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We present a whole-proteome phylogeny of prokaryotes con-
structed by comparing feature frequency profiles (FFPs) of whole
proteomes. Features are I-mers of amino acids, and each organism is
represented by a profile of frequencies of all features. The selection
of feature length is critical in the FFP method, and we have devel-
oped a procedure for identifying the optimal feature lengths for
inferring the phylogeny of prokaryotes, strictly speaking, a pro-
teome phylogeny. Our FFP trees are constructed with whole pro-
teomes of 884 prokaryotes, 16 unicellular eukaryotes, and 2 random
sequences. To highlight the branching order of major groups, we
present a simplified proteome FFP tree of monophyletic class or
phylum with branch support. In our whole-proteome FFP trees (i)
Archaea, Bacteria, Eukaryota, and a random sequence outgroup are
clearly separated; (ii) Archaea and Bacteria form a sister group when
rooted with random sequences; (iii) Planctomycetes, which pos-
sesses an intracellular membrane compartment, is placed at the
basal position of the Bacteria domain; (iv) almost all groups are
monophyletic in prokaryotes at most taxonomic levels, but many
differences in the branching order of major groups are observed
between our proteome FFP tree and trees built with other methods;
and (v) previously “unclassified” genomes may be assigned to the
most likely taxa. We describe notable similarities and differences
between our FFP trees and those based on other methods in group-
ing and phylogeny of prokaryotes.

branching order | I-mers | prokaryotic phylogeny | random sequence
outgroup | whole-genome phylogeny

Currently, a widely accepted phylogeny and classification of
prokaryotes is based on the comparison of genes that encode
small subunit ribosomal RNA (SSU rRNA) (1). This method also
led to the proposal of three domains of organisms (Archaea,
Bacteria, and Eukaryota). The branching order of the three do-
mains with respect to the common origin was inferred by rooting
the SSU rRNA tree using anciently duplicated genes (e.g., EF-Tu/
EF-G, ATPase o and f subunits) (2). However, as more gene se-
quences became available, taxonomic groupings and phylogenies
for prokaryotes derived from alternative genes often showed
conflict with those based on SSU rRNA (3-6). This conflict is
more evident especially for the relationships between taxonomic
groups, suggesting that the phylogeny of organisms is irresolvable
through phylogenies derived from one or a few selected genes. At
best, such phylogenies only reconstruct a possible evolutionary
history of the selected gene or gene set—not the history of whole
genomes or organisms. It is generally believed that the use of the
whole genome/proteome may provide more robust information
for inferring the phylogeny of organisms (3—6). This is supported
by the observation that phylogenies based on progressively larger
gene sets become more consistent and also less sensitive to arti-
facts from horizontal gene transfer (7). However, whole-genome/
proteome comparison cannot be accomplished for a large pop-
ulation of organisms with multiple sequence alignment (MSA)-
based methods because it is likely that there is only a small fraction
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of the total number of genes that are shared and highly homolo-
gous in all organisms compared.

The main approaches used for inferring whole-genome-based
prokaryotic phylogenies can be divided into three categories de-
pending on the sequence information used: orthologous genes,
protein sequence/structure domains, or whole-genome/proteome
sequences. The methods in the first category can be divided further
into two classes. One class uses the content or order (8, 9) of or-
thologous genes, and the other builds trees from a concatenated
alignment (supermatrix) (10) or by assembling/combining trees
(supertree) (11) from MSAs of individual genes. In the second
category, the methods are based on protein domain (12, 13) as-
signment, either Pfam (14) or SCOP (15) domains, of the ORF
sequences [at present, Pfam domains cover approximately 50%
and SCOP domains approximately 40% of all ORFs (12, 13)]. The
methods in the first category require the “correct” selection of
orthologous genes, and those in the second category require the
assignment of protein domains at the sequence or structure level.

The methods based on whole-genome/proteome sequences,
the third category, can be further divided into two classes: the
pairwise alignment-based approach and the alignment-free
approach. A few examples of each approach are briefly sum-
marized below. For the alignment-based approach, Henz et al.
(16) constructed a phylogeny of 91 prokaryotic genomes, in
which distances were estimated from a maximum subset of
nonoverlapping “high scoring segment pairs” reported by
BLASTN for each pair of genomes. Chan et al. (17) derived a
phylogeny of 230 prokaryotic genomes using MUMs (maximal
exact substrings that are unique in the two genomes) obtained
from MUMmer (18), a software package designed for pairwise
alignment of genomes/proteomes. Chan et al. used only the in-
termediate output of MUMmer and did not use the more ex-
tensive alignment capabilities of MUMmer; thus, strictly
speaking, their method is not alignment-based. Chan et al. then
compared their tree with that of Henz et al. and showed that
their taxonomic grouping more closely resembled that of the
National Center for Biotechnology Information (NCBI).

Several methods for alignment-free genome comparison have
been developed. One method by Otu et al. (19) introduced a
measure based on the relative information between proteome
sequences using Lempel-Ziv complexity. In other examples, Pride
et al. (20) showed how well tetranucleotide-based patterns were
shared in the whole genomes of related organisms; Qi et al. (21)
used the frequency of fixed k-strings subtracted by a mutation
background, which was obtained from a k-2 Markov model; and
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Ulitsky et al. (22) introduced another measure based on the
average length of maximal exact common substrings (ACSs).
Ulitsky et al. compared their tree with two proteomic trees ob-
tained from the approaches of Otu et al. and Qi et al. They showed
that the phylogeny and taxonomic groupings obtained with the
ACS method agreed best with the SSU rRNA-based method.

In the alignment-free approach used in our study, the feature
frequency profile (FFP) method (23), an organism is represented
by its whole-proteome sequence (WPS), which consists of the
amino acid sequences of all predicted proteins in the chromo-
some(s) of the organism. We used protein sequences rather than
base sequences to minimize the adverse effects of base compo-
sition and codon preference biases on phylogeny construction.
Each WPS is represented by a profile of feature (/-mer) fre-
quencies. These feature frequency profiles are used to construct
a distance matrix at some feature length (resolution) optimal for
inferring phylogeny, and then a tree is built from the distance
matrix. Thus, our method does not require the identification of
any common orthologous genes or protein domains as in the
methods of the first and second categories described previously.
Our method is also different from other methods in the third
category (using whole-genome/proteome sequences), in that we
do not align any special portions of the whole genomes/pro-
teomes as in the alignment-based approach, but we use the
alignment-free approach, paying special attention to selecting
the feature length optimally suited for inferring phylogeny.

We have constructed two kinds of trees within the range of the
optimal feature lengths (see Optimal Feature Lengths and FFP
Trees in Materials and Methods): (i) whole-proteome FFP trees
for all available WPSs of prokaryotes; and (ii) simplified FFP
trees in which each leaf corresponds to either a class or phylum.
The latter trees are used to evaluate statistical support for the
branching order of major groups with the jackknife monophyly
index (JMI) (24) (see Statistical Support for the Branching Order
of Major Groups in Materials and Methods). We then present the
best simplified proteome FFP tree with largest average JMI. We
compare the taxonomic groupings at several taxonomic levels
with the “reference” taxonomy (based on the classification of the
NCBI), as well as with the ACS tree (22) and the MUM tree
(17), which were obtained by other alignment-free approaches
and are among the most comprehensive whole-proteome trees of
prokaryotes at present. We also compare the branching orders
among the taxonomic groups in the best simplified FFP tree with
those in trees constructed with the other methods.

Results and Discussion

Overall, the taxonomic groupings of WPSs by our FFP method
agree very well with the reference taxonomy; almost all main
groupings agree with the reference taxonomy at several taxo-
nomic levels (domain, phylum, class, and genus), with some
minor discrepancies in monophyly and grouping. However,
substantial differences in the branching orders of major groups
are observed between our proteome FFP tree and trees from
other methods based on, for example, SSU rRNAs, orthologous
genes, and protein domains.

Dataset and FFP Trees. Our dataset includes WPSs of 884 pro-
karyotes (26 phyla, 41 classes, and 315 genera), 16 unicellular
eukaryotes, and 2 random sequences. Figure 1 presents our
whole-proteome FFP tree at feature length / = 13 built by BI-
ONIJ (25) using all members of the entire dataset. We also built
the simplified FFP tree with JMI at feature length / = 13 in Fig. 2
using BIONJ after excluding seven proteomes labeled with NCBI
taxonomy IDs in blue, red, and green in Fig. 1 (see Materials and
Methods). To compare our whole-proteome FFP tree with 16S
rRNA-based trees, we also generated a 16S rRNA tree (Fig. S1)
with BIONJ using a Jukes-Cantor model distance matrix, which
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was calculated from an MSA obtained from the Ribosomal
Database Project 10 (RDP) (26).

Three Domains and Basal Prokaryotes. Although random sequences
cannot be meaningfully aligned with any gene, they can be inclu-
ded in the dataset for analysis with the FFP method. In our study,
we included two random sequences of lengths equal to the longest
and the shortest proteomes in the dataset. As shown in Fig. 1,
Archaea, Bacteria, Eukaryota, and the random sequences are
clearly separated. Moreover, Archaea and Bacteria form a sister
group excluding Eukaryota when the random sequences were
used as an outgroup. This sister group arrangement was also
supported with a rooted tree built with UPGMA (27) and by
rooting a tree built by neighbor joining (NJ) (28) with random
sequences. This three-domain arrangement was consistently ob-
served even when the feature length was reduced as short as/ = 8.
This topological arrangement is inconsistent with the commonly
accepted view that Eukaryota and Archaea form a sister group.

At the most basal position of Bacteria are the mesophillic
Planctomycetes, which agrees with the placement by Brochier and
Philippe (29). It is interesting to notice that Planctomycetes have a
large genome that is often found to be enclosed in a membrane as
in Eukaryotes, reproduce by budding, and lack peptidoglycan in
their cell walls (30). These observations invoke an intriguing no-
tion that these features may have been a character of the last
universal common ancestor. The above observations may be
consistent with an analysis by Kurland et al. (31, 32), who con-
jecture that the last common ancestor of Archaea and Bacteria
possessed protein domains that are more similar to the Eukaryotic
domain complement. The Bacterial root of our tree, Planctomy-
cetes, seems to possess some of these primitive Eukaryotic fea-
tures. It is also interesting to note that the basal position of
Archaea in our tree is the new phylum, Thaumarchaeota (also
mesophillic). Among Archaea, Thaumarchaeota is the only phy-
lum to possess type IB topoisomerase genes, which are also
present in Eukaryotes, some bacteria, and viruses (33).

Relationships Among Major Groups. As mentioned earlier, it is
clear from Fig. 1 that the taxonomic groupings arrived at with the
FFP method using the optimal feature resolution mostly agree
with those of the reference taxonomy at several taxonomic levels
(domain, phylum, class, and genus), although there are a few
membership discrepancies (see Membership Discrepancy below).
However, with respect to the overall relationship and branching
order among major groups, many differences are observed be-
tween the FFP tree (in Fig. 2) and those based on SSU rRNA
and other genome features. We notice that the intergroup re-
lationships of our FFP tree mostly support the consensus view of
several different methods, such as Fig. 4.2 of Assembling the Tree
of Life (34) and other proposed relationships noted in the lit-
erature review (3-6). Notably, the branching order in our 16S
rRNA tree, for example, was quite different from that of the FFP
tree. Some of the notable differences with high JMI support are
described below:

(/) Thaumarchaeota, a new phylum, is at the basal position of
all Archaea so far sequenced;

(i) Methanococci, Methanobacteria, and Methanopyri are
clustered together, forming the most recent divergence
in Archaea;

(iii) As mentioned previously, Planctomycetes is at the basal
position of Bacteria;

(iv) Mollicutes was a class group within the Firmicutes phylum
in the previous version of the NCBI taxonomy of 2007 but
forms a separate phylum, Tenericues, in the current ver-
sion. In our FFP tree in Fig. 2, Bacilli and Clostridia form a
Firmicutes clade, as in the current revision of the NCBI
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Fig. 1. The whole-proteome FFP tree at feature length / = 13. The proteome FFP tree is colored by the reference taxonomy: the inner circle colored by
domain, the middle circle by phylum, and the outer circle and branches by class. Additionally, the proteome FFP tree is labeled with the name of groups
(classes in regular font or phyla/family/genera in italic font) and NCBI taxonomy IDs mentioned in the text. The organisms labeled in blue (351160 and 156889)
are “unclassified” at the class level; the position of those in red (309807, 266117, and 309798) differs from the current assignment; those in green (565034 and
368408) are excluded when constructing simplified proteome FFP trees. The ITOL online tool is used to render the tree. Branch lengths are not to scale so that

the clading and tree topology can be clearly displayed.

taxonomy. Bacilli and Clostridia, but not Mollicutes, form
endospores (35), which supports their close relationship;

(v) According to the reference taxonomy, Chlamydiae and
Verrucomicrobia form a superphylum, but they are not
together in our FFP tree.

Monophyly. Most of the groups are monophyletic in the FFP tree,
with very few discrepancies at each taxonomic level. Operationally,
we identify monophyly by the following process: first, identify a clade
of a given group, and then check whether there are descendants
belonging to different group(s) with at least two members mixed in
the clade. Some of the notable differences follow.

Spirochaetes are divided into three genus groups: Borrelia,
Treponema, and Leptospira. In our tree, Leptospira do not group
with the remaining two, as shown in Fig. 2.

At the class level, y-Proteobacteria is separated into several
subgroups in Fig. 1. One subgroup that consists of a single family,
Xanthomonadaceae, clusters with p-Proteobacteria.

At the genus level, (i) the whole-proteome FFP tree shows
better resolution than the 16S rRNA tree at the genus level:

Jun et al.

among 118 genera with at least two members, 14 are not
monophyletic in the FFP tree, whereas 19 genera are not
monophyletic in a 16S rRNA tree built through the RDP data-
base (26); (ii) the genera in Cyanobacteria are mixed with each
other in Fig. 1; (iii) gene alignment-based evidence indicates
that Shigella evolved from Escherichia coli by pseudogene for-
mations and gene inactivations by insertion sequence expansion,
resulting in a polyphyletic Shigella clade (36, 37). Our analysis
does not include pseudogenes, and the FFP method shows a
monophyletic Shigella clade. This also contrasts with trees based
on 16S rRNAs, in which extensive mixing between E. coli and
Shigella occurs, and with trees based on multigenes alignments
(38), in which E. coli and Shigella are still mixed but less ex-
tensively. This suggests that 16S rRNAs as well as highly con-
served genes may be evolving too slowly to resolve relationships
at the finer taxonomic level.

Membership Discrepancy. As mentioned earlier, the taxonomic
classification of WPSs by our FFP method agrees well with the
reference taxonomy, with a few membership discrepancies.
There are three organisms (labeled with NCBI taxonomy IDs in
red in Fig. 1) with membership discrepancies, as shown in Fig. 1.
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Fig. 2. The simplified proteome FFP tree at feature length / = 13. The col-
oring indicates “supra-class” groups, which are defined by statistical support
values of >82, except for Archaea, where there are three clear clades. The
numbers indicate the JMI (%). The simplified FFP tree was generated by
collapsing major groups into a single leaf, and then the JMI was used to
measure how robust the tree is to taxa sampling. If a clade has 100% jack-
knife monophyly index, it means that the clade always exists in jackknife FFP
trees. Unnumbered clades labeled with the same name were removed as a
unit during the jackknife test. Feature length / = 13 shows the most ro-
bustness in terms of average JMI. Labels indicate classes in regular font and
phyla/genera in italic font.

Notably, Salinibacter ruber DSM 13855 (309807) is not grouped
with other Sphingobacteria (Bacteroidetes) but with Chlorobia.
S. ruber clearly showed the closest relationship with Chlorobia
based on FFP distances; the nine closest neighbors by FFPs
distances were all members of Chlorobia. We suggest that a
taxonomic revision of Salinibacter may be required.

New Classification. Among the organisms unclassified at the class
level, our proteome FFP tree suggests the assignment of uncul-
tured methanogenic archaeon RC-I (351160 in blue) to Meth-
anomicrobia and Magnetococcus sp. MC-1 (156889 in blue) to
a-Proteobacteria.

Effect of Plasmids on the Branching Order of Major Groups. In our
dataset, 35% of organisms have from 1 to 21 plasmid(s), and the
size of plasmids can be quite significant (83.2% for Sino-
rhizobium meliloti) compared with the corresponding chromo-
some(s). We considered only chromosomal proteins when
constructing the FFP trees in Figs. 1 and 2. However, the in-
clusion of additional plasmid proteins with the chromosomal
proteins does not affect the tree topology at the class level. Thus,
we obtain exactly the same tree as in Fig. 2 whether or not
plasmids are included. Because plasmids are believed to be easily
transferable between closely related species, combining plasmid
proteomes together with the host genome simulates horizontal
gene transfer in FFP analysis. Thus, our results suggest that our
proteome FFP tree is likely to be robust to the horizontal
transfer of genetic materials, and/or the plasmid transfer may be
confined to the class groups of their hosts.

Comparison with Trees Based on Protein Domains and Orthologous
Genes. We investigated the discrepancies between our FFP tree
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and trees based on protein domain organization (13) and or-
thologous genes (10) with respect to the branching order of
taxonomic groups. We observe notable differences with respect
to Aquifex aeolicus and Thermotoga maritima. A. aeolicus is
grouped with the one of 3-Proteobacteria and 7. maritima with
Clostridia in the domain-based tree. A. aeolicus and T. maritima
are grouped together, forming a relatively recent divergence in
the gene-based tree. But in our FFP tree, A. aeolicus and T.
maritima are clustered together near the root of Bacteria. Fur-
thermore, the divergence order of class groups in Proteobacteria
and Firmicutes (if Mollicutes is assumed to belong to Firmicutes,
according to a 2007 version of the NCBI taxonomy) is also dif-
ferent from that of our proteome FFP tree. Our proteome FFP
tree is the only one that groups Bacilli and Clostridia first, much
like the current NCBI taxonomy.

Comparison with the ACS Tree. To compare our tree with the ACS
tree of Ulitsky et al. (22), we assembled a dataset (“ACS data-
set”) that included only the prokaryotic proteomes present in the
ACS dataset (note that the ACS tree file was not available from
the authors). An FFP tree was built using the NJ tree-building
algorithm (28; as used by Ulitsky et al.) on the ACS dataset. The
grouping in the FFP tree agrees better with the reference
taxonomy than the ACS tree at most taxonomic levels. For ex-
ample, the ACS tree shows that Nanoarchaeum equitans Kin4-M
and Halobacterium sp. NRC-1 are placed among Bacteria; Spi-
rochaetes is separated into three groups; Firmicutes is separated
into three groups; and one of the e-Proteobacteria, Campylo-
bacter jejuni, is clustered with Clostridia. With regard to the
branching order among major taxonomic groups, there are also
many differences between the two trees.

Comparison with the MUM Tree. We also constructed a MUM
dataset (17) and used the BIONJ method (25), as Chan et al. did
(17), to build our proteome FFP tree. With regard to grouping and
monophyly, our FFP tree and the MUM tree agree for many groups
at most taxonomic levels, but with several differences. For example,
in the MUM tree, Bdellovibrio bacteriovorus (8-Proteobacteria) is
placed within Chlamydiae; Symbiobacterium themophilum (Clos-
tridia) is placed outside Firmicutes; Mollicutes is not monophyletic.
There are also many differences between the two trees in branching
order among major taxonomic groups.

Conclusion. The whole-proteome FFP method provides insights
into the phylogeny of prokaryotes and highlights some differ-
ences from selected gene-based alignment approaches. Taken
together, our observations suggest that our proteome FFP tree
may also be robust at the class level to the horizontal transfer of
genetic material and shows excellent resolution at most taxo-
nomic levels. Thus, the FFP method is very useful for resolving
the whole-proteome taxonomy and phylogeny of prokaryotes.

Materials and Methods

Proteome Dataset and Reference Taxonomy. For the dataset, we downloaded
all available translated chromosomal amino acid sequences from NCBI (June
2009). Our dataset comprises the whole proteomes of 884 prokaryotes and 16
unicellular eukaryotes of varying size, excluding two organisms, which are
Candidatus Sulcia muelleri GWSS (75K aa long) and Candidatus Carsonella
ruddii PV (50K aa long) because of their short length relative to the largest
proteome (6960K aa long). Additionally, two random sequences whose
length corresponds to the shortest (118K aa long) and longest (6,960K aa
long) proteomes in the dataset (generated via the standard Perl rand
function) were added for an outgroup. A list of species used in our dataset
with NCBI taxonomy ID and NCBI accession number is provided in Table S1.
In cases in which an organism has multiple chromosomes, they are con-
catenated to form a proteome for the organism. When comparing the FFP
trees with the ACS tree of Ulitsky et al. (22) or the MUM tree of Chan et al.
(17), we used their datasets. The reference taxonomy was determined from
the NCBI taxonomy, which is hierarchically organized on the basis of in-
formation provided primarily by sequence submitters and with supple-
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mental curation by NCBI staff. According to the reference taxonomy, four
organisms and Cyanobacteria are unclassified at the class level.

Tree Construction. Our FFP trees were constructed from distance matrices.
There are several software tools for distance-based tree construction, such as
UPGMA (27), NJ (28), and BIONJ (25). To measure the difference between
tree topologies, we used the Robinson and Foulds distance (39) im-
plemented in the treedist function in PHYLIP (40) and maximum agreement
subtree implemented in the mast function in PhyloNet (41). In addition, we
used the consens function in PHYLIP to construct a consensus tree with ex-
tended majority rule and the ITOL online tool (http:/itol.embl.de/itol.cgi) to
render the trees. We have not shown the branch lengths to scale so that the
tree topology and branching order can be clearly displayed.

FFPs and FFP Distances. A general description of the FFP method has been
published (23), and a description of the details more relevant to this work is
given below. The proteomes of organisms are stored as a collection of individual
protein sequences. The raw frequency of each feature (I-mer) in a sequence of
length L is counted as follows: first, we slide a window of length / along a protein
sequence from position 1to L — / + 1 and again start sliding the window along
the next protein sequence and so on until the entire proteome is scanned. The
count profile, G; = {c1,¢c2,. .., cn}, where ¢ is the raw frequency of the corre-
sponding feature and N = 20’ is the total number of all possible /-mers, is
transformed into a frequency profile F; by normalizing by the proteome length,
yielding the relative abundance of each feature. Thus, an organism is repre-
sented as an FFP of its proteome. We used the Jensen-Shannon divergence (42)
with FFPs to calculate dissimilarities between organisms.

Optimal Feature Lengths and FFP Trees. We have developed a procedure for
selecting the optimal feature resolution through the following three steps.
Step 1: Cumulative relative entropy. First, we analyzed FFPs of individual pro-
teomes on the basis of cumulative relative entropy (CRE). We used two
conditions to decide the proper feature lengths: (/) the maximum entropy
principle (43), which states that the correct FFP maximizes the entropy
subject to the observed FFPs of shorter features, and (ii) the capability of
generating FFPs of all longer features. Under the assumption that a given
sequence is a ring, the solution of the constrained optimization problem for
the first condition (i), the expected frequency profile IA-',H = (?,-) is repre-
sented as follows [for details, see Sadovsky (44)]: for a feature
W =ajaz...a;1,

_ falazmm X fa2a3mal+l

fw
fazll3..,tl/
Our FFPs do not satisfy the ring assumption, but the reduction in the number
of features is negligible considering the proteome size.

To measure how well an expected FFP Fi = (?,-) approximates an observed
FFP F; = (f;), we computed the relative entropy between two profiles:

RE(F,F}) = Xf; log, ]’;

where the sum is over all features in an observed FFP. If the relative entropy is
zero at feature length /, a FFP at feature length / satisfies the first condition,
and a FFP at feature length /-1 has the ability to regenerate FFPs at feature
length from 1 to /, but no longer than /. We have defined the CRE at feature
length / by the sum of the relative entropy from / to infinity (we tested up to
I = 15, beyond which the relative entropy was almost zero):

CRE(l) = klzleE(Fk,ﬁk).

Because the relative entropy is nonnegative, if a sequence has zero CRE at
feature length /, an FFP at feature length / has maximum entropy and all of
the information of FFPs of longer features as well as shorter features, so that
feature length / with zero CRE satisfies the two conditions (/) and (i) we
adopted. Fig. 3 is a plot of CRE curves vs. feature length / for six proteomes
that are the smallest and largest ones chosen from Archaea, Bacteria, and
Eukaryota, respectively. Generally, the curves of CRE for the other pro-
teomes are placed between the left-most and right-most curves, and most of
proteomes start having zero CRE at feature length / = 10.
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Fig. 3. Cumulative relative entropy. A plot of cumulative relative entropy vs.
feature length / for six proteomes that are the smallest and largest ones chosen
from each domain in our dataset. The proteome length and domain information
of those proteomes are indicated. Among the six proteomes, Buchnera aphidicola,
which is the smallest, starts to have zero CRE at feature length / = 8, and Dictyos-
telium discoideum, which is the largest, starts to have zero CRE value at feature
length /=10.

Step 2: Tree convergence. We computed a distance matrix of FFPs for each
feature length / and used the matrix to build a tree using BIONJ (25). We
noticed that the percentage of FFP pairs that do not share any common
features varies from 0 to 0.6% for / = 1, ..., 15. The topology difference
between a pair of trees at feature length / and / + 1 is estimated with the
Robinson and Foulds distance (39). In Fig. 4, the tree topology distances
become very small and remain so for feature length / = 9, ..., 15, which
reveals that the tree topology does not change much for feature length / =
9, ..., 15. However, we noticed occasional differences in the position of
major groups even among trees within the tree convergence range. Similar
behavior was observed with alternative topological distances, such as the
maximum agreement subtree method (41).

Step 3: Random sequence outgroup perturbation. In our dataset of proteomes,
two random sequences were included as an outgroup. Because a suitable
outgroup should not affect the topology of the ingroup, we compared two
trees with and without the random outgroup to check whether the outgroup
disrupts the tree topology of major groups. For / = 10 and beyond, there was
no disruption.

On the basis of the three tests described above, we chose the optimal range
of feature lengths from /=10, .. ., 15. Note that proteome FFP trees within the
range showed the same groupings at each taxonomic level but occasional
differences in the position of major groups. A consensus tree constructed with
extended majority rule (40) from the six FFP trees within the range showed
practically the same topology as the one at feature length /= 13 in Fig. 1.

Statistical Support for the Branching Order of Major Groups. To determine a
statistically reliable best feature length within the optimal range for the
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Fig. 4. Tree topology distance. Robinson and Foulds distance between trees
at feature lengths /and / + 1 for / > 1. Note that tree convergence begins at /
=9, revealing that the tree topology does not change much as / increases.
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branching order of major groups, we performed a jackknife test to assess
sampling bias with major groups in two steps.

Step 1: Simplified FFP trees. For the simplicity of the jackknife test, we excluded
seven proteomes in our dataset, which are labeled with NCBI taxonomy IDs in
blue, red, and green in Fig. 1, so that the clade corresponding to the major
group can be deleted in a single step during jackknife operation: two pro-
teomes, 351160 and 156889 (in blue), are unclassified; three proteomes,
309798, 255117, and 309807 (in red), were misplaced; and two proteomes,
368408 and 565034 (in green), were outliers of Thermoprotei and Spirochaetes,
respectively. Excluding these proteomes did not affect the tree topology of all
major groups except for 565034, which caused perturbation in Spirochaetes.
The tree in Fig. 2 is a simplified proteome FFP tree at feature length / = 13
generated by representing all members in a major group by a single leaf.
Step 2: The best feature length with jackknife monophyly index. Because unequal
population sizes among different major groups may affect the tree topology,
we estimated the statistical support associated with the branching order of
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the major groups with the JMI (24), which estimates the statistical confidence
against taxa sampling bias. The FFP jackknife trees were constructed using
BIONJ (25) by excluding each major group at a time. For each clade in a
simplified tree, the JMI was calculated by counting how many times the
clade exists among FFP jackknife trees. Feature length / = 13 was shown to
be the most robust to taxa sampling, with the largest average JMI within the
optimal range. The tree in Fig. 2 is a simplified proteome FFP tree at feature
length / = 13 with JMI values. Unnumbered clades labeled with the same
name were removed as a unit during the jackknife test. It is worthwhile
noting that FFP jackknife trees showed excellent grouping in the same way
as FFP trees.
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