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Diversity of Fungi
Fungi form one of the largest eukaryotic kingdoms, with an estimated 1.5–5 million species. They form a diverse group with
a wide variety of life cycles, metabolisms, morphogenesis, and
ecologies, including mutualism, parasitism, and commensalism
with many live organisms. They are found in all temperature zones
of the Earth with diverse fauna and flora, and have a very broad
and profound impact on the Earth’s ecosystem through their
functions of decomposing diverse biopolymers and other biological compounds in dead or live hosts, and of synthesizing diverse classes of biomolecules as foods for human and other
eukaryotes (1–3). Whole-genome sequences of varying completeness of over 400 fungal species are available publicly at present.
The genome size for the species ranges from about 2–180 million
nucleotides and predicted proteome size ranges from about 2–35
thousand proteins.
Phylogeny Derived from “Gene Trees”
The evolutionary phylogeny, or kinship, among the fungi have
been inferred almost exclusively from the gene-information–based
tree (“the gene trees”), construction of which use, most commonly,
the multiple sequence alignment (MSA) method on the gene or
protein sequences encoded for a small number of highly conserved
and orthologous genes (4, 5). Thus, strictly speaking, a gene tree
may represent the combined phylogeny of the selected genes, but
may not represent organisms, because each species cannot be
represented by a small number of selected genes, but only be
represented by whole-genome information of the species. This issue about the gene trees is analogous to predicting the similarity
www.pnas.org/cgi/doi/10.1073/pnas.1711939114

between two books by comparing a similar sentence, paragraph, or
chapter subjectively selected to represent each book, calculate their
similarity by sequence alignment, then project the similarity to
estimate how similar the two books are. For gene tree construction,
there are indications that the larger the number of homologous
genes selected, the better the topology of the trees converge to a
stable state (6–8), suggesting that, ultimately, whole-genome information, if available, may be compared to obtain a stable and,
perhaps, reliable tree from which the evolutionary phylogeny of
organisms can be inferred. However, the whole-genome sequences
cannot be compared by the MSA method, because the overwhelming portion of the whole-genome sequences cannot be
aligned by MSA.
“Genome Tree” of Fungi
Due to dramatic advances in whole-genome sequencing technology, a large number of whole-genome sequences—at varying
degrees of completeness—of fungi are now available publicly.
Such whole-genome information provides an opportunity to explore the genome-information–based tree (“the genome tree”)
constructed using several types of whole-genome information:
whole-genome DNA sequence, transcriptome RNA sequence,
proteome amino acid sequence, exome DNA sequences, or other
genomic features. In this study, we use the whole-proteome sequences on the Feature Frequency Profile (FFP) method (9)
(Materials and Methods) to estimate the similarity between two
organisms without sequence alignment, then build a proteomebased genome tree (“proteome tree”; see the first section in
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Fungi belong to one of the largest and most diverse kingdoms of
living organisms. The evolutionary kinship within a fungal population has so far been inferred mostly from the gene-information–based trees (“gene trees”), constructed commonly based on
the degree of differences of proteins or DNA sequences of a small
number of highly conserved genes common among the population
by a multiple sequence alignment (MSA) method. Since each gene
evolves under different evolutionary pressure and time scale, it
has been known that one gene tree for a population may differ
from other gene trees for the same population depending on the
subjective selection of the genes. Within the last decade, a large
number of whole-genome sequences of fungi have become publicly available, which represent, at present, the most fundamental
and complete information about each fungal organism. This presents an opportunity to infer kinship among fungi using a wholegenome information-based tree (“genome tree”). The method we
used allows comparison of whole-genome information without
MSA, and is a variation of a computational algorithm developed
to find semantic similarities or plagiarism in two books, where we
represent whole-genomic information of an organism as a book of
words without spaces. The genome tree reveals several significant
and notable differences from the gene trees, and these differences
invoke new discussions about alternative narratives for the evolution of some of the currently accepted fungal groups.

Results for the reason of choosing the proteome sequence). The
FFP method is a variation of a computational algorithm developed to find semantic similarities or plagiarism between two
books by the similarity of the “word-frequency profiles,” each
representing a book, as in, for example, the Latent Semantic
Analysis method of natural languages (10). In the FFP method,
the whole-proteome sequence is treated as a book of words
without spaces and the FFPs of two “books-without-spaces” are
compared to estimate the similarity between the two “books.”
The method has been successfully tested and applied previously
to construct a proteome tree of prokaryotes using proteome
sequences (11) and the whole-genome DNA-based tree of
mammals (12). In this study a proteome tree is presented for the
members of the fungi (plus protozoas) of known genome sequences, which have much greater diversity and complexity in
phenotype, morphogenesis, and life cycle than prokaryotes
or mammals.
Objectives
The objective of this study is to present notable differences at
various clade levels between the two types of fungi trees constructed by the two fundamentally different methods, and to
highlight relevant observations related to the placement and
branching order of several clades that are relevant in inferring
evolutionary relationship to other groups in the Fungi kingdom.
It is hoped that such differences and observations may encourage
new discussions among scientists in the field: (i) to revisit the
current narratives for the evolution of clades derived from the
view point of gene trees alone; and (ii) to debate the pros and
cons of the current gene-based evolutionary model, which hypothesizes that a single mechanism of nucleotide substitution of
individual genes represents the mechanism of evolution of an
organism, vs. an alternative genome-based model, which hypothesizes that there may be multiple mechanisms that manifest
in the divergence of whole-genome information. We also hope
that this method, developed and tested for fungi, may be usable
for the construction of a Tree of Life for all organisms.
Results
This section addresses choice of whole-genome information,
overall features of a proteome tree of fungi and protists, protistan origin of Microsporidia, and a description of other notable
differences and similarities between the proteome tree and
current gene trees.
Choice of Genomic Information: Whole-Genome DNA Sequence vs.
Transcriptome RNA Sequence vs. Proteome Amino Acid Sequence.

Since there is no a priori criteria for the best descriptor to
build the organism phylogeny, we took an empirical approach to
find the best one among three types of descriptors in the public
databases: whole-genome DNA sequence, transcriptome sequence, and proteome sequence. In addition, the “optimal feature lengths” of the three descriptors, the critical information
needed for the FFP method that would give the most stable tree
topology, was also empirically determined using the RobinsonFoulds metric (13) in the PHYLIP package (14). The results of
the empirical searches showed that the proteome tree is most
topologically stable among the three genome trees (described in
more detail in Materials and Methods). Various features of the
proteome tree of the Fungi kingdom are described below and
compared with those of the gene trees based on various selected
gene sets.
Overall Features of the Proteome Tree of Fungi.
Three major groups. In contrast to four (Ascomycota, Basidiomy-

cota, Monokarya, and Microsporidia) to eight (Glomeromycota,
Zygomycota, Basidiomycota, Ascomycota, Chytridiomycota,
Neocallimatigomycota, Blastocladiomycota, and Microsporidia)
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major groups in the Fungi kingdom in the gene trees (3) (Fig. S1B),
there are only three (Monokarya, Basidiomycota, and Ascomycota) earliest diverging and deepest branching major fungal groups
in the proteome tree (Figs. 1 and 2 and Fig. S1A). The first major
group (group I in Figs. 1 and 2) corresponds to Monokaryotic fungi
and consists of three subgroups that do not appear to produce
dikaryons during their life cycle: Cryptomycota, Chytridomycota,
and Zygomycota. The second major group (group II) corresponds
to Basidiomycota, which are dikaryon-producing fungi whose sexual spores are formed externally on small-pedestal fruiting bodies
called basidia, and consists of Puccinomycotina, Ustilaginomycotina, and Agaricomycotina. The third major group (group III)
corresponds to Ascomycota, which are dikaryon-producing fungi
whose sexual spores are formed internally inside sacs called “asci”
on top of fruiting bodies, and consists of Taphrinomycotina, Saccharomycotina, and Pezizomycotina. The three major groups appear to have branched out almost simultaneously from the common
ancestor of all fungi (Fig. 2).
Protistan origin of Microsporidia. Microsporidia has been assigned as
the basal group of all fungi in most gene trees (e.g., Fig. S1B).
Surprisingly, in the proteome tree, the group is placed among the
nonfungal unicellular eukaryotic organisms of paraphyletic protists “Protozoa” (marked “(a)” in Figs. 1 and 2, and Fig. S1A; see
below for details).
Similar clading patterns, but different branching order of clades. Although
the member compositions of the groups at the next to the deepest
level of divergence in the proteome tree are similar to those in the
gene trees, the branching orders of some of the groups are different, and more so at higher branching levels (compare Fig. S1 A
and B; also, see below). Fig. 1 shows clade membership and
branching order of the proteome tree, and Fig. S1A shows the
taxon identifications of the fungi and protists in the tree. The
statistical support calculated by Jackknife Monophyly Indices (15)
and the relative branch lengths for various clades are shown in a
simplified tree (Fig. 2).
Protistan Origin of Microsporidia. The Microsporidia is a eukaryotic group of spore-forming unicellular obligate parasites to a
very wide range of animal hosts, including human. Several
thousands of them are named, suggesting that there may be more
than an order-of-magnitude more unnamed Microsporidia species in nature. Individual Microsporidia species usually infect
one host species or a group of closely related taxa. They have
very small genomes, and the gene trees place the group at or
near the basal position of all fungi (e.g., Fig. S1B).
Although the supporters of the fungal origin of Microsporidia
have been gaining the ground rapidly among mycologists, alternative origins cannot be ruled out completely. It has been difficult to infer the evolutionary history of Microsporidia due to its
shifting positions in the gene trees depending on the genes selected to build the gene trees and evolutionary narratives to
explain the shifts based on comparative genome sequences
and biochemical data (for a review, see ref. 16). To interrogate
the boundary between the fungal kingdom and protists (large,
diverse, and paraphyletic/polyphyletic, unicellular, nonfungal
microbial eukaryotes) and also to revisit the fungal origin of
Microsporidia, a group of 71 protists, for which genome sequences are available, was included in this study.
In the proteome tree constructed for a population containing
both fungi and protists, as in the gene trees, all members of
Microsporidia in the study form a single clade, suggesting that
they most likely evolved from a common ancestor. However, the
clade is not located with other fungi, as in the gene trees, but
located among the protists, such as Giardia, Trichomonas, Entamoeba, and, Trypanosomatiae, some of which, like the Microsporidia, also lack or lost mitochondria, but have much larger
genomes than Microsporidia (Figs. 1 and 2 and Fig. S1A). This
observation indicates that the proteome sequences of Microsporidia
Choi and Kim

are more similar to those of the protists than to those of fungi.
The current narrative is that the very small genome sizes of
Microsporidia have resulted from one or more steps of extreme
reduction of much larger genomes of fungal origin (16). Most of
these “evidences” are based on the sequence similarity of the
proteins coded by one or limited number of genes (4, 5, 17, 18).
However, the proteome tree suggests another narrative that the
genomes of the Microsporidia may have a protistan origin rather
than fungal origin [marked “(a)” in Figs. 1 and 2 and Fig. S1] and
gone through similar extreme genomic reduction.
The protistan origin of Microsporidia was first shown by Vossbrink et al. (19) in their gene tree built using the DNA sequence
of a small subunit ribosomal RNA gene, where they placed
Microsporidia at the basal position of all eukaryotes they tested
(including a few animals, plants, fungi, and protists). However, this
proposal was “overturned” by the now-popular fungal origin of
Microsporidia based on subsequent gene trees of certain proteincoding genes and narratives derived from biochemical and cellular
observations, including the absence or loss of mitochondria, which
is not critical to the fungal or protistan origin of Microsporidia (ref.
16 and references within). There was another gene-tree–based indication of grouping of Microsporidia at the basal position of all
other eukaryotes: in this study, Thomarat et al. (20) observed, in
Choi and Kim

table 1 of ref. 20, that of 99 gene trees built based on very carefully
selected protein sequences of Encephalitozoon cuniculi, the first
Microsporidida of a known genome sequence, a majority of their
trees (80 of 99 gene trees) by the BIONJ method (Materials and
Methods) placed E. cuniculi at the basal position of all eukaryotes
(animals, fungi, and plants), thus presumably among protists,
whereas the rest of the gene trees placed it at the basal positions of
fungi (13 of 99), of fungi and animal (4 of 99), of animal (1 of 99),
and at a “nonbasal” position (1 of 99). However, Thomarat et al.
discounted their majority results supporting the protistan origin and
took a minority results that supports the fungal origin by arguing the
slower relative evolutionary change rate of the minority (13 of 99)
genes. These observations, combined with the proteome tree, support the protistan origin of Microsporidia rather than the currently
popular view of the fungal origin of Microsporidia.
More detailed kinship of Microsporidia among various clades
of protists awaits whole-genome sequences of many more protists of diverse taxa, since all 71 protists in this study population
are from a subgroup of nonphotosynthetic protists, Protozoa.
Other Notable Differences Between the Features of the Proteome
Tree and the Gene Trees. There are a few discrepancies in clad-

ing pattern of species or subspecies between the proteome tree
PNAS | August 29, 2017 | vol. 114 | no. 35 | 9393

EVOLUTION

Fig. 1. A Circos (topological) representation of the proteome tree of Fungi kingdom. The branches of three major groups are colored in light green for group I
(Monokaryotic fungi), red for group II (Basidiomycota), and purple for group III (Ascomycota). All protists are in blue. The branches of two sets of outgroups are in
black. The names of nine groups at phylum level belonging to the three major groups are shown around the circle. The four marked (by lowercase alphabets in
parentheses) groups with dotted-lined branches are the groups whose placements in the proteome tree are significantly different from those in the gene trees, as
discussed in Results. The taxon identification numbers can be found in Fig. S1A, and their taxon names can be found in Table S1. For the identities of the outgroups,
see Materials and Methods. The branch lengths are relative and not to scale. The figure was prepared using the Interactive Tree of Life (ITOL) (43).

Fig. 2. Simplified proteome tree of Fungi and Protozoa. The figure shows the proteome tree collapsed at the phylum or equivalent levels with the relative
branch lengths from one common ancestor of a clade to its previous common ancestor. (The branch lengths for the two outgroups and uncollapsed species
are not shown.) For the statistical support of the collapsed groups, the Jackknife Monophyly Index (5) for each collapsed clade (except the two outgroups) are
shown under the branch lines. The branch lengths calculated by JSD are normalized to 1,000 (the scale on top), which corresponds to 500 from the common
ancestor of fungi and protists to the terminal leaves. The number of the members in a clade is indicated at the end of the clade name, and the four marked
(by lowercase alphabets in parentheses) groups are the groups whose placements in the proteome tree are significantly different from those in the gene
trees, as discussed in the Results. The clade colors correspond to those in Fig. 1. For the identities of the out-group, see Materials and Methods. The tree was
constructed using ITOL (43).

and the gene trees (Fig. S1). Most discrepancies are found in the
branching order of the clades. Beside the differences mentioned
above, there are several other notable differences. Some of the
differences may be partly due to the small number of species or
taxa of known genome sequences available in public database,
especially in group I and among the paraphyletic groups of
protists. Four notable examples of differences as of this time are
described below.
Neocallimastigomycota as a member of protists. Neocallimastigomycota
(21) (represented by only two species of known genome sequences,
Piromycetes and Orpinomycetes, in the proteome tree, both having
AT-rich genomes) are found in the digestive tracts of herbivores,
and reproduce in the stomach of ruminants. They have been
classified as a member of a group containing Chytridiomycota in
the gene trees (21–23) (Fig. S1B). However, in the proteome tree,
it groups with a subgroup of protists that also has AT-rich genomes, such as Dictyostelium (24) and Acytostelium (25) [see
“(b)” in Figs. 1 and 2 and Fig. S1A].
Branch position of Rozella. Rozella allomyces, a member of Cryptomycota, is an obligate parasite to other fungi, and is often placed,
in the gene trees, at the basal position to or as the sister group
of Microsporidia, the basal group of all fungi in the gene trees
(Fig. S1B). But in the proteome tree, where Microsporidia no
longer belongs to Fungi, Rozella remains at the basal position of
group I (containing Chytridiomycota and Zygomycota) [see “(c)”
in Figs. 1 and 2, and Fig. S1A].
Branching order of Wallemia. In the proteome tree, Wallemia in the
phylum Basidiomycota groups with Ustilaginomycotina (Figs. 1
9394 | www.pnas.org/cgi/doi/10.1073/pnas.1711939114

and 2 and Fig. S1A), but it groups with Agaricomycotina in some
gene trees (26, 27) (Fig. S1B).
Branching order of Ascomycota. Many gene trees (Fig. S1B) show
that Taphrinomyconita branched out first from the common
ancestor of Ascomycota (major group III), but in our proteome
tree the common ancestor of Taphrinomyconita and Saccharomycotina branched out first (Fig. 2).
Discussion
Gene Trees vs. the Proteome Tree. There is a fundamentally different assumption made in constructing the two trees. In the
gene trees it is assumed that an organism can be represented
by the DNA/protein sequences of a small number of selected
genes that are common among the study organisms and assumed
to have the information about the evolution of the organisms.
But in the proteome tree the proteome sequence of all genes
coding for the proteins of an organism is assumed to represent
the organism and have the evolutionary information. This fundamental difference will be reflected in the differences in the two
types of trees, because: (i) the gene trees show the phylogeny of
the selected genes, while the proteome tree reveals the phylogeny of all protein-coding genes and thus, (ii) different evolutionary narratives need to be considered for macro- and
microscale evolutionary events, such as massive genomic reduction, gain/loss of group of genes, long branch attraction (28),
horizontal gene transfer (29), high evolutionary rate of certain
genes, and others. There are two important additional differences.
(i) The evolutionary model used to calculate the evolutionary
“distances” between two organisms in building distance-based trees
Choi and Kim

Complete Proteome Sequence Information and FFP. The complete
sequence information within a whole proteome can be described
in more than one way. The most obvious way is a collection of
the ordered amino acid sequences of all predicted proteins in the
whole genome. Another way is a feature count profile (FCP) of
the proteome, the counts of all computationally generated
unique features, which are the overlapping short sequencefragments of an optimal length (see first section of Results).
Such features are generated by a sliding window of the optimal
width along the entire length of each protein sequence of the
proteome, where two neighboring features overlap completely,
except for one terminal residue at the opposite end of each
feature (9) (Materials and Methods). A collection of such almost
completely overlapping and “deconstructed” fragments can be
reassembled to “reconstruct” the whole-proteome sequence by a
process similar to the “shotgun sequence assembly” method (30),
with one important difference: the reconstructed whole-proteome
sequence from FCP will be identical to the starting sequence
without additional gaps or ambiguities. Since FFP is the same as
FCP except that all counts are converted to frequencies in FFP,
FFP is a convenient way of describing a whole-proteome sequence
as a multidimensional vector that allows mathematical comparison
of any given two whole-proteome sequences without alignment.
Comparison with Another Alignment-Free Method. A similar alignmentfree proteome tree for the fungal proteome sequence, constructed
using a different alignment-free method (composition vector or CV)
(31, 32), reported that the CV tree supported largely the MSA-based
gene trees. This conclusion is different from ours for several reasons.
The CV tree: (i) was constructed using 82 fungal proteome sequences available in 2007, while we used 244 fungal proteome
sequences; (ii) did not include any proteome sequences from
protists to interrogate the phylogenic position of Microsporidia,
as was done in our study; (iii) used a feature length of 7 based
on bootstrap value in constructing the CVs, which is much
shorter than the optimal length of 13 empirically determined
for the convergence of the topology of the proteome trees
(Materials and Methods); (iv) used CVs that are modified by
subtracting a statistical background; and (v) used the correlation distance between their CV vectors to estimate branch
distances, but we used JSD (33) in our proteome tree, which is
more appropriate for measuring the similarity/difference between two probability distributions such as FFP vectors.

Materials and Methods
The Sources of Fungi Proteome Dataset and Taxonomic Names Used. All publicly available fungi proteome sequences used in this study are obtained from
three databases: the National Center for Biotechnology Information (NCBI),
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MycoCosm of Joint Genome Institute (JGI) fungal portal, and Broad Institute
database. We also included all of 71 protists, for which the genome sequences
are available at the NCBI, to inquire whether Microspridia groups with
protists or fungi. All fungi and protozoa data used were downloaded by July
2015. We manually excluded organelle-derived protein sequences from mitochondria, chloroplasts, or plastids. To remove any proteome sequences
derived from largely incomplete genome sequences, we removed those
proteomes with the reported number of peptides fewer than that of
E. romaleae SJ-2008, a member of Microsporidia with, at present, the
smallest and completely assembled genome sequence with 1,830 proteins.
Altogether, our study dataset contains 244 unique fungal species and
71 protozoan species. For the outgroup we used two prokaryotes, one with
a small proteome and the other with a large proteome. In addition, to test a
unique feature of the FFP method, an alignment-free comparison that may
be able to use a “synthetic” outgroup, the proteome sequences of two fungi
were shuffled. For the Fungi+protist population, both outgroups gave the
same proteome trees, proving that, when constructing “the proteome Tree
of Life” of all organisms, which is in progress, the shuffled sequences can be
used as the outgroup of the tree.
For NCBI data, we downloaded the Reference Sequence (RefSeq) database
(34, 35), a curated nonredundant sequence database of genomes, transcripts, and proteins, using an FTP (File Transfer Protocol) site. For JGI data
that are available publicly, we obtained from “MycoCosm,” JGI fungal portal
(36, 37), by choosing annotated “Gene Catalog proteins,” if listed, or the
largest protein file in the list. Finally, we downloaded two fungi data from
the “Multicellularity” study by Broad Institute the (38). For the data used for
this study and their sources, see Table S1.
All fungi taxonomic names as well as taxon identifier (taxonIDs) in this
study are obtained from the NCBI taxonomy site (https://www.ncbi.nlm.nih.
gov/Taxonomy/taxonomyhome.html/index.cgi?chapter=advisors.) (39). When
there is overlapping taxonIDs among the three databases, we chose the
proteome sequences from the NCBI.
Whole-Genome DNA Tree vs. Transcriptome Tree vs. Proteome Tree. Fig. S2A
reveals that the proteome tree is the best for our purpose, because: (i) it
converges to the most topologically stable tree; and (ii) it remains topologically stable as evidenced by the persistently lowest Robinson-Foulds
metric (13) for increasing feature lengths, starting from a feature length
of about 11. Furthermore, Fig. S2B shows that: (iii) the distribution of the
JSD (see below), used here as a measure of divergence distance, among the
FFPs of the proteome sequence is more broadly spread and less skewed
toward large divergence distances than in those of the FFPs of transcriptome
or genome sequences, thus stabilizing the tree topology. For the above
reasons, we chose the feature length of 13 as an optimal feature length to
construct the proteome tree in this study.
Proteome Tree Construction Using Whole-Proteome FFP Method. The method
has been described previously (9, 11). Briefly, the whole-proteome sequence of a fungus is scanned using a sliding window of an optimal length
(9) (Results) and the number of occurrences of each unique feature (defined as the peptide sequence of the optimal length) is counted. A highdimensional vector consisting of the ordered collection of all such counts is
used to describe the whole-proteome sequence of the fungus. To normalize different proteome sizes we then convert the counts to frequencies
to form FFPs of the proteome sequence of the fungus. Thus, the proteome
sequence is equivalent to the FFP of the proteome (see Discussion). Finally,
we calculate the JSD (33) between two given FFPs as a measure of the
difference between the two fungal organisms, and construct the divergence matrix for all fungal pairs in the study population. This divergence matrix is then used to build a proteome tree using a neighborjoining method called BIONJ (40). We have observed in our earlier studies
(11, 12) that the trees constructed using the JSD matrix of FFPs has performed better than other “distances,” such as Euclidean distances, cosine
distances, or Jensen-Shannon distances (which are the square roots of JSDs)
in producing stable trees.
Outgroup for the FFP-Based Proteome Tree. For the outgroup of our study, we
tested two types of proteome sequences: the first is the proteome sequences
of two prokaryotes of known genome sequence: Candidatus Portiera
aleyrodidarum BT-B-Hrs (Gram-negative proteobacteria) with the smallest
proteome size, 253 proteins, and Ktedonobacter racemifer DSM 44,963
(green nonsulfur bacteria) with the largest proteome size, 11,288 proteins,
among the prokaryotes in this study; the second consists of two fungal
proteome sequences of the smallest (a Microsporidia, E. romaleae SJ-2008,
with 1,831 proteins) and the largest (a Basidiomycota, Sphaerobolus stellatus
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is different. In gene trees, various DNA or amino acid substitution
models are used to calculate the evolutionary distances, where
different terms of the parameters describe the rate at which one
nucleotide/amino acid replaces another during evolution of the
selected genes. However, in genome trees, such as the proteome
tree used in this study, a divergence model is used, where the divergence of whole-proteome sequences is used to calculate the
evolutionary distance of the organisms. (ii) The types of genes
compared are different. In the gene trees, an evolutionary distance
between two organisms is estimated by the substitution rates between amino acid sequences of the selected genes common among
the study organisms, and thus the vast majority of genes, most of
which are not common among the study organisms, are ignored
and assumed to not contribute to the evolution of the organisms.
On the other hand, the genome trees assume that all genes,
common as well as noncommon among the study organisms, may
contribute to evolution, and the evolutionary distance between any
two organisms is estimated by Jensen-Shannon divergence (JSD)
of the FFPs.

SS14, with 35,274 proteins) proteome in the study population, but each
proteome sequence is randomly shuffled using “Fisher-Yates shuffle”
method (41, 42). In this shuffling process, the amino acid composition and
the total length of the proteome of each randomized sequence remain the
same as the original sequence.
We used these artificially constructed protein sequences to test their
potential utility as an outgroup for a future proteome tree of all organisms. In
both cases, the outgroup sequences form a clade, which is separated from all
fungal and protozoan clades of the study population. No differences were
found in the proteome tree topology and the member composition of clades
regardless of whether we used all of them together, each separately, or
unshuffled sequences of the two prokaryotes (results not shown).

Computer Code Availability. The FFP programs for this study, written in GCC
(C++), will be deposited in GitHub: https://github.com/jaejinchoi/FFP.
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