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Abstract. The deduced amino acid sequences fromare compared, a plateau is encountered. Since we see no
1200 Haemophilus influenzagenes was compared to a unusual levels of functional constraint this plateau can-
data set that contained the orfs from yeast, two differentot be attributed to the divergence of the protein having
Archaea and the Gram+ and Gram- bacteBacillus  reached saturation. The simplest explanation is that the
subtilisandEscherichia coliThe results of the compari- genes displaying the star phylogenies were introduced
son yielded a 26 orthologous gene set that had at leastfter Archaea, Eukaryota, and Bacteria had diverged
one representative from each of the four groups. A fourfrom one another. They presumably spread through life
taxa phylogenetic relationship for these 26 genes waby horizontal gene transfer.

determined. The statistical significance of each minimal

tree was tested against the two alternative four taxa tree&ey words: Genetic code — Arginine biosynthesis —
The result was that four genes significantly supported th& ryptophan biosynthesis

(Archaea, Eukaryota) (Gram+, Gram-) topology, two
genes supported the one where Gram- and Eukaryota )
form a clade, and one gene supported the tree wher@troduction

Gram+ and Eukaryota define one clade. The remainin .
Y Y he recent accumulation of whole genome sequences has

genes _do not uniquely support any phyloggny, therE3b¥evealed numerous cases where gene trees appear highly
collapsing the two central nodes into a single node.

. incongruent with what we normally consider the under-
These are referred to as star phylogenies. . : . .
. . lying species trees i.e. the phylogeny that is based on
| offer a new suggestion for the mechanism that gave . . ) .
. . small subunit RNA. Recent references include: Koonin
rise to the star phylogenies. Namely, these are genes tha . T . i
o and Galperin 1997; Saito and Tomita 1999; Makarova et
are younger than the underlying lineages that currently A ) .
. g . . al. 1999; Philippe and Forterre 1999; Worning et al.
harbor them. This hypothesis is examined with two pro- . o o
. . . ..~ 2000; Kitabatake et al. 2000; Brinkman and Philippe
teins that display the star phylogeny; namely onithine

: 1999; Nelson et al. 1999; Wolf et al. 1999; Ponting et al.
transcarbamylase and tryptophan synthetase. It is showr_:L999 Though there remains uncertainty in assigning or-
using the distance matrix rate test, that the rate of evo: '

lution of these two proteins is comparable to a controlthOIOgy or parology to many of the genes in question,

ene when rates are determined by comparin closelthese idiosyncratic gene trees are increasingly interpreted
9 y paring ¥s being the result of horizontal gene transfer (Syvanen

related species. This implies that the genes under COMrge-- Smith et al. 1992 Woese 1998: Jain et al. 1999-
parison experience comparable functional constraintDOO”’ttle 1999) ' ’ ' ' '

However, when the genes from remotely related species The current unifying model provides us with the tri-
furcation of life into the three domains—Bacteria, Ar-

chaea, and Eukaryota. This organization is supported by
Email: syvanen@ucdavis.edu many other character traits besides those from 18S RNA,
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including the sequences from many proteins especiallgoli, B. subtilis, Methanococcus jannaschii, Archaeglobus fulgidog,
those involved in protein RNA. and DNA synthesiS' that Saccharomyces cerevisidéhe compiled orfs from each sequence were

. . . . assembled into a local data file (using GCGTOBLAST) that could be
is, in those involved in central processing of the genornequeried with a defined sequence using the BLAST program. The 1200

However, phleQ_eneti(_; analysis of the sequences f(?r SBLAST searches, usingl. influenzaequeries, were executed through
many other proteins fail to support this major trifurcation shell script instructions. The output file was manually analyzed to find

and questions are beginning to be raised about the geithose that had significan_tly high “expe_zct values” (Altshul et aI._:_L997)
erality of this unifying trifurcation. In many of the idio- (<10°° for an average sized orf) against a sequence feoraubilis

. . . d at least one of the twrchaeaand Yeast orthologs. At this point
SynChratIC gene trees, Gram negative Bacteria appear fé]ose sets that had multiple homologues from a single genome were

be more ?liosely rela:ted to Eukaryota than they are tQyciuded:; this screen removed most paralogous gene sets. From this
Gram positive Bacteria and Archaea; these are often corsurvey, about 300 genes were identified that had reasonably good ho-

sidered as possible genes from the endosymbiotes thatology with representatives from each of the four clades. A sequence

gave rise to mitochondria and chloroplasts. Because siom each putative orthologous set was then used to query the complete

. . NCBI data files using BLAST. More genes that belonged to ambiguous
many other possible horizontal gene transfers have bee[paralogous groups were detected and removed. This resulted in the

reported based on major_ incongrue_n‘:ies between ribgzmoval of most genes involved in DNA processing. The list of genes
somal gene trees and given protein gene trees, othés be compared was further refined by selecting those for which a

endosymbiotic events have now been suggested. In parnultiple sequence alignment was easily performed. After placing a few

ticular Gupta and Golding (1993) saw that one of theribosomal proteins into a separate group, 26 orthologs were chosen and
. the multi-sequence alignments were edited by hand to improve the

heat shock proteins (hsp70) from the Gram positive baCéllignment, C and N terminal indels trimmed, and large internal indels

teria was more closely related to the homologs froMyimmed and coded as a single substitution.
Archaea compared to those from Gram negative bacteria o . o
and this pattern was seen for a number of other proteins Statistical test of tree congruenck simple statistical test has been

. . . suggested to test the significance of a four taxa tree. Multiple aligned
(Gupta and Golding 1994; Golding and Gupta 1995)'multi—sequences are edited to remove all indels larger than 2. Shorter

[However, not all Archaea seem to contain a Gram+inge| are coded to be the equivalent of amino acid difference. The
hsp70 (Gribaldo et al. 1999).] In a survey of other proteiniength of each of the three four-taxa trees is determined by maximum
sequence comparisons, they noted that only two majoparsimony using Swofford’s PAUP. Each amino acid difference in the
topologies were supported—i.e. on the one hand, théligned sequences is weighed equally. For convenience the four taxa

classical trifurcation or. on the other. a topology con I,u_phylogenies will be presented using the parentheses convention, i.e.
! ! pology 9 (ab)(cd) means that a and b define one clade and is linked to the second

ent with that seen thp7O-Thi_S has led thesg quthors 1O clade, c and d. Let us assume that the (Gram+, Gram-) (Arc, Euk) is the
suggest that there was a major endosymbiosis event berinimal tree and has, say, a length of 300 with 25 homoplastic sub-
tween a Gram positive bacteria and an ancestral Archaegiitutions. Let us further assume that homoplastic substitutions arose

(Golding and Gupta 1995)_ purely by chance. This latter assumption is implied, either implicitly or

explicitly, in all tree building algorithms. We can then define the num-

The complete genome sequences available for mUIBer of homoplastic substitutions in the minimal tree as the expected

tiplef _ArChae_‘a' Gram_ _negative bacteria, and the Gramyymper. There are two alternative trees—namely, (Gram+, Arc) (Euk,
positive Bacillus subtilis,and Eukaryota has opened up Gram-) and (Gram+, Euk) (Arc, Gram-)—that will have a number of
the possibility of investigating the three domain hypoth-homoplastic changes, & 25. If we assume homoplastic replacements

esis from a whole genomic perspective In the currenfceur by chance, then we can use chi square to test whether or not N
. ' is significantly greater than 25.
work, | have conducted a comparative survey of the ge-

nomes of representative Archaea, Bacteria, and Eu- Statistical test of the star phylogers will be apparent in Resullts,
karyota with the goal of uncovering how frequently spe-none of the three trees is given support for many of the genes, which

cific gene trees are incongruent with the ribosomal RNAIe,adS to.the possibility of a star phylogeny_; i.e. (ab) gnd (cd) are linked
with an internal branch of length zero. This conclusion would be sup-

trees. Tv_venty-3|x genes were arbltrar”y selected that_a_lrgorted if the parsimonious informative characters are randomly distrib-
present in the same Archaea, Eukaryota, a Gram positiVgted among the three trees. A separate test is designed to assess this
bacteria, and a Gram negative bacteria, and two simplgossibility. In this test, the number of informative characters, |, that
guestions were posed: 1) When four taxa from eactsupport each of the three trees is determined and a chi square test, with

group are compared what is the most parsimonious treéwo degrees of freedom, addresses whether or not they are equally
' distributed. This latter test is only subtly different from the one above

and 2) Is the pa_rS|mon|0us tr(:j'e Slgmflcamly shorter tharbecause it is based on the same data in that the sum of informative

the two alternative trees? This effort was undertaken tQnaracters supporting the three trees, 1, is directly related to the amount

gain some insight into the prevalence of horizontal genef homoplasy in the three trees, H, simply by:IH/2. These statistical

transfer events. tests are closely related to tests of informative characters suggested by
Willson and discussed in Felsenstein (1988).

Distance matrix rate tesKimura protein distances (Kimura 1983)
are computed from the multiply aligned sequences—these result in
estimated Dij values which are the number of likely replacements per
Computations were performed on a vax using the VMS operating syshundred amino acid substitutions. These values are used directly in the
tem and GCG (Genetics Computer Group at Wisconsin) software. Alldistance matrix rate test as described in Results. Computation of the
sequences were obtained directly from the National Center for Biologi-95% confidence intervals requires consideration of the total number of
cal Information using Query (query@ncbi.nlm.nih.gov). This included replacements and is equal to Dij times the number of sites compared
the deduced protein sequence from the genomed. affluenzae, E.  divided by 100.

Materials and Methods
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Table 1. Genes examined in this study. The abbreviation used is mostly the genetic symBolcii genes

Aprt AMIDOPHOSPHORIBOSYLTRANSFERASE

*OTC ORNITHINE TRANSCARBAMYLASE

*ArgH ARGININOSUCCINATE LYASE

*ArgT ARGINYL-TRNA SYNTHETASE

AroA 3-PHOSPHOSHIKIMATE 1-CARBOXYVINYLTRANSFERASE
*AroE SHIKIMATE 5-DEHYDROGENASE

CtpS CTP SYNTHASE

*Enol ENOLASE

*Fmu SUN PROTEIN

*Gpd GLYCEROL-3-PHOSPHATE DEHYDROGENASE

*Hypl HYPOTHETICAL 20KD PROTEIN

Hyp2 HYPOTHETICAL 19KD PROTEIN

*lvH ACETOLACTATE SYNTHASE Ill SMALL SUBUNIT

*lIvi ACETOLACTATE SYNTHASE Ill LARGE SUBUNIT

Map METHIONINE AMINOPEPTIDASE

*MoaA MOLYBDENUM COFACTOR BIOSYNTHESIS PROTEIN A
*MoaC MOLYBDENUM COFACTOR BIOSYNTHESIS PROTEIN C
*Ndk NUCLEOSIDE DIPHOSPHATE KINASE

*PurA ADENYLOSUCCINATE SYNTHETASE

*PurB ADENYLOSUCCINATE LYASE

*Pur5 PHOSPHORIBOSYLFORMYLGLYCINAMIDINE CYCLO-LIGASE
Pur6 PHOSPHORIBOSYLAMINOIMIDAZOLE CARBOXYLASE CATALYTIC SUBUNIT
*RisB RIBOFLAVIN SYNTHASE BETA CHAIN

*TrpA TRYPTOPHAN SYNTHASE ALPHA CHAIN

*TrpB TRYPTOPHAN SYNTHASE BETA CHAIN

*TrpG ANTHRANILATE SYNTHASE COMPONENT II

* Genes displaying star phylogeny.

Results chosen for the eukaryotic representative. This list was
reduced by eliminating paralogous gene families and re-
In the present study, a group of genes were arbitrarilysulted in the elimination of transport, regulatory, and
chosen that have at least one orthologue in each of th@ost DNA interacting proteins such as helicases, gy-
following groups 1)E. coli, 2) B. subtilis,3) One of two  rases, and polymerases. This effort resulted in a group of
Archaeae and 4) Yeast or another Eukaryota. A gene fof3 orthologs. Efforts were made to align these sequences
each taxa was chosen, the sequences aligned and thglying entirely on multi-sequence alignment programs.
distances of all minimal replacement trees was deterWe found about 35 orfs that had at least one represen-
mined. With four taxa, there are three different trees. Wdative in each of the four groups that would conveniently
can then ask two questions: Which of the three trees iglign; the other 28 were too highly diverged to align
shorter and is that tree significantly shorter than the otheautomatically. There were a number of ribosomal pro-
two? teins in this group that were separated into another group.
In summary, we have selected a group of 26 ortho-
Selection of orthologue§.able 1 lists the genes that logues on the basis of two criteria. 1) they have the
were selected in this study. These genes were selected ghest degree of sequence homology among all four
the following manner. We constructed two data setsgroups, and 2) the sample is biased against translational
Once contained 1200 orfs frok. influenzaeThe sec-  Proteins.
ond data set contains the entire set of orfs from each of
the following known genome sequences: 1) The Proteo- Phylogenetic analysigzor convenience the four taxa
bacterE. coli, a Gram negative, 2) the Gram positive phylogenies will be presented using the parentheses con-
Bacillus subtilis,3) the ArchaeaMethanococcus jan- vention, i.e. (ab)(cd) means that a and b define one clade
naschii and Archaeologlobis fulgidisand 4) the Eu- and is linked to the second clade, c and d. For a minimal
karya,Saccharomyces cerevisidhe sequences in each replacement tree the number of informative characters in
of the 1200 orfs from the first group were compared toits support will be reflected by the length of the internal
sequences in the second data set using the BLAST prdsranch. The remaining informative characters will give
gram, which resulted in a list of about 300 orfs who hadthe number of homoplasies for that tree. Where possible
at least one representative from each of the four groupghe four orthologs are frori. coli for the Gram (=) B.
If there were good representative orthologues in all thesubtilis for the Gram (+) M. jannaschiifor the Arc and
taxa, a second Blast search was performed against gefveast for the Euk. The results of this analysis is shown in
bank; if possibleA. thalianaor C. eleganggenes were Table 2. This table shows the seven cases where one of
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Table 2. Four taxa topology test. Of the 26 genes listed in Table 1, Table 3. Numbers of phylogenetically informative characters sup-
these six contained phylogenetically useful information i.e. would sup-porting each tree
port one of the three topologies to the exclusion of the other two

L T, T, Ts P
2
Gene Favored topology X Aprt 648 B 32 : >.999
Aprt (Eco, Yea)(Bsu, Mja) 54, 59 ArgH 654 10 15 5 .92
AroA (Eco, Bsu)(Mja, Yea) 9.6, 12  ArgT 810 2 1 1 .05
(Hin, Arf)(Bsu, Art) 27,33 AroA 726 8 19 5 .99
CtpS (Eco, Bsu)(Yea, Mja) 4.8,5.5 AroE 492 3 7 4 .6
(Hin, Bsu)(Art, Arf) 14, 27 CtpS 627 14 4 6 .96
Hyp2 (Eco, Bsu)(Mja, Yea) <1,3.6 Enol 520 12 7 9 4
(Hin, Bsu)(Cae, Mth) 6, 10 Fmu 673 9 2 0 .99
Map (Eco, Bsu)(Mja, Yea) <1,25 Gpd 598 4 5 5 .25
(Hin, Art)(Bsu, Arf) 8,8 Hypl 327 0 2 5 .85
Puré (Eco, Bsu)(Yea, Mja) 2,45 Hyp2 389 6 0 5 .93
(Hin, Bsu)(Cae, Arf) 8,125 IIvH 259 7 5 2 75
livl 749 10 18 13 7
The x? values result from the number of homoplasies in the two alter-Map 404 6 4 2 .65
native trees, when compared to those from the favored topology.  MoaA 540 2 6 5 .65
Abbreviations: EcoEscherichia coil;yea, Saccharomyces cerevisiae; MoaC 184 3 4 3 .05
BSU, Bacillus subtilis; Mja, Methanococcus jannaschitdin, Hae- Ndk 174 3 3 6 4
mophilus influenzaeArf, Archaeoglobus fulgidisArt, Arabidopsis OoTC 342 9 10 4 .6
thaliana; Cae,Caenorhabditis elegandith, Methanobacterium ther-  PurA 533 2 5 4 .3
moautotrophicum. PurB 810 2 6 7 .75
Pur5 454 5 6 2 .65
Pur6 174 3 0 1 .8
the three trees is significantly supported over the otheRr';i j;’g ;’ 73 é f
two. The (Arc, Euk), (Gram+, Gram-) relationship is TrpB 391 8 5 8 5
encountered four times, while the (Arc, Gram+) (Euk, TrpG 527 7 6 7 1
Gram-) is encountered twice. However, even in some ofum of 22 Taxa 105 115 101 4
these cases where one of the three trees is significantijformational Genes
SURNA 452 50 6 19 >.99

. S

supported, the use Qf dn‘fergnt taxa to represent the fouf 148 18 0 0 >99
major groups may yield a different topology (as, for ex- rps11 138 19 3 0 >.99
ample, AroA, Hyp2, and Map). This supports observa
tions made by earlier investigations. That is, the eukaryL = length of minimal tree, T = number of phylogenetic useful
otic cell has a major contribution of genes from two characters where tree 1, 2, and 3 refers to (-, +)(Arc, Euk), (-, Euk)

Arc, +), and (-, Arc)(Euk, +), respectively.
sources—namely, the Archaea on the one hand and thk he 22 taxa are those for whigh< .95, i.e., those whose parsimonious

Gram () on the other. Possible movement of genes fronhtormative characters are uniformly distributed over the three trees.
Gram (+) Bacteria to Eukaryota is less common though

we can see one possible example in Table 2. Methods. The taxa analyzed weke coli, B. subtilis,

In summary, of the 26 genes listed in Table 1, therey, janaqhi and yeast. The data is shown in Table 3. This
are surprisingly few that yield trees that support anyyape jists the same genes given in Table 1. The first
unique phylogeny. column gives the length of the most parsimonious tree

and the next three columns give the number of phyloge-

Star phylogeniedn the other 20 orfs submitted to this netic informative characters which support each of the
study, we found that no unique phylogeny was supportedhree respective trees. Simple examination of the num-
(noted by asterisk in Table 1). Indeed, in most of thesebers in this table shows that for most of the genes infor-
samples, the length of the three difference trees was nahative characters support equally each of the three trees.
significantly different from each other. This would sug- Indeed, there are only four proteins—Aprt, AroA, Ctps,
gest that the gene tree could be represented by a stand Fmu—whose informative characters are not randomly
phylogeny where (a,b) is linked to (c,d) with a zero distributed among the three alternative trees fi.e..95).
branch length. (Of course, forcing the internal branch of At the bottom of the table for comparison, are listed
a four taxa tree to have a length of zero results in arthe results for ribosomal genes that have traditionally
overall tree that is longer than the most parsimoniousupported the Tree 1 [(Euk, Arc), (Gram+, Gram-)] to-
tree. This is just a consequence of calling homoplastigology. As is clear, Tree 1 is highly supported by each of
characters phylogenetically informative and has no biothe three genes.
logical significance.) A second test was used to deter- In general, the genes shown in Table 1 give very little
mine whether or not the number of phylogenetically in- support for the hypothesis that Archaea and Eukaryota
formative characters are randomly distributed amonglefine one clade and Gram+ and Gram- Bacteria define
the three different topologies. This test is described inanother. The suggestion has been made on a number of
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occasions that single genes may possess an insufficiefdr OTCase obtained from the same 34 species. Each
number of informative characters to uniquely supportmatrix will have 748 entries. The entry comparing, for
any specific phylogeny and that a possible means o&xampleE. coliandB. subtilisin the ATCase matrix is
overcoming this obstacle is to unite the multiple genes inplotted against the entry for the same two organisms
a single analysis—a phylogenetic meta analysis, as ifrom the OTCase matrix. Thus, 748 points in one matrix
were. Thus, for the 22 genes from Table 3 that yieldedare plotted against the comparable 748 from the second.
ambiguous topologies, the total number of informativeFigure 1 shows this plot.
characters are summed (see line near bottom of Table 3). For the closely related taxa (e.g., comparisons be-
As is abundantly clear, no single tree is favored by suchween two Eukaryotas or between two enterics), the
an approach. curve in Fig. 1 shows that the rate of evolution of
OTCase and ATCase are nearly the same (slope of the

Possible explanationlf an underlying species phy- line through the origin is nearly one). Traditionally, in
|Ogeny Supports a bifurcated four-taxa tree but the projnterpretations of molecular evolution data, this result
tein sequence tree supports a star phylogeny, then th@iggests that the two proteins experience similar func-
simplest explanation for this difference is that thesetiOﬂ&' constraint. In this pOI’tiOI’] of the curve, | will argue
genes have reached saturation in their divergence curvetfiat the common ancestor, that gave rise to the two or-
The high degree of homology between these genes coul@anisms being compared, contained both an ATCase and
argue against this possibility because we could imagin@nd OTCase and that subsequently they evolved at nearly
that each is separated into two groups; one subset of sité®rmal rates. In a control run using the ribosomal pro-
are highly constrained while a second has become steins rps1l and rpl14 (see Table 3) the distance matrix
highly diverged that phylogenetic information is lost. An rate test was linear even to the most remotely related taxa
example of this problem would be to determine the phy-(data not shown). However, for the more distantly related
logeny of, say, four taxa from yeast, angiosperm, mamiaxa, a plateau is seen in Fig. 1; even though we see that
mals and porifera using, for example, the silent sites inATCase continued to diverge, OTCase has stopped. If
the otherwise highly conserved actin gene. Such anve assume that the common ancestor that gave rise to
analysis would yield star phylogenies since the silent sitehese comparisons contained an ATCase and an OTCase
differences will have reached saturation. This explanathat subsequently evolved to give today’s taxa, we would
tion leads to a number of predictions as to the number ofurther have to assume that, after the OTCase diverged to
functionally constrained sites. approximately 40% replacements, further divergence

stopped. The explanation that OTCase has a subset of

Omithine transcarbamylase and its functional con- sites that are much more functionally constrained than
straint. Let us consider the case of one gene, that folcomparable sites in ATCase is in apparent conflict with
onrnithine transcarbamylase (OTCase), and address tff! €arlier conclusion that ATCase and OTCase are simi-
issue if this protein’s high degree of conservation among@y functionally constrained when we compare se-
remotely related taxa could be due to unusually highduences from species that are more closely related.
levels of functional constraint. In order to make this ar- There is a second way to compare the number of
gument’ it is desirable to quantitatively compare the di_funCtionally constrained sites in these two proteins from
vergence of OTCase to an enzyme that is as closelft different type of comparison of the more closely related
related to OTCase as possible, and catalyses a comp&equences. We can directly answer the question: Does
rable reaction. But also a protein that does not display #TCase have a larger number of variable sites than does
star phylogeny. The enzyme is aspartate transcarbamyTCase? The results are shown in Table 4. In this com-
lase (ATCase), which is a paralogue of OTCase (Labeparison, the ATCase sequence frémcoli was aligned
dan et al. 1999). ATCase catalyses the conjugation of theeparately to the ATCase sequence from six different
carbamyl group of carbamyl phosphate to aspartate anspecies and OTCase was aligned to OTCases from six
OTCase catalyses the same conjugation to ornithine. different species. These species in each case were chosen
will first show that the rate of evolution of OTCase is so that the range of similarity scores was comparable
nearly the same as ATCase when we compare recentl§e.g., .72, .70, .69, .67, .64, and .63 for ATCase and .73,
diverged organisms. This is done by performing the dis-72, .70, .67, .63, and .60 for OTCase). For each aligned
tance matrix rate test—a graphical test that allows thesequence, | then determined whether a siteéeincoli
rate of evolution of two different genes to be compared.matched, or didn’t match. The number of sites that did
In order to carry out this test, it is necessary to obtainnot vary or varied conservatively was then computed.
both the ATCase and OTCase sequences from a largBasically, the two proteins have the same number of
group of organisms and, furthermore, that both sewvariant sites. What we see is that 41% of the sites in
quences are available from the same organisms. In thiATCase are perfectly conserved and 56% functionally
test, we calculate a distance matrix for ATCase from 34conserved while, with OTCase, the values are 37% and
different species and calculate a similar distance matriX64%, respectively. This shows that the number of sites
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Fig. 1. Whole Matrix Rate test comparing aspartate transcarbamylase
to ornithine transcarbamylase. Comparison betweert(IpliandS.  Fig. 2. Whole Matrix Rate test comparing aspartate transcarbamylase
typhimurium,(2) E. coli andH. influenzaeand (3) Plants and Fungi, and glutamate N-acetyl transferase (argJ).

Fungi and Metazoa, or plants and metazoa. Representative species pairs

directly below the three numbers shown in the figure are: 1) pea/

arabidopsis Mycobacterium tuberculosis/leprae; Thermoplasma aci- splitting. This was not an isolated gene transfer event

dophilim/volcanium,2) Emericella nidulans/Schizosaccharomyces p ¢ aiher introductions of OTCase into multiple lin-
pombe, E. coli/Vibrio cholerae/Neisseria meningitidis, Lactococcus

latis/Enterococcus faecalis/Streptococcus pyogesgsHuman/two eages. Indeed, this explains the star phylerny' shown
fungi/two plants. The taxa out on plateau include comparisons betwee®riginally in Fig. 1. That is, OTCase was not present in
Archaea/BacteritEukaryotes as well as most comparison between dif-the ancestral branch points that gave rise to modern Eu-
ferentBacteriaand differentArchaea. karyotas, Gram (-) and (+) Bacteria and the Archaea.
Rather, | would suggest that the OTCase gene is younger
than the common ancestors for these groups, and that the
gene entered those already mature lineages more or less
at the same time.

This means that horizontal gene transfer events oc-
ATCase 37% 54% curred during the same period. | would suggest that
OTCase 41% 5% OTcCase likely evolved relatively recently (clearly from a
The ATCase and OTCase frof coli were used to query the protein 9€ne duplication event from an ATCase gene) and that it
sequences stored in GeneBank using BLAST (Altschul et al. 1997)must have offered some selective advantage for all of
The outputs from each blast search were compared so that six conlife’s major kingdoms to take it on by horizontal gene
parisons from each could be matched on the basis of their similaritytransfer_

scores as noted in the text. The percentage of sites that were completely . . . .

conserved (% identical) or had only conservative differences (% simi- E)_(ammatlon of the genes dlsplaylng the star phylog

lar) over all six comparisons are shown. eny in Table 3 shows that there are genes for other en-
zymes in the arginine biosynthetic pathway. These are
enzymes that are involved in the conversion of ornithine

free to vary in OTCase and ATCase are nearly the Same, 41qinine. Enzymes responsible for the biosynthesis of

and the small difference cannot account for the plateawy, ithine on the other hand, do not display this signature
shown in Fig. 1. We repe_ated _the above analysis exceqj syouthfulness.” As an example, Fig. 2 shows the
that the ATCase fromrabidopsisand the OTCase from whole matrix rate test between argJ (the gene for acetyl-

g.eﬁa was used. Thlshresulted in compecljr[ng cglmpleterll lutamate transferase) and ATCase. The pattern of di-
ifferent sequences than were compared in Table 1—t ergence displayed here is consistent with the last com-

results were nevertheless the same (data not shown). oo o0 esiors having orthologues for both arjJ and
ATCase.

This would indicate that the pathway for the biosyn-

esis of ornithine is older than that part of the pathway

at converts ornithine to arginine.

Table 4. Funtionally constrained sites

Identical Similar

The young gene hypothesiBunctional constraint
doesn’t seem to explain the high conservation of OTCas
from remotely related species. | would like to suggest any,
alternative explanation that does not conflict with the
facts. For purposes of explanation let us consider the Tryptophan biosynthesiFhree genes for tryptophan
remotely related pairs in Fig. 1 that define the plateau. lbiosynthesis display a star phylogeny (Table 3). (The two
will posit that the last common ancestor for any of thoseother tryptophan biosynthetic enzymes were eliminated
pairs of taxa in the plateau did not have the modernfrom consideration because they are encoded by parolo-
OTCase gene. Rather, the same OTCase gene was intrgeus gene families.) The sequence for the tryptophan
duced into these lineages at a time well after lineagesynthetasex subunit is submitted to the whole matrix
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Fig. 3. Whole Matrix Rate test comparing aspartate transcarbamylase
(ATCase) to tryptophan synthetagesubunit (TrpA). The dotted lines
are estimated 95% confidence levels calculated assuming a rando@nzymes that are found in each of the four major

molecular clock. clades—Eukaryota, Archaea, Gram(+) and Gram(-)
Bacteria. The genes were selected using the following
rate test against ATCase (Fig. 3). As can be seen, tryperiteria—they are orthologous and they are sufficiently
tophan synthetase plotted against ATCase displays a patighly conserved that multi-sequence alignment is con-
tern similar to that of OTCase. For the distances from theyenient. Probably because of these restrictive criteria,
closely related taxa we see that tryptophan synthetase isiost of the identified genes code for enzymes involved
evolving at approximately twice as fast as ATCase (i.e.in biosynthesis of common and often essential metabo-
the initial slope is close to two), indicating that TrpA is lites. This was not a precondition, but it is the result.
under less functional constraint than is ATCase. Though The goal of this analysis was to gain some insight into
I have not established, as was done in the ATCasehow often horizontal gene transfer occurred during the
OTCase comparison in Table 4, that tryptophan syntheevolution of life’s major kingdoms. An effort was made
tase doesn't have a subset of invariant sites, it wouldo select genes arbitrarily from whole genome sequences
appear that TrpA is even less functionally constrainedndependently of the hypothesis that | am exploring.
than is OTCase. Therefore, | will suggest that tryptopharNevertheless, there are two biases that were introduced.
synthetase, like OTCase, was not present in the last confirst, and this was deliberate, ribosomal proteins, RNA
mon ancestor of the distantly related taxa. polymerases, DNA polymerases, and their associated co-
) factors were excluded. The reason for this is that re-
Comparison of TrpA and OT@ased on where the  heated analyses of these proteins have shown that the
plateaus begin in Fig. 1 and Fig. 3, we can infer thalyene trees for these proteins support the 18S rRNA tree.
OTCase and TrpA entered life sometime before the dithe second bias was that the most highly conserved pro-
versification of plants, fungi, and metazoa (more than Cayeins were selected. A number of proteins that display
1.1 bya) and after the divergence of Gram+ and Gramjgh functional constraint have been noted—these in-
bacteria (less than ca. 2.2 bya). If they both spreaqyge actins, tubulins, histones, and calmodulins. How-
among the ancient lineages at about the same time, Wever, these are proteins that do not have any apparent

would predict that when these two are compared Withhomologs among the Archaea and Bacteria and thus
one another, using the distance matrix rate test, then thg&q 14 not have been selected.

result should be linear. As can be seen in Fig. 4, this test |; therefore, appears that a group of proteins were
is linear with most of the data falling in the 95% confi- selected in the current study that would not have at-
dence range for a stochastic process. This result says thgl cteq notice as a group from earlier analyses. Of those
the last common ancestors giving rise to extant life eithekn 4t nave informative phylogenies, we see that four are

had both TrpA and OTC or had neither. consistent with the three kingdom hypothesis of Woese,
two place Gram(+) and Archaea in a clade, and one
Further Discussion places Gram(-) and Archaea in a clade. This result is

consistent with earlier analyses. The trees for most genes
The results in this paper describe the phylogenetic relaseem to be consistent with the three-kingdom hypothesis
tionships of 26 genes that code for highly conservedout there are enough exceptions to show that horizontal



265

gene transfer was common between the kingdoms, ananeans of gaining insight into the last universal cellular
for some organisms, quite common (Nelson et al. 1999)ancestor (LUCA) (to cite just some of the most recent
The unexpected finding was the large number of gengoapers, DiRuggiero et al. 1999; Philippe and Fortrerre
trees that displayed the star phylogeny. Of course, enl999; Castresana and Moreisa 1999; Leipe et al. 1999;
countering such a pattern would lead one to assume thdoolittle 2000; Labedan et al. 1999). The implications
such genes are so highly diverged that phylogenetic infrom the present work is that many of these determina-
formation, especially for deep branches, has been lostions will reveal little about early ancestors. There has
However, as | have shown in the current analysis, thigeen recent discussion that horizontal gene transfer is so
does not appear to be the explanation for the star phyfrequent that it may never be possible to reconstruct the
logenies exhibited by the genes for tryptophan synthasédst common ancestor (Kandler 1994; Doolittle 1999,
and OTCase. Neither enzyme appears to be particularlg000). However, if biochemical unities could be
highly functionally constrained. Rather, it appears thesedchieved after speciation events by horizontal gene trans-
enzymes are highly similar among remotely related taxder, then there is no reason to even postulate that a LUCA
as if they were younger than the extant lineages thaBVer e_xiste_d. If horizontal gene transfer is as common as
harbor them. Though, in the current study, all of the! @m implying, the modern cell could have evolved in
genes in Table 1 have not been analyzed as rigorously Jaultiple parallell lineages. Earliest life could have been
was done for OTCase and tryptophan synthetase, | woullfu!y Polyphyletic.
like to suggest that the pathways for the biosynthesis of
tryptophan and for arginine (from ornithine) also behave
in the same manner. Besides OTC, we see two otheReferences
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