchee R. Spring Cr. Geneva AL UAIC 14343 255 KM363756
Choctawhatchee R. Spring Cr. Geneva AL UAIC 14343 256 KM363757
Choctawhatchee R. Spring Cr. Geneva AL UAIC 14343 257 KM363758

Pteronotropis sp. cf. hypselopterus
St. Johns R. Little Orange Cr., Putnam FL UAIC 12290 28 KP101145
St. Johns R. Juniper Cr., Marion FL GMNH5380 149 KP101146
St. Johns R. Juniper Cr. Marion FL GMNH5380 150 KP101147
St. Johns R. Juniper Cr. Marion FL GMNH5380 151 KP101148
Alafia R. Hurrah Cr. Hillsborough FL UAIC 14339 243 KP101149
Alafia R. Hurrah Cr. Hillsborough FL UAIC 14339 244 KP101150
Alafia R. Hurrah Cr. Hillsborough  FL UAIC 14339 245 KP101151
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(a) Continued.

Species drainage Locality Catalogue number ~ Extraction number ~ GenBank number
St. Johns R. Juniper Cr. Marion FL UAIC 14340 246 KP101152
St. Johns R. Juniper Cr. Marion FL UAIC 14340 247 KP101153
St. Johns R. Juniper Cr. Marion FL UAIC 14340 248 KP101154
St. Johns R. Alexander Spr. Lake FL UAIC 14341 249 KP101155
St. Johns R. Alexander Spr. Lake FL UAIC 14341 250 KP101156
St. Johns R. Alexander Spr. Lake FL UAIC 14341 251 KP101157

Pteronotropis euryzonus
Chattahoochee R. Maringo Cr. Russell AL UAIC 12229 22 KM363629
Chattahoochee R. Snake Cr. Russell AL UAIC 10493 51 KM363648
Chattahoochee R. Snake Cr. Russell AL UAIC 10493 52 KM363649
Chattahoochee R. Snake Cr. Russell AL UAIC 10493 53 KM363650
Chattahoochee R. Snake Cr. Russell AL UAIC 10493 54 KM363651
Chattahoochee R. Uchee Cr. Russell AL UAIC 14344 258 KM363759
Chattahoochee R. Uchee Cr. Russell AL UAIC 14344 259 KM363760
Chattahoochee R. Uchee Cr. Russell AL UAIC 14344 260 KM363761

Pteronotropis merlini
Choctawhatchee R. Claybank Cr. Dale AL UAIC 12595 08 KM363617
Choctawhatchee R. Claybank Cr. Dale AL UAIC 12595 09 