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Genome phylogeny based on gene content

Berend Snel!>3, Peer Bork!? & Martijn A. Huynen'-?

Species phylogenies derived from comparisons of single genes
are rarely consistent with each other, due to horizontal gene
transfer!, unrecognized paralogy and highly variable rates of
evolution2. The advent of completely sequenced genomes
allows the construction of a phylogeny that is less sensitive to
such inconsistencies and more representative of whole-
genomes than are single-gene trees. Here, we present a dis-
tance-based phylogeny3 constructed on the basis of gene
content, rather than on sequence identity, of 13 completely
sequenced genomes of unicellular species. The similarity
between two species is defined as the number of genes that
they have in common divided by their total number of genes. In
this type of phylogenetic analysis, evolutionary distance can be
interpreted in terms of evolutionary events such as the acquisi-
tion and loss of genes, whereas the underlying properties (the
gene content) can be interpreted in terms of function. As such,
it takes a position intermediate to phylogenies based on single
genes and phylogenies based on phenotypic characteristics.
Although our comprehensive genome phylogeny is indepen-
dent of phylogenies based on the level of sequence identity of
individual genes, it correlates with the standard reference of
prokarytic phylogeny based on sequence similarity of 16s rRNA
(ref. 4). Thus, shared gene content between genomes is quanti-
tatively determined by phylogeny, rather than by phenotype,
and horizontal gene transfer has only a limited role in deter-
mining the gene content of genomes.

When we compared the protein sequences encoded by 13 com-
pletely sequenced genomes with each other and recorded the
number of genes shared between the genomes using an opera-
tional definition of orthology®, two patterns emerged (Table 1).

Not unexpectedly, the first one is that large genomes have many
genes in common; for example, the highest number of shared
genes can be observed between Escherichia coli and Bacillus sub-
tilis, which have the largest genomes among the Bacteria. This
effect of size is reflected in the numbers of genes that the four
archaeal genomes share with bacteria of various sizes (Fig. 1). The
second emerging pattern is a phylogenetic one: the number of
genes two genomes have in common depends on their evolution-
ary distance?. Haemophilus influenzae for example shares more
genes with its close relative E. coli than with B. subtilis. We created
a phylogeny of the genomes using the neighbour-joining algo-
rithm?, with the fraction of shared genes in the smallest of the two
genomes as a similarity criterion using random subsets of the
genes per genome for bootstrapping (Fig. 2a). The resulting tree
reflects the standard phylogeny as based on 16s rRNA (with some
minor exceptions; Fig. 2b; refs 4,6). The two major lineages of cel-
lular life that are represented here by multiple species, the Archaea
and Bacteria, are monophyletic with maximal bootstrap values,
with the third lineage (Eukarya) being equidistant between them.
In the bacterial branch, Aquifex aeolicus appears at the root of the
tree, and the purple bacteria, the y subdivision within the purple
bacteria and the low G+C’ Gram-positive bacteria are all mono-
phyletic. The sequences of both Mycoplasma genitalium and Heli-
cobacter pylori evolve at relatively high rates?. Distance-based
phylogenetic methods tend to move highly divergent sequences
towards the root of the tree, however, the method used here is rel-
atively insensitive to such variations in rates of evolution of gene
sequences. The four archaeal genomes in this analysis are all Eur-
yarchaeota. The location of Pyrococcus horikoshii at the root of the
Euryarchaeota is confirmed in the 16s rRNA phylogeny. The

Table 1¢ Common gene content in genomes

AF MT MJ PH AQ SY
AF 2,407 48.1 50.1 40.2 38.2 26.3
MT 900 1,871 55.7 37.4 35.3 31.1
MJ 870 966 1,735 43.7 32.7 29.2
PH 829 699 759 2,061 30.9 23.8
AQ 582 537 497 471 1,522 52.5
SY 632 581 506 491 799 3,168
BS 645 578 488 561 819 967
MG 156 142 146 147 255 275
BB 214 211 189 204 379 409
EC 676 598 539 538 898 1,138
HI 453 416 384 372 669 766
HP 375 355 354 320 665 652
SC 555 522 482 488 474 606

BS MG BB EC HI HP SC
26.8 33.3 25.2 28.1 26.4 23.6 23.1
30.9 30.3 24.8 32.0 24.2 22.3 27.9
28.1 31.2 22.2 31.1 22.4 22.3 27.8
27.2 31.4 24.0 26.1 21.7 20.1 23.7
53.8 54.5 44.6 59.0 44.0 43.7 31.1
30.5 58.8 48.1 35.9 44.6 41.0 19.1
4,100 70.7 56.5 33.6 51.3 42.0 16.1
331 468 50.4 62.2 57.5 52.1 40.4
480 236 850 52.2 46.2 43.8 29.4
1,376 291 444 4,290 77.8 49.9 17.1
880 269 393 1335 1,717  41.1 28.8
668 244 372 793 653 1,590 222
659 189 250 735 494 353 6,296

The numbers of genes shared (see Methods) between genomes (lower left triangle), the percentage of genes shared between genomes (the total number
divided by the number of genes in the smallest genome; upper right triangle) and the numbers of genes per genome (bold). HI, H. influenzae'®; MG, M. gen-
italium'7; SY, Synechocystis sp. PCC 6803 (ref. 18); MJ, M. jannaschii'®; EC, E. coli?%; MT, M. thermoautotrophicum?'; HP, H. pylori?2; AF, A. fulgidus?3; BS, B. sub-
tilis?%; BB, B. burgdorferi?; SC, S. cerevisiae?®; AQ, A. aeolicus?’; PH, P. horikoshii?8.
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Fig. 1 Relationship between the number of genes in a genome and the num-
ber of genes that have a closest relative (Table 1) in another genome. The
Archaea are chosen as reference species because they all have the same evolu-
tionary distance to the Bacteria; hence, phylogenetic effects on the number of
shared genes are eliminated. The number of shared genes between two
genomes correlates with genome size. The exception to the general trend is A.
aeolicus, which, relative to its genome size, has too many genes with closest
relatives in the Archaea.

remainder of the Euryarchaeota topology (Fig. 2a) does not corre-
spond with the 16s rRNA phylogeny, but is supported by sequence
comparisons of RNA polymerase subunit B (ref. 7) and other pro-
teins shared among the four genomes.

In addition to revealing the topology of the phylogenetic tree,
neighbour joining also reveals information about variations in
branch lengths. These variations have distinctive causes. Of the Bac-
teria, M. genitalium and A. aeolicus have the shortest distance to the
center of the tree. In M. genitalium, this appears to be due to a sec-
ondary loss of genes, given its late branching within the Bacteria.
This has left M. genitalium with a set of relatively essential genes that
have a high probability of being shared with other species. A. aeoli-
cus has, compared with other bacteria of a similar size, many genes
with orthologues in the Archaea (Table 1, Fig. 1), although it is
clearly a bacterium (bootstrap value 100). If one assumes, on the
basis of studies of ancient gene duplications®, that the root of the
tree of life lies between the Bacteria and the Archaea, this implies
that A. aeolicus is not only similar to the last common ancestor of
the Bacteria with respect to the sequences of single genes, as has
been reported earlier for 16s rRNA (ref. 4), but also with respect to
its gene content. A. aeolicus can hence be regarded as a primitive
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spirochete Borrelia burgdorferi does not cluster with the purple
bacteria, and the cyanobacterium Synechocystis appears as a sister
species of A. aeolicus. The bootstrap value for the position of B.
burgdorferi is low; however, that of the clustering of Synechocystis
with A. aeolicus is high. In 16s rRNA-based phylogenies (Fig. 2b),
and also in phylogenies based on proteins involved in replication,
transcription and translation®, the relative phylogenetic positions
of the Gram-positive bacteria, purple bacteria, cyanobacteria and
spirochetes are ill resolved. With the availability of more
genomes, the robustness of the observed patterns should become
clearer and we may be able to further clarify the phylogeny of
these groups.

species, aside from being a species with primitive genes. In the Archaea, Methanococcus jannaschii and Methanobac-
There are a few aspects in which our tree differs from the 16s terium thermoautotrophicum cluster together, relative to
rRNA tree. These mainly concern the bacterial phylogeny. The Archaeoglobus fulgidus (bootstrap value of 100). This does not cor-
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Fig. 2 Genome phylogeny. a, Phylogeny of completely sequenced cellular genomes derived from gene content. The similarity between two genomes is expressed
as the fraction of the genes in each of the genomes that have a closest relative gene in the other genome. The fraction is calculated by dividing the number of
pairs of closest relatives (Table 1) by the total number of genes in the smallest genome of the two, the latter posing an upper limit to the number of shared genes.
The distance between two genomes is then: 1-(number of shared genes/genes in smallest genome). The phylogeny is a neighbour-joining clustering of the result-
ing distance matrix. To obtain confidence estimates for the tree, a delete-half-jackknife? was implemented; that is, bootstrap values were calculated by selecting
random subsets of 50% of the genes per genome, reanalysing the fractions of shared genes and recalculating the trees. The values represent the number of times
(out of 100) a specific cluster was present. The length of the scale bar corresponds with a 10% difference in gene content. The phylogeny includes the first 14
genomes published, except for Mycoplasma pneumoniae. M. genitalium and M. pneumoniae are close relatives, the gene content of M. genitalium being a sub-
set of that of M. pneumoniae3°, making the similarity between the two 100% in our measure. M. genitalium was chosen of the two because it is the smallest
completely sequenced genome; our analysis covers the size range of the published genomes. b, Phylogeny of the species in this paper constructed on the basis of
16s rRNA. The phylogeny is identical to a previously published version?4, and can be extracted from the 16s rRNA database (http:/rdp.life.uiuc.edu/). The phyloge-
netic position of S. cerevisiae relative to the prokaryotes is not included in this database; S. cerevisiae was added to the tree at its consensus position, and its
branch length is not necessarily representative. The phylogenetic positions of the cyanobacteria, Gram-positive bacteria and purple bacteria are ill resolved, as is
reflected in the short branch lengths separating these groups.
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respond with the 16s rRNA tree of the Archaea, in which M. ther-
moautotrophicum and A. fulgidus are more closely related than
either is to M. jannaschii*® (Fig. 2b). Individual protein sequences,
however, tend to favour M. thermoautotrophicum and M. jan-
naschii as sister groups relative to A. fulgidus’. In 369 sets of four
sequences that were shared among the four Archaea used in this
analysis, the level of sequence identity between M. thermoau-
totrophicum and M. jannaschii is higher than that of either of them
with A. fulgidus (P<0.001, using Spearman’s rank correlation).
Furthermore, neighbour-joining trees of the 369 sets most often
showed M. jannaschii and M. thermoautotrophicum as sister
species (45%) relative to A. fulgidus, with either of the two (22%
and 32%, respectively) when P. horikoshii was used as outgroup.

Our tree formulated on the basis of gene content does not cor-
relate with phenotype; for example, the pathogenic species in the
set, such as M. genitalium, H. influenzae and H. pylori, do not clus-
ter together, neither do the hyperthermophilic species A. aeolicus,
P. horikoshii, A. fulgidus and M. jannaschii. Genes that are shared
between species correlate with phenotypic features, for example,
in the case of the genes that are shared between the pathogens H.
influenzae and H. pylori but that are absent in the relatively benign
E. coli. Of these genes, 70% are involved in the interaction with the
host. This set of genes, however, is only small (17 genes) compared
with the set that is shared between H. influenzae and E. coli, but
absent in H. pylori'® (508 genes). Thus, although the gene content
shared between species qualitatively reflects correlations in phe-
notype, gene content shared quantitatively depends on genome
size and phylogenetic position. A phenotypic feature such as
hyperthermophily is, of course, also at least partly due to adapta-
tions in the genes themselves rather than in gene content.

Reports of the horizontal transfer of large sets of genes, for exam-
ple, into the E. coli genome!!, and from Bacteria to Archaea and
Fukarya!, have led to the view that horizontal gene transfer is a
“major force”!, rather than an interesting but anecdotal event. The
correspondence of the genome tree with the 16s rRNA tree and the
generally high bootstrap values show that gene content still carries a
strong phylogenetic signature. Such a phylogenetic pattern is the
result of the differential acquisition and loss of genes along the vari-
ous evolutionary lineages, for example by expansion and shrinkage
of gene families. The fact that gene content carries a strong phyloge-
netic signature implies that either there are relatively few horizontal
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transfer events, or the events occur mainly between closely related
species or affect closely related species in the same manner (for
example, when they predate their radiation), or the genes that are
transferred generally replace an orthologous gene that is already
present in the genome. Given the small number of sequenced
genomes, a complete, quantitative model of genome evolution that
includes probabilities of horizontal gene transfer, gene duplication
and gene loss can not at present be parameterized.

Methods

Genes shared between two genomes were determined using an operational
definition of orthology. After a Smith-Waterman comparison'>!3 of all the
genes between two genomes, compared at the amino-acid level using a par-
allel Biocellerator computer (http://www.cgen.com), pairs of homologous
sequences were selected using a cutoff value (E=0.01). E values in Smith-
Waterman comparisons are reliable indicators of the ratio of false positives
to true positives in homology detection'®. From the resulting lists, we
selected pairs of genes that are each other’s ‘closest relative” in their respec-
tive genomes: that is, the level of identity between the two genes is the high-
est when compared with the level of identity of each of the two genes with
all the other genes in the other’s genome. To include the possibility of
fusion and splitting of genes, multiple genes from one genome can have the
same single closest relative in another genome, as long as the alignments
with this single gene do not overlap. The closest relative is an operational
definition of ‘orthology’, a concept introduced for genes whose indepen-
dent evolution reflects a speciation event, rather than a gene duplication
event, and who probably perform the same function. Orthology, however,
is not an absolute, as it is a statement about the history of genes. The origi-
nal concept does not include the possibility of horizontal gene transfer, and
more elaborate criteria have been proposed for finding orthologous
genes®!>. Such criteria lead to systematic biases in the number of ortho-
logues that can be identified between species, the size of the bias depending
on the evolutionary distance between the species®. Hence, they can not be
used to construct a phylogenetic tree on the basis of gene content. Varia-
tions in the rate of sequence evolution only affect the results when they
affect the detection of homology. Decreasing the E-value threshold to
E=0.001 led to small changes in the fraction of genes with closest relatives
between species (<3%), and did not change the topology of the clustering.
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