J Mol Evol (1995) 41:1105-1123

OLECULAR
EVOLUTION

© Springer-Verlag New York Inc. 1995

JOURNAL OF

The RecA Protein as a Model Molecule for Molecular Systematic Studies
of Bacteria: Comparison of Trees of RecAs and 16S rRNAs from the

Same Species

Jonathan A. Eisen

Department of Biological Sciences, Stanford University, Stanford, CA 94305-5020, USA (email: jeisen@leland.stanford.edu)

Received: 1 July 1995 / Accepted: 25 July 1995

Abstract. The evolution of the RecA protein was an-
alyzed using molecular phylogenetic techniques. Phylo-
genetic trees of all currently available complete RecA
proteins were inferred using multiple maximum parsi-
mony and distance matrix methods. Comparison and
analysis of the trees reveal that the inferred relationships
among these proteins are highly robust. The RecA trees
show consistent subdivisions corresponding to many of
the major bacterial groups found in trees of other mole-
cules including the o, B, v, 8, € proteobacteria, cyano-
bacteria, high-GC gram-positives, and the Deinococcus-
Thermus group. However, there are interesting
differences between the RecA trees and these other trees.
For example, in all the RecA trees the proteins from
gram-positive species are not monophyletic. In addition,
the RecAs of the cyanobacteria consistently group with
those of the high-GC gram-positives. To evaluate possi-
ble causes and implications of these and other differ-
ences phylogenetic trees were generated for small-
subunit tRNA sequences from the same (or closely
related) species as represented in the RecA analysis. The
trees of the two molecules using these equivalent spe-
cies-sets are highly congruent and have similar resolving
power for close, medium, and deep branches in the his-
tory of bacteria. The implications of the particular sim-
ilarities and differences between the trees are discussed.
Some of the features that make RecA useful for molec-
ular systematics and for studies of protein evolution are
also discussed.
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Introduction

Molecular systematics has become the primary way to
determine evolutionary relationships among microorgan-
isms because morphological and other phenotypic char-
acters are either.absent or change too rapidly to be useful
for phylogenetic inference (Woese 1987). Not all mole-
cules are equally useful for molecular systematic studies
and the molecule of choice for most such studies of
microorganisms has been the small subunit of rRNA
(SS—RNA). Comparisons of SS-rRNA sequences have
revolutionized the understanding of the diversity and
phylogenetic relationships of all organisms, and in par-
ticular those of microorganisms (Fox et al. 1980; Olsen
1988; Olsen et al. 1994; Pace et al. 1986; Sogin 1989;
Woese 1987, 1991). Some of the reasons that
SS—TRNA sequence comparisons have been so useful
include: SS—rRNAs are present in, and have conserved
sequence, structure, and function among, all known spe-
cies of free-living organisms as well as mitochondria and
chloroplasts (Pace et al. 1986; Woese 1987); genes en-
coding SS-rRNAs are relatively easy to clone and se-
quence even from uncharacterized or unculturable spe-
cies (Eisen et al. 1992; Lane et al. 1985; Medlin et al.
1988; Olsen et al. 1986; Weisburg et al. 1991); the con-
servation of some regions of primary structure and large
sections of secondary structure aids alignment of
SS-rRNA sequences between species (Woese 1987); the
evolutionary substitution rate between species varies
greatly within the molecule, allowing for this one mol-
ecule to be used to infer relationships among both close
and distant relatives (Pace et al. 1986; Woese 1987); and
it is generally considered unlikely that SS—rRNA genes
have undergone lateral transfers between species (Pace et
al. 1986), thus the history of SS—RNA genes should cor-
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respond to the history of the species from which they
come. The accumulating database of SS—rRNA se-
quences, which now includes over 3,000 complete or
nearly complete sequences (Maidak et al. 1994), pro-
vides an extra incentive to focus on this molecule.

Despite the advantages and successes of using
SS-rRNA sequences to determine microbial phyloge-
netic relationships, there are potential problems with re-
lying on only SS-rRNA-based phylogenetic trees (e.g.,
Hasegawa and Hashimoto 1993; Rothschild et al. 1986).
First, there are some characteristics of SS—-TRNA genes
that may lead to trees based on them being inaccurate
including overestimation of the relatedness of species
with similar nucleotide frequencies (such as could occur
in unrelated thermophiles) (Embley et al. 1993; Vawter
and Brown 1993; Viale et al. 1994; Weisburg et al.
1989b; Woese et al. 1991), nonindependence of substi-
tution patterns at different sites (Gutell et al. 1994;
Schoeniger and Von Haeseler 1994) variation in substi-
tution rates between lineages (e.g., Wolfe et al. 1992;
Bruns and Szaro 1992; Nickrent and Starr 1994) and
ambiguities in alignments between distantly related taxa.
Even if the trees inferred from the SS—tRNA genes ac-
curately reflect the evolutionary history of these genes,
they might not accurately reflect the history of the spe-
cies as a whole. For example, lateral transfers between
species might cause the genomes of some species to have
mosaic evolutionary histories. Although it is unlikely
that SS—rRNAs have been stably transferred between
species (see above), other genes may have been. There-
fore, to understand the history of entire genomes, and to
better understand the extent of mosaicism within species,
it is important to compare and contrast the histories of
different genes from the same species. Finally, since SS—
rRNA genes are present in multiple copies in many bac-
teria (Jinks-Robertson and Nomura 1987; Nomura et al.
1977), it is possible that the genes being compared be-
tween species are paralogous, not orthologous. This
could cause the gene trees to be different from the spe-
cies trees. For these and other reasons, researchers inter-
ested in microbial systematics have begun to compare
and contrast the relationships of other molecules with
those of the SS-rRNA. The choice of which additional
molecule to use is a difficult one. Many potential candi-
dates have arisen and each has its advantages. Examples
include HSP70 (Boorstein et al. 1994, Gupta et al. 1994,
Rensing and Maier 1994), GroEL (Viale et al. 1994),
EF-TU (Ludwig et al. 1994; Delwiche et al. 1995), ATP-
ase-B-subunit (Ludwig et al. 1994), 23S rRNA (Ludwig
et al. 1992), and RNA polymerases (Klenk and Zillig
1994). Another potential choice is RecA.

The RecA protein of Escherichia coli is a small (352
aa) yet versatile protein with roles in at least three dis-
tinct cellular processes: homologous DNA recombina-
tion, SOS induction, and DNA-damage-induced mu-
tagenesis (Kowalczykowski et al. 1994). This diversity
of genetic functions is paralleled by multiple biochemi-

cal activities including DNA binding (double- and sin-
gle-stranded), pairing and exchange of homologous
DNA, ATP hydrolysis, and coproteolytic cleavage of the
LexA, Acl, and UmuD proteins (Kowalczykowski et al.
1994). It has been 30 years since the isolation of the first
recA mutants in E. coli (Clark and Margulies 1965) and
15 years since the sequencing of the corresponding recA
gene (Sancar et al. 1980; Horii et al. 1980). In that time,
studies of the wild-type and mutant RecA proteins and
genes have yielded a great deal of information about the
structure~function relationships of the protein, as well as
about the general mechanisms of homologous recombi-
nation (e.g., Clark and Sandler 1994; Kowalczykowski
1991; Roca and Cox 1990). Such studies have been fa-
cilitated greatly by the publication of the crystal structure
of the E. coli RecA protein alone and bound to ADP
(Story and Steitz 1992; Story et al. 1992).

Genes encoding proteins with extensive amino-acid
sequence similarity to the E. coli RecA have been cloned
and sequenced from many other bacterial species. In-
cluded among these are complete open reading frames
from many of the major bacterial phyla as well as an
open reading frame from the nucleus of Arabidopsis
thaliana which encodes a protein that functions in the
chloroplast (Table 1). Partial open reading frames are
available from many additional bacterial species. The
high levels of sequence similarity, even between proteins
from distantly related taxa, and the demonstration that
many of the functions and activities of the E. coli RecA
are conserved in many of these other proteins (Angov
and Camerini-Otero 1994; Gutman et al. 1994; Roca and
Cox 1990; Wetmur et al. 1994), suggest that these pro-
teins are homologs of the E. coli RecA.

The diversity and number of species from which se-
quences are available make RecA a potentially useful
tool for molecular systematic studies of bacteria. Previ-
ously, Lloyd and Sharp (1993) tested the utility of RecA
comparisons for phylogenetic studies. They concluded
that RecA comparisons were probably only useful for
determining relationships among closely related bacterial
species. However, they were limited by the number and
diversity of RecA sequences that were available at the
time. I have reanalyzed the evolution of RecA using 40
additional sequences. In this paper, analysis is presented
that shows that the RecA protein is a good alternative to
SS—rRNA for molecular systematic studies of all bac-
teria, not just closely related species. Phylogenetic trees
of the 65 complete RecA protein sequences were inferred
using a variety of phylogenetic methods. Statistical anal-
ysis and comparisons of trees generated by the different
phylogenetic methods indicate that the RecA phylogeny
is highly consistent and robust. The RecA trees are
compared to trees of SS—rRNA sequences from the
same or very closely related species as represented in the
RecA trees. Overall, the trees of the two molecules are
highly congruent. The implications of the particular sim-
ilarities and differences between the RecA-based and



SS-rRNA-based trees are discussed. Some of the fea-
tures of RecA that make it a potentially useful molecular
chronometer are also discussed.

Methods .

Sequences and Alignment. All RecA sequences used in this paper were
obtained from the National Center for Biotechnology Information
(NCBI) databases by electronic mail (Henikoff 1993) except for those
from Methylophilus methylotrophus (Emmerson 1995, personal com-
munication), Xanthomonas oryzae (Mongkolsuk 1995, pers. comm.),
Synechococcus sp. PCC7942 (Coleman 1995), and Borrelia burgdor-
feri (Huang 1995, pers. comm.), which were kindly provided prior to
submission. Accession numbers for those in databases are given in
Table 1. The amino-acid sequences of the RecA proteins were aligned
both manually and with the clustalw multiple sequence alignment pro-
gram (Thompson et al. 1994) using default parameters. The RecA
alignment was used as a block and aligned with the sequence of the
RadA protein from an archaea (Clark and Sandler 1994) and RecA-like
proteins from eukaryotes (Ogawa et al. 1993) also using clustalw.

For the comparison of RecA and SS-rRNA trees, a complete or
nearly complete SS—-rRNA sequence was chosen to represent each spe-
cies for which a complete RecA protein was available. For most of the
RecA proteins, a complete SS—TRNA sequence was available from the
same species. The remaining species (those for which a RecA sequence
was available but for which a complete or nearly complete
SS—+RNA was not) were represented by a ‘‘replacement”” SS—RNA
from a different species. The choice of which replacement sequence to
use was determined in one of two ways. For those RecAs for which a
partial SS—TRNA was available from the same species, the complete or
nearly complete SS-rRNA that was most similar to the partial sequence
was used. Similarity was determined by comparisons using the Ribo-
somal Database Project (RDP) computer server (Maidak et al. 1994)
and blastn searches (Altschul et al. 1990) of the NCBI databases by
electronic mail (Henikoff 1993). For those RecAs for which even a
partial SS—TRNA sequence was not available from the same species, a
replacement was chosen from a species considered to be a close rela-
tive. A SS—TRNA was not used to represent the Shigella flexneri RecA
because this protein was identical to the E. coli RecA. For the majority
of the SS-rRNA phylogenetic analysis, only one SS—RNA was used to
represent the two RecAs from Myxococcus xanthus. For some of the
analysis an additional SS—TRNA from a close relative of M. xanthus
was also included. The SS—RNA sequences used and the species from
which they come are listed in Table 1. The SS-rRNA sequences were
obtained already aligned from the RDP (Maidak et al. 1994), with the
exception of those from Corynebacterium glutamicum and Anabaena
sp PCC7120 which were obtained from the NCBI and were aligned to
the other sequences manually. Entry names and numbers are listed in
Table 1.

Phylogenetic Trees. Phylogenetic trees were generated from the
sequence alignments using computer algorithms implemented in the
PHYLIP (Felsenstein 1989), PAUP (Swofford 1991), and GDE (Smith
1991; Smith et al. 1994) computer software packages. Trees of the
RecA sequences were generated using two parsimony methods (the
protpars program in PHYLIP and the heuristic search algorithm of
PAUP) and three distance methods (the least-squares method of De
Soete [1983] as implemented in GDE, and the Fitch-Margoliash [Fitch
and Margoliash 1967] and neighbor-joining methods [Saitou and Nei
1987] as implemented in PHYLIP). Trees of the SS-rRNA sequences
were generated using one parsimony method (the dnapars algorithm of
PHYLIP) and the same three distance methods as used for the RecA
trees. For the trees generated by the protpars, dnapars, Fitch-
Margoliash, and neighbor-joining methods, 100 bootstrap replicates
were conducted by the method of Felsenstein (1985) as implemented in
PHYLIP.
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For the distance-based phylogenetic methods listed above, esti-
mated evolutionary distances between each pair of sequences were
calculated for input into the tree-reconstruction algorithms. Pairwise
distances between RecA proteins were calculated using the protdist
program of PHYLIP and the PAM matrix-based distance correction
(Felsenstein 1989). Pairwise distances between SS-rRNA sequences
were calculated in two ways: the method of Olsen (1988) (as imple-
mented by the count program of GDE) was used for the trees generated
by the De Soete method; and the two-parameter model of Kimura
(1980) (as implemented by the dnadist program of PHYLIP) was used
for the Fitch-Margoliash and neighbor-joining trees.

Regions of the alignments for which homology of residues could
not be reasonably assumed were excluded from the phylogenetic anal-
ysis. For the SS—RNA trees, the alignment of SS—tRNA sequences
was extracted from an alignment of thousands of sequences in the RDP
database (Maidak et al. 1994). This RDP alignment was generated
using both primary and secondary structures as a guide to assist in the
assignment of homology (Maidak et al. 1994). Therefore it was as-
sumed that the aligned regions were likely homologous. Nevertheless,
regions of high sequence variation (as determined by a 50% consensus
mask) were excluded from the phylogenetic analysis since these re-
gions are perhaps most likely to contain nonhomologous residues. The
SS-rRNA alignment and a list of the 1,061 alignment positions used
are available on request. For the RecA analysis, the assignment of
homology was based only on similarity of primary structure as deter-
mined by the clustalw program. Regions of ambiguity in the alignment
were considered to potentially include nonhomologous residues and
were excluded from the phylogenetic analysis. Such regions were iden-
tified by comparing alignments generated by the clustalw program
using a variety of alignment parameters. Parameters varied included
scoring matrices (PAM, BLOSUM, and identity matrices were used)
and gap opening and extension penalties. Alignments were compared
by eye to detect differences and those regions that contained different
residues in the different alignments were considered ambiguous.

Character States and Changes. Analysis of character states and
changes over evolutionary history was done using the MacClade 3.04
program (Maddison and Maddison 1992). For each alignment position,
all unambiguous substitutions as well as all unambiguous nonconser-
vative substitutions were counted. Nonconservative substitutions were
defined as amino-acid changes that were not within the following
groups: (V-I-L-M), (F-W-Y), (D-E-N-Q), (K-R), (G-A), (S-T).

Computer Programs. GDE, PHYLIP, and clustalw were obtained
by anonymous FTP from the archive of the Biology Department at the
University of Indiana (ftp.bio.indiana.edu). PAUP was obtained from
David Swofford. GDE, PHYLIP, and clustalw were run on a Sparc10
workstation and MacClade and PAUP on a Power Macintosh 7100/66.
Unless otherwise mentioned, all programs were run with default set-
tings.

Results and Discussion

The potential of using RecA for phylogenetic studies of
bacteria was first addressed by Lloyd and Sharp (1993).
In a detailed analysis of the evolution of recA genes from
25 species of bacteria, they showed that phylogenetic
trees of RecA proteins appeared to be reliable for deter-
mining relationships among closely related bacterial spe-
cies. Specifically, for the proteobacteria, the branching
patterns of RecA proteins were highly congruent to
branching patterns of SS—rRNA genes from similar spe-
cies. However, the RecA and SS—tRNA trees were not
highly congruent for relationships between sequences
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Table 1. RecA and SS-RNA sequences
RecA Size SS—rRNA
Species (by phylum) Abbrev.  Seq. (aa)  Seq.® RecA Refs.
Proteobacteria
Acetobacter polyoxogenes Act.po D13183 348 ABA.PASTER* (Tayama et al. 1993)
Acidiphilium facilis Acd.f D16538 354 ACDP.FACI2 (Inagaki et al. 1993)
Acinetobacter calcoaceticus Acn.c L26100 349 ACN.CALCOA (Gregg-Jolly and Ornston 1994)
Agrobacterium tumefaciens Ag.t L07902 363 AG.TUMEFAC (Wardhan et al. 1992)
Azotobacter vinelandii Az.v S96898 349  F.LUTESCEN¥* (Venkatesh and Das 1992)
Bordetella pertussis Bd.p X53457 352 BRD.PERTUS (Favre et al. 1991; Favre and Viret 1990)
Brucella abortus Bra L0O0679 360 BRU.ABORTS (Tatum et al. 1993)
Burkholderia cepacia® Bu.c D90120 347 BUR.CEPACI (Nakazawa et al. 1990)
Campylobacter jejuni Ca.j U03121 343 CAM.JEJUNI (Guerry et al. 1994)
Enterobacter agglomerans® En.a P33037 354 ER.HERBICO (Rappold and Klingmueller 1993)
Erwinia carotovara Er.c X55554 342  ER.CAROTOV {Zhao and McEntee 1990)
Escherichia coli Es.c V00328 353 E.COLI (Horii et al. 1980; Sancar et al. 1980)
Haemophilus influenzae Ha.i L07529 354 H.INFLUENZ (Zulty and Barcak 1993)
Helicobacter pylori He.p 735478 347 HLB.PYLOR3 (Haas 1994)
Legionella pneumophila Lep X55453 348 LEG.PNEUMO (Zhao and Dreyfus 1990)
Magnetospirillum magnetotacticum® Ma.m X17371 344 MAG.MAGNE2 (Berson et al. 1990)
Methylobacillus flagellatum Mb.f M35325 344 MBS.FLAGEL (Gomelsky et al. 1990)
Methylomonas clara Mm.c X59514 342 MLMMETHYL* (Ridder et al. 1991)
Methylophilus methylotrophus Mp.m unpub. 342  MLP.METHY1 (Emmerson 1995, personal communication)
Myxococcus xanthus 1 Mx.1 140367 342 MYX.XANTHU (Inouye 1995, personal communication)
Myxococcus xanthus 2 Mx.2 140368 358 n/a° (Inouye 1995, personal communication)
Neisseria gonorrhoeae Ne.g X17374 348 NIS.GONORR (Fyfe and Davies 1990)
Proteus mirabilis Pr.m X14870 355 ARS.NASONI* (Akaboshi et al. 1989)
Proteus vulgaris Pr.v X55555 325 P.VULGARIS (Zhao and McEntee 1990)
Pseudomonas aeruginosa Ps.a X52261 346  PS.AERUGIN (Sano and Kageyama 1987)
Pseudomonas fluorescens Ps.f M96558 352  PS.FLAVESC* (De Mot et al. 1993)
Pseudomonas putida Ps.p L12684 355 PS.PUTIDA (Luo et al. 1993)
Rhizobium leguminosarum bv. phaseoli Rz.p X62479 360 RHB.LEGUMS6 (Michiels et al. 1991)
Rhizobium leguminosarum bv. viciae Rzl X59956 351 RHB.LEGUMS (Selbitschka et al. 1991)
Rhizobium meliloti Rz.m X59957 348 RHB.MELIL2 (Selbitschka et al. 1991)
Rhodobacter capsulatus Rh.c X82183 355 RB.CAPSUL2 (Fernandez de Henestrosa 1994)
Rhodobacter sphaeroides Rh.s X72705 343 RB.SPHAER2 (Calero et al. 1994)
Rickettsia prowazekii Ri.p U01959 340 RIC.PROWAZ (Dunkin and Wood 1994)
Serratia marcescens Se.m M22935 354 SER.MARCES (Ball et al. 1990)
Shigella flexneri Sh.f X55553 353 n/a (Zhao and McEntee 1990)
Thiobacillus ferrooxidans Tb.f M26933 346 THB.CALDUS* (Ramesar et al. 1989)
Vibrio anguillarum Via M80525 348 V.ANGUILLA (Gammie and Crosa 1991; Tolmasky et al. 1992)
Vibrio cholerae Vic U10162 354 V.CHOLERAE (Margraf et al. 1995; Stroeher et al. 1994)
Xanthomonas oryzae Xa.o unpub. 355 XAN.ORYZAE (Mongkolsuk 1995, personal communication)
Yersinia pestis Yep X75336 356 YER.PESTIS (Kryukov et al. 1993)
Gram Positives
Acholeplasma laidlawii Acp.l M81465 331 ACP.LAIDLA (Dybvig and Woodard 1992)
Bacillus subtilis Ba.s X52132 347  B.SUBTILIS (Stranathan et al. 1990)
Corynebacterium glutamicum Co.g X77384 376 746753 (Billman-Jacobe 1994; Kerins et al. 1994)
Lactococcus lactis Lal M88106 365 LCCLACTIS (Duwat et al. 1992a)
Mycobacterium leprae Myb.l X73822 711 MYB.LEPRAE (Davis et al. 1994)
Mpycobacterium tuberculosis Myb.t X58485 790 MYB.TUBER2 (Davis et al. 1991)
Mpycoplasma mycoides Myp.m  L22073 345 MMYCOIDES (King et al. 1994)
Mycoplasma pulmonis Myp.p 122074 339 M.PULMONIS (King et al. 1994)
Staphylococcus aureus Sta.a L25893 347 STP.AUREUS (Bayles et al. 1994)
Streptococcus pneumoniae Stc.p 717307 388 STC.SALIVA* (Martin et al. 1992)
Streptomyces ambofaciens Sm.a 730324 372 STM.AMBOFA (Aigle et al. 1994)
Streptomyces lividans Sm.1 X76076 374 STM.LIVIDA (Nussbaumer and Wohlleben 1994)
Streptomyces violaceus® Sm.v U04837 377  STM.COELI3* (Yao and Vining 1994)
Cyanobacteria/Chloroplasts
Arabidopsis thaliana Ar C M98039 439 NICO.TAB_C* (Binet et al. 1993; Cerutti et al. 1992)
Anabaena variabilis An.v M29680 358  X59559%* (Owttrim and Coleman 1989)
Synechococcus sp. PCC7942 Sy.79 unpub. 361 PHRM.MINUT*  (Coleman 1995, personal communication)
Synechococcus sp. PCC7002 Sy.70 M29495 348  SYN.6301* (Murphy et al. 1987, 1990)
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Table 1. Continued
RecA Size SS—rRNA
Species (by phylum) Abbrev. Seq. (aa) Seq.®? RecA Refs.
Deinococcus-Thermus Group
Deinococcus radiodurans® Der V01876 363 D.RADIODUR (Gutman et al. 1994)
Thermus aquaticus Th.a 120095 340 T.AQUATICU (Angov and Camerini-Otero 1994; Wetmur et al. 1994)
Thermus thermophilus Th.t D13792 340 T.THMOPHL (Kato and Kuramitsu 1993; Wetmur et al. 1994)
Chlamydia/Planctomyces
Chlamydia trachomatis Ch.t U16739 352 CLM.TRACHO (Larsen 1994, Zhang et al. 1994)
Spirochaetes
Borrelia burgdorferi Bo.b unpub. 365 BOR.BURGDO (Huang 1995, personal communication)
Bacteroides
Bacteroides fragilis Bet.f M63029 318 BAC.FRAGIL (Goodman and Woods 1990)
Thermophilic O, Reducers
Aquifex pyrophilus Aq.p L23135 348 AQU.PYROPH (Wetmur et al. 1994)
Thermotogales
Thermotoga maritima Tg.m 123425 356 TT.MARITIM (Wetmur et al. 1994)

@ Names refer to Ribosomal Database Project entries (Maidak et al.
1994). Numbers are Genbank entries

" The SS—RNA sequences that come from a different species than
the RecA sequences are indicated by an asterix*. The species are
ABA.PASTER (Acetobacter pasteurianus), FLUTESCEN (‘‘Flavo-
bacterium’’ lutescens), MLM.METHYL (Methylomonas meth-
ylovora), ARS.NASONI (Arsenophonus nasoniae), PS.FLAVESC
(Pseudomonas flavescens), THB.CALDUS (Thiobacillus caldus),
STM.COELI3 (Streptomyces coelicolor), STC.SALIVA (Streptococ-
cus salivarius), NICO.TAB_C (Nicotiana tabacum chloroplast),

from more distantly related species. Lloyd and Sharp
(1993) concluded that this was due to a low resolution of
the deep branches in the RecA tree. However, this low
resolution of deep branches could have been due to poor
representation of certain taxa in their sample set. Of the
recA sequences available at the time, only six were from
species outside the proteobacteria. The diversity as well
as the number of recA sequences available has increased
greatly since Lloyd and Sharp’s study (see Table 1).
Therefore, I have reanalyzed the evolution of recA in-
cluding these additional sequences with a specific focus
on determining whether recA comparisons can provide
reasonable resolution of moderate-to-deep branches in
the phylogeny of bacteria. The analysis presented here
focuses on amino-acid comparisons for two reasons.
First, for highly conserved proteins such as RecA, it is
likely that amino-acid trees will be less biased by mul-
tiple substitutions at particular sites and base-
composition variation between species than trees of the
corresponding nucleotide sequences (Hasegawa and
Hashimoto 1993; Viale et al. 1994). In addition, Lloyd
and Sharp (1993) presented evidence suggesting that
DNA-level comparisons of the recA genes between dis-
tantly related taxa might be misleading.

Alignment of RecA Sequences

An alignment of the sequences of the complete RecA
proteins is shown in Fig. 1. Aligning sequences is an

X59559 (Anabaena sp. PCC7120), PHRM.MINUT (Phormidium
minutum), and SYN.6301 (Synechococcus sp. PCC 6301)

¢ For most of the analyses only one SS—rRNA was used for the two M.
xanthus RecAs. For some analyses the SS—TRNA of Cystobacter fuscus
(CYS.FUSCUS) was also used

4 Also known as Pseudomonas cepacia

¢ Also known as Erwinia herbicola

f Also known as Aquaspirillum magnetotacticum

& Also known as Streptomyces venezuelae

b Also known as Micrococcus radiodurans

integral part of any molecular systematic study because
each aligned position is assumed to include only homol-
ogous residues from the different molecules. Assignment
of homology, as represented by the sequence alignments,
can be highly controversial, and differences in align-
ments can cause significant differences in phylogenetic
conclusions (e.g., Gatesy et al. 1993; Lake 1991). To
limit such problems, regions for which homology of
residues cannot be unambiguously assigned should be
excluded from phylogenetic analysis. Thus for a mole-
cule to be useful for molecular systematic studies, align-
ments between species should be relatively free of am-
biguities. This is one of the main advantages of using
SS-rRNA sequences for phylogenetic analysis. Assign-
ment of homology for SS-rRNA sequences can be aided
by alignment of both primary and secondary structures
(Woese 1987). In addition, regions of high primary struc-
tural conservation that are interspersed throughout the
molecule help align less conserved regions. Since RecA
is a highly conserved protein, it has the potential to be
useful for phylogenetics because the assignment of ho-
mology should be relatively unambiguous (Lloyd and
Sharp 1993). Regions of ambiguity in the RecA align-
ment shown in Fig. 1 were determined by comparing this
alignment to those generated using different alignment
parameters (see Methods). Regions of the alignment
were considered to be ambiguous if they contained dif-
ferent residues in the different alignments, as suggested
by Gatesy et al. (1993). Overall, the majority of the
alignment was determined to be free of ambiguities and
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thus can be used with confidence for the phylogenetic
analysis. The four regions of ambiguity (the C- and
N-termini [corresponding to E. coli amino acids 1-7 and
320-352] and two short regions [corresponding to E.
coli amino acids 36-37 and 231-236]) were excluded
from the phylogenetic analysis. The 313 alignment po-
sitions used are indicated by the sequence mask shown in
Fig. 1.

Another potential source of error in phylogenetic re-
construction from sequences lies in assigning a weight to
give insertion or deletion differences (indels) between
species. Other than in the C- and N-terminal regions,
there are few indels in the RecA alignment (see Fig. 1).
Most of the indels are in regions of ambiguous alignment
as identified above, and thus were not included in the
phylogenetic analysis. The phylogenetic results were not
affected whether or not the regions with the few remain-
ing indels were included (data not shown). Of the indels
in regions of unambiguous alignment most are isolated
(in only one species) and only one amino acid in length.
There are two very large indels—one in each of the
Mycobacterium RecAs. These are protein introns that are
removed by post-translational processes (Davis et al.
1991; Davis et al. 1994). There is a four aa indel in the
Thermotoga maritima RecA (see Fig. 1). The only indels
that have obvious phylogenetic relevance are the one aa
gaps in the cyanobacterial and the A. thaliana RecAs—
all at the same position—&E. coli position 53 (discussed
below).

Another aspect of the RecA alignment that is relevant
to molecular systematics is the degree of conservation
of different alignment positions. I have used the RecA
phylogeny and parsimony character-state analysis to
characterize the patterns of amino-acid substitutions at
different sites of the molecule (see Methods). The num-
ber of substitutions varies a great deal across the mole-
cule. The number of total substitutions ranges from O
(at 58 positions) to 38 (at one position) with a mean of
9.4. The number of nonconservative substitutions varies
from O (at 111 positions) to 27 (at one position) with a
mean of 4.8. The variation in the substitution patterns
suggests that RecA comparisons may have phylogeneti-
cally useful information at multiple evolutionary dis-
tances.

Generation of Phylogenetic Trees

To examine the utility of the RecA comparisons for mo-
lecular systematics, the RecA trees were compared to
trees of the same species based on studies of other mol-
ecules. Such a comparison is useful for a few reasons.
First, congruence among trees of different molecules in-
dicates both that the genomes of the species are not com-
pletely mosaic and that the molecular systematic tech-
niques being used are reliable (Miyamoto and Fitch
1995). Differences in the branching patterns between

trees of different molecules can help identify genetic
mosaicism, unusual evolutionary processes, or inaccura-
cies in one or both of the trees. Differences in resolution
and significance of particular branches can help identify
which molecules are useful for specific types of phylo-
genetic comparisons. Since differences in species sam-
pled have profound effects on tree generation (e.g., Le-
cointre et al. 1993), to best compare the phylogenetic
resolution of trees of different molecules the analysis
should include sequences from the same species. Fortu-
nately, SS-TRNA sequences were available for most of
the species represented in the RecA data set. Therefore it
was possible to generate SS—TRNA trees for essentially
the same species set as represented in the RecA trees. For
those species for which RecA sequences were available
but SS-rRNA sequences were not, SS—-rRNA sequences
were used from close relatives (see Methods). A list of
the sequences used is in Table 1.

Phylogenetic trees of the RecAs and SS-rRNAs were
generated from the sequence alignments using multiple
phylogenetic techniques (see Methods). The trees were
generated without an outgroup and thus can be consid-
ered unrooted. However, since rooting of trees is helpful
for a variety of reasons, a root was determined for both
RecA and SS—1RNA trees. In both cases the root was
determined to be the sequence from A. pyrophilus. For
the SS—RNA trees, this rooting was chosen because
analyses of sequences from all three kingdoms of organ-
isms indicate that the deepest-branching bacterial SS—
rRNA is that of A. pyrophilus (Burggraf et al. 1992;
Pitulle et al. 1994). Although it seems reasonable to as-
sume that the deepest branching bacterial RecA would
also be that of A. pyrophilus, if there have been lateral
transfers or other unusual evolutionary processes, the
RecA trees could be rooted differently from the SS—
TRNA trees. Therefore, the rooting of the RecA se-
quences was tested by constructing trees using likely
RecA homologs from Archaea and eukaryotes as out-
groups (see Methods). In both neighbor-joining and prot-
pars trees, the deepest-branching bacterial protein was
that of A. pyrophilus (not shown). However, the align-
ments of the RecAs with the Archaeal and eukaryotic
RecA-like proteins include many regions of ambiguity.
Therefore only 140 alignment positions were used in this
analysis and the trees showed little resolution within the
bacteria. In addition, the bootstrap values for the deep
branching of the A. pyrophilus RecA were low (less than
30 in all cases). Thus although the rooting of the RecA
trees to the A. pyrophilus sequence is reasonable it
should be considered tentative. The rooting will likely be
better resolved as more sequences become available of
the Archaeal and eukaryote RecA-like proteins.

The analysis and comparison of the phylogenetic trees
focused on a few specific areas. First, bootstrap values
were used to get an estimate of the degree to which the
inferred branching patterns reflect the characteristics of
the entire molecule. In addition, since phylogenetic
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2b) SS-IRNA

o
Xanth. oryzae

Thiobacillus caldus

Borrelia burgdorferi
Bacteroides fragilis
Chiamydia trach

Aquifex pyrophilus

Comparison of consensus trees for RecA and SS-rRNA. Strict-rule consensus trees representing the phylogenetic patterns found in all trees

generated by multiple methods for each molecule are shown. The RecA consensus (A) was generated from the PAUP, protpars, Fitch-Margoliash,
De Soete and neighbor-joining trees (see Methods). The SS-rRNA consensus (B) was generated from the dnapars, Fitch-Margoliash, De Soete and
neighbor-joining trees. Comparable species are aligned in the middle and species are ordered to minimize branch crossing (note two crossed
branches in SS-IRNA tree). Consensus clades are shaded for each molecule.

methods differ in the range of evolutionary scenarios in
which they accurately reconstruct phylogenetic relation-
ships (Hillis 1995), comparison of the trees generated by
the different methods was used to identify the phyloge-
netic patterns that were most robust for that particular
molecule. To summarize the differences and similarities
among the trees inferred by the different methods, strict-
consensus trees of all the trees of each molecule were
generated (Fig. 2). Since consensus trees lose some of
the information of single trees and since they only show
the areas of agreement among trees (and not the phylo-

genetic patterns in the areas of difference), it is also
useful to examine individual trees. A comparison of the
Fitch-Margoliash trees for the two molecules is shown in
Fig. 3. The other trees are available from the author on
request. Finally, the SS-—rRNA trees determined here
were compared to those determined with more se-
quences, to help identify patterns that might be due to
poor sampling of the species here.

A quick glance at the trees in Figs. 2 and 3 shows that
the patterns for each molecule are highly robust (there is
high resolution in the consensus trees) and that the pat-
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Table 2. Consensus phylogenetic groups
Comparable Bootstrap % RecA  Bootstrap % ssRNA'
consensus clade
Clade Species in RecA consensus clade? for SS-RNA?** PPars NI FM DPars NJ FM
Proteobacteria-y1 Escherichia coli, Shigella flexneri, YES 78 91 100 100 100 100
Yersinia pestis, Erwinia carotovara,
Serratia marcescens, Enterobacter
agglomerans, Proteus vulgaris,
P. mirabilis, Vibrio cholerae,
V. anguillarum, Haemophilus
influenzae
Proteobacteria-y2 Azotobacter vinelandii, Pseudomonas YES 100 100 100 100 100 100
aeruginosa, P. putida, P. fluorescens
Proteobacteria-y Y1, ¥2, Acinetobacter calcoaceticus YES (+L. pneumophila) 33 63 75 48 85 92
Proteobacteria-p1 Methylobacillus flagellatum, YES (+N. gonorrhoeae) 74 84 88 100 100 100
Methylomonas clara,
Methylophilus methylotrophus,
Burkholderia cepacia, Bordetella pertussis
Proteobacteria-p2 Thiobacillus ferrooxidans, NO 100 100 100 N/A N/A  NA
Acidiphilium facilis
Proteobacteria-By Y. B1, B2, Xanthomonas oryzae, Neisseria YES (-A. facilis) 53 86 95 90 94 95
gonorrhoeae, Legionella pneumophila
Proteobacteria-a. Rhodobacter capsulatus, Rh. sphaeroides, YES (+A. facilis) 14 68 72 100 100 100
Rhizobium meliloti, R. viciae, R.
phaseoli, Acetobacter polyoxogenes,
Magnetospirillum magnetotacticum,
Brucella abortus, Agrobacterium
tumefaciens, Rickettsia prowazekii
Proteobacteria-ofy o B,y YES 10 57 58 93 96 96
Proteobacteria-& Myxococcus xanthus 1, M. xanthus 2 YES 43 71 42 N/AS N/A  N/A
Proteobacteria-e Campylobacter jejuni, YES 100 100 100 100 100 100
Helicobacter pylori
Proteobacteria v B o de NO 14 38 49  N/A N/A 36
Gram ‘““+”” High GC  Corynebacterium glutamicum, YES 97 100 100 100 100 100
Streptomyces ambofaciens, S. violaceus,
S. lividans, Mycobacterium tuberculosis,
M. leprae
Gram ‘4>’ Low GC  Bacillus subtilis, Lactococcus lactis, YES (+Mycoplasmas) 27 59 63 50 56 80
Streptococcus pneumoniae,
Staphylococcus aureus,
Acholeplasma laidlawii
Mycoplasmas Mycoplasma mycoides, YES (+A. laidlawii) 88 100 98 71 88 84
M. pulmonis
Cyanobacteria Arabidopsis thaliana, Anabaena YES 100 96 91 100 100 100
variabilis, Synechococcus sp. PCCT7942,
Syn. sp. PCC7002
Deinococcus-Thermus  Deinococcus radiodurans, NO 95 96 95 N/A N/A  N/A

Thermus aquaticus, 1. thermophilus

! Bootstrap values are shown for comparable clade

2 Groups found in trees generated by neighbor-joining, Fitch-Margoliash, De Soete, protpars, and PAUP
3 For those groups which have 1 or 2 additional species in the SS—tRNA tree, the extra species are listed
# Groups found in trees generated by neighbor-joining, Fitch-Margoliash, De Soete and dnapars

3 Bootstraps were only calculated for trees with the one § sequence (see Methods)

terns are similar between the two molecules. To aid com-
parison of the trees of the two molecules, sequences have
been grouped into consensus clades based on the patterns
found in the consensus trees (Fig. 2, Table 2). Clades of
RecA sequences were chosen to represent previously
characterized bacterial groups as well as possible. Com-
parable clades were determined for the SS—rRNA se-
quences (Table 2). The clades are named after the tRNA-
based classification of most of the members of the clade

(Maidak et al. 1994). These clades are highlighted in the
trees in Figs. 2 and 3. Sequences from the same or similar
species are aligned in the middle in Fig. 2 to ease com-
parison of the two consensus trees. Besides being found
in trees generated by all the phylogenetic methods used,
the consensus clades have high bootstrap values for the
methods in which bootstrapping was performed (Table
2). Thus the clades appear to be consistent and reliable
groupings of the RecA and SS-rRNA sequences.



In the following sections, some of the implications of the
similarities and differences within and between the RecA
and SS-TRNA ftrees are discussed. The discussion has
been organized by phylogenetic groups.

Proteobacteria

The proteobacteria phylum includes most but not all the
traditional gram-negative bacterial species (Stackebrandt
et al. 1988). This phylum has been divided into five
phylogenetically distinct groups (o, B, 7, 8, €) mostly
based on SS-rRNA comparisons (Olsen et al. 1994;
Rainey et al. 1993; Stackebrandt et al. 1988; Woese
1987). The available RecA sequences are heavily biased
toward the proteobacteria (Table 1) and thus much of the
discussion will focus on this phylum. With the species
represented in this analysis, the proteobacterial RecA se-
quences form a monophyletic clade in all phylogenetic
methods (Fig. 2). In contrast, with essentially the same
species set, the proteobacterial SS-TRNA sequences do
not consistently form a clade (Fig. 2, positions of
Campylobacter jejuni, Helicobacter pylori, and M. xan-
thus), although they do in some of the phylogenetic
methods (e.g., Fig. 3). This was surprising since the pro-
teobacterial group was defined based on SS—rRNA com-
parisons (Stackebrandt et al. 1988). When additional SS—
rRNA sequences are included in phylogenetic analysis,
M. xanthus, C. jejuni, and H. pylori consistently branch
with the other proteobacteria (Maidak et al. 1994; Olsen
et al. 1994). The lack of resolution of the position of
these species in the SS—TRNA trees versus the RecA
trees was not due to using only one SS-rRNA sequence
to represent the two M. xanthus RecAs—the same pat-
tern was seen in trees generated including the SS—TRNA
sequence from another 8 species in addition to the one
from M. xanthus (not shown). Thus in this case the RecA
trees can be considered to have higher resolution than the
SS-rRNA trees since the RecA trees show a relationship
between species that is only consistently detected in SS—
rRNA trees with more sequences.

Subdivisions corresponding to the o, B, v, 6, and e
groups are detected in both the RecA and SS—rRNA trees
and the placement of species into these subdivisions is
nearly the same for the two molecules (Fig. 2, Table 2).
Thus the RecA comparisons support the division of the
proteobacteria into these groups as well as the classifi-
cation of particular species into the groups here. There
are other phylogenetic patterns that are the same in the
RecA and SS-rRNA trees here. Examples include the
separation of the Pseudomonas-Azotobacter ys (Y2 here)
from the Haemophilus, Proteus, and enteric ys (Y1 here);
the monophyly of the enteric bacteria (represented here
by E. coli, S. flexneri, Erwinia carotovara, Enterobacter
agglomerans, and Yersinia pestis); the relatedness of the
Rhizobium species, Agrobacterium tumefaciens, and
Brucella abortus; the placement of Acinetobacter cal-
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coaceticus into the 7y supergroup; an affiliation between
the ys and the Bs; and the grouping of Legionella pneu-
mophilia, Neisseria gonorrhoeae, Xanthomonas oryzae,
and the Thiobacillus species somewhere in the y-p su-
pergroup. In all these cases, the relationships have been
suggested by other studies of SS-rRNA sequences (see
Maidak et al. 1994; Olsen et al. 1994; Woese 1987).
Finding the same patterns in the RecA trees serves to
confirm the previous suggestions of the phylogenetic as-
sociations indicated between these species. Thus even
though the RecA trees are based on analysis of highly
conserved protein sequences, they do appear to have res-
olution for even close relatives as suggested by Lloyd
and Sharp (1993).

Most of the differences between the RecA and
SS—rRNA trees for the Proteobacteria are in areas of low
resolution (differences among the trees generated by the
different methods) or low bootstrap values for one or
both of the molecules and thus are probably not biolog-
ically significant. For example, the differences in the
grouping of the & and e clades within the Proteobacteria
discussed above appear to be due to a lack of resolution
of the SS-TRNA trees with the species represented here.
In addition, the branching order between Haemophilus
influenzae, the Proteus species, the Vibrios, and the en-
teric species is ambiguous in the SS—rRNA trees yet
consistent in the RecA trees. In other cases, the
SS-rRNA trees appear to have more resolution than the
RecA trees. For example, the specific position of the
RecA from L. prneumophilia is ambiguous (Fig. 2a) yet
the SS—tTRNA of this species consistently groups with the
v1 and Y2 groups, and thus can be considered part of the
vy clade (Fig. 2b). Analysis of other SS—-rRNA sequences
suggests that the position of the Legionellaceae in the vy
subgroup is robust (Fry et al. 1991; Weisburg et al.
1989a). Similarly, the exact position of the N. gonor-
rhoeae RecA is ambiguous, yet its SS—tTRNA groups
consistently with the B species.

There are branching patterns within the proteobacteria
that have high resolution and robustness for each mole-
cule but are different between the two. The most striking
example of this is the phylogenetic position of the se-
quences from Acidiphilium facilis. The A. facilis RecA
branches with the Thiobacillus ferrooxidans RecA in the
B-y supergroup in all trees (Fig. 2) and the node joining
these two species has very high bootstrap values (Table
2). However, the corresponding A. facilis SS—rRNA con-
sistently branches with species in the o clade also with
high bootstrap values. Thus either the SS—rRNA and
RecA genes have different phylogenetic histories, or one
of the trees is inaccurate. The grouping of Acidiphilium
species within the o subgroup appears to be a reliable
representation of the SS-rRNA relationships (Sievers et
al. 1994), so it is unlikely that the SS—rRNA trees here
are biased by species sampling. It has been suggested
that the A. facilis RecA sequence contains many se-
quencing errors and it is currently being resequenced
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(Roca 1995, pers. comm.). Errors in the sequence would
explain the unusual amino acids found in the A. facilis
RecA in otherwise highly conserved regions (Fig. 1) and
the extremely long branch length for this sequence in all
phylogenetic methods (Fig. 3). Thus the position of the
A. facilis RecA in the trees here may not represent the
actual evolutionary history of this gene.

M. xanthus, the only & Proteobacteria represented in
this analysis, is the only species known to encode two
RecA proteins. There are at least two plausible explana-
tions for this: lateral transfer from another species or
gene duplication. The phylogenetic analysis of the two
proteins helps limit the possibilities for when and how a
duplication or lateral transfer could have occurred. In all
the RecA trees, the two M. xanthus proteins branch to-
gether, showing that they are more related to each other
than to any other known RecAs. However, the node join-
ing them is quite deep, indicating that the degree of ev-
olutionary separation between them is quite high. Thus if
a duplication event was what led to these two genes in
the same species, it apparently happened reasonably
early in the history of the d clade. If one of these genes
was obtained by a lateral transfer from another species,
most likely the donor was another & species. It is inter-
esting that the bootstrap values for the node joining the
two M. xanthus RecAs are relatively low in all methods
(Table 2). This indicates that the branching together is
not very stable and is affected by the choice of alignment
positions used in the phylogenetic analysis. Perhaps there
was a gene conversion event after a lateral transfer or
duplication and only certain regions of the recA genes
underwent the conversion. Alternatively, the low boot-
straps could also be explained if a duplication occurred
right at or near the time of separation of the & clade from
the other proteobacterial groups. The specific history of
these two genes will probably be best resolved by studies
of RecAs in other 8 species.

Gram-Positives

Previous studies have shown that gram-positive species
are divided into multiple phylogenetically distinct groups
(Woese 1987). Whether these distinct groups are mono-
phyletic has been the subject of a great deal of research
and debate (e.g., Gupta et al. 1994; Van De Peer et al.
1994; Weisburg et al. 1989¢c; Woese 1987). For example,
studies of HSP70 genes (Viale et al. 1994) and some
studies of fRNA genes (Woese 1987) suggest the gram-
positives are monophyletic while studies of EF-TUs
(Ludwig et al. 1994), ATPasef (Ludwig et al. 1994), and
different studies of rRNA genes (Van De Peer et al.
1994) suggest they are not.

Species from two of the gram-positive groups, the
low-GCs and the high-GCs, are represented in the anal-
ysis here (Table 1). In all the RecA and SS—TRNA trees
inferred in this study, the sequences from the high-GC

species cluster together (Fig. 2). In addition these species
have the same branching patterns within this group in all
trees of both molecules. Thus the RecA data support the
phylogenetic coherence of as well as the branching to-
pology within the high-GC clade. In contrast, the RecA
and SS—TRNA trees are not congruent for the relation-
ships among sequences from low-GC gram-positive spe-
cies. In all the SS—rRNA trees, the sequences from spe-
cies considered to be low-GC gram-positives are
monophyletic, as might be expected, since the classifi-
cation of these species was based on SS-rRNA compar-
isons. However, in all the RecA trees the sequences from
the low-GCs are not monophyletic (e.g., Fig. 3). This
may be due to a combination of poor species sampling
and unusual evolutionary patterns. In four of the five
RecA trees only one RecA, that of the spirochaete Bor-
relia burgdorferi, prevents the low-GCs as a whole from
being monophyletic (e.g., Fig. 3). The bootstrap values
for the position of the B. burgdorferi RecA are relatively
low in all of these trees, and since this is the only sample
from the spirochaetes, its position may be unreliable. In
addition, in three of the four SS—rRNA trees, the B. burg-
dorferi sequence is an outgroup to the low-GCs. Thus
with the species sampled here the B. burgdorferi se-
quences tend to group with the sequences from low-GCs.
Yet another factor that could contribute to a biased place-
ment of the B. burgdorferi RecA is the apparent high rate
of sequence change in the mycoplasmal RecAs, which
can be seen by their long branch lengths (Fig. 3a). A
rapid rate of mycoplasmal protein evolution has been
thought to complicate trees of other proteins (e.g., Lud-
wig et al. 1994). The inclusion of additional sequences
from the spirochetes and other low-GC gram-positives
may help resolve whether this difference between the
RecA and SS-rRNA trees is biologically significant.

With the species represented here, the branching be-
tween the high- and low-GCs is unresolved in both the
RecA and SS—tRNA trees. Interestingly, in all the RecA
trees, the high-GCs form a group with the cyanobacteria.
Analysis of other genes has suggested that the cyanobac-
teria and gram-positives are sister groups (e.g., Van De
Peer et al. 1994; Viale et al. 1994; Woese 1987). The
RecAs are one of if not the only case in which cyano-
bacterial sequences comsistently group with the high-
GCs to the exclusion of the low-GCs. However, the boot-
strap values for the node linking these two groups are
moderate (31-40), indicating that this association is a
good, but not great, representation of the relationships of
RecA sequences.

Cyanobacteria

The RecA and SS—rRNA trees both show the cyanobac-
teria forming a coherent clade. The nuclear encoded
chloroplast RecA from A. thaliana groups consistently
with the cyanobacterial RecAs. This suggests that the A.



thaliana recA gene is derived from the recA gene of a
cyanobacterial-like ancestor to the A. thaliana chloro-
plast and that, as has been demonstrated for many other
genes, it was transfered to the nucleus after endosymbi-
osis. Given the high degree of sequence conservation in
RecAs, it is possible that studies of chloroplast evolution
might be aided by sequencing ofd additional nuclear en-
coded chloroplast RecAs. In addition, all the RecAs from
this group (including the A. thaliana RecA) contain an
alignment gap not found in any other RecAs (see Fig. 1).
This could serve as a sequence signature for cyanobac-
terial and chloroplast RecAs and further serves to dem-
onstrate the relatedness among chloroplasts and cyano-
bacteria. As discussed above, the cyanobacterial RecAs
group with those of the high-GC gram-positives in all
trees.

Deinococcus/Thermus Group

The RecAs of D. radiodurans and the two Thermus spe-
cies form a clade with high bootstrap values in all the
trees (see Table 2, Fig. 2). Analysis of other data sug-
gests that these species are part of a clade (Ludwig et al.
1994; Weisburg et al. 1989b). However, these sequences
do not consistently form a clade in the SS—rRNA trees
here (although they do in the drapars tree (not shown)).
Inclusion of additional SS-rRNA sequences allows for
better resolution of this clade, probably because of GC
content variation among the species (Embley et al.
1993). Thus with the species used here, the RecA se-
quences show resolution of the Deinococcus-Thermus
group while the SS-TRNA sequences do not. This may
be due to less of a GC bias in the RecA sequences, which
was documented by Lloyd and Sharp (1993). The RecA
analysis also supports previous assertions that this group
is one of the deeper-branching bacterial phyla (Weisburg
et al. 1989b) and shows that RecA has resolution even
for deep branches. However this conclusion relies on the
rooting of the RecA trees to the A. pyrophilus sequence,
which has low support (see above).

Other Taxa

There is little resolution in the RecA trees regarding the
position of the Thermotoga maritima, Chlamydia tra-
chomatis, and Bacteroides fragilis proteins. These RecA
proteins do not show consistent affiliations with any in-
dividual sequences or groups (Figs. 2, 3) and the boot-
strap values for their positions in the individual trees are
low (Fig. 3). I believe that this is due to these sequences
being the only representatives from large phylogenetic
groups (Thermotogales, Chlamydia, and Bacteroides, re-
spectively). Using the same sets of sequences as in the
RecA trees, the SS-TRNA trees show a similar lack of
resolution for sequences that are individual representa-
tives of large groups (in this case, C. frachomatis, B.
fragilis, and B. burgdorferi). It would be useful to have
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more RecA genes from these phylogenetic groups to bet-
ter determine if the RecA- and SS—tRNA-based trees are
congruent for these bacterial groups. It is interesting that
although the specific position of the T. maritima RecA is
ambiguous, it never branches below the Deinococcus-
Thermus sequences as the 7. maritima SS—TRNA does in
all the SS-TRNA trees. Thus even if the rooting of the
RecA tree with A. pyrophilus is incorrect, the A. pyro-
philus and T. maritima RecAs never branch immediately
near each other as they do in the SS-rRNA trees. Since
the RecA trees appear to be less biased by GC content
variation than the SS-rRNA trees (Lloyd and Sharp
1993) it seems plausible that the close branching of the 7.
maritima and A. pyrophilus SS-TRNAs may be caused
by GC content convergence.

Conclusions

Comparison of phylogenetic results for particular taxa
using different genes can help determine what genes are
useful for evolutionary studies as well as whether differ-
ent genes have different histories (as could be caused by
lateral transfers). However, in order to make direct com-
parisons it is important to remove as many variables in
the studies of the different genes. For example, many
researchers studying bacterial systematics compare phy-
logenetic trees of particular genes to standard trees of
SS—RNA sequences. Yet when these trees have differ-
ences with the SS—rRNA trees it is not always clear
whether the differences are due to use of different tech-
niques (SS—-rRNA trees frequently are constructed with
maximum likelihood methods while such methods are
still difficult to apply to large numbers of protein se-
quences), the inclusion of different sets of species (there
are some 3000 SS—rRNA sequences that can be used), or
true differences in branching or resolution power of dif-
ferent molecules. In the analysis presented here I have
compared phylogenetic trees of RecA and SS—rRNA se-
quences using similar techniques with essentially the
same sets of species. Overall, the branching patterns and
powers of resolution of the two molecules are highly
similar. The similar branching patterns lends support to
the general pattern of bacterial systemics inferred from
SS-rRNA sequences. This indicates either that the po-
tential problems with SS—rRNA trees have little effect on
phylogenetic analysis or that the RecA trees are biased in
the same ways by these problems. In some cases, the
RecA trees have resolution while the SS—TRNA trees do
not (e.g., for the monophyly of the Proteobacteria and the
grouping of D. radiodurans and the Thermus species)
and in other cases the SS—TRNA trees have resolution
(e.g., the position of T. maritima; the placement of L.
preumophilia within the y-Proteobacteria and the mono-
phyly of the low-GC gram-positives). The lack of reso-
lution of some of the deep branches in the RecA trees
appears to be a problem of the species sampled—a sim-
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ilar lack of resolution is seen in the SS-TRNA trees when
using the same species-set. RecA comparisons may be par-
ticularly useful in cases of high GC bias. However the
presence of two highly diverged recA genes in one species
means that some caution should be used when using RecA
studies for phylogenetic analysis, especially for the § pro-
teobacteria. It remains to be seen whether some of the un-
usual patterns in the RecA trees (such as the grouping of the
cyanobacteria with the high-GC gram-positives and the
branching of T. maritima above the Deinococci-Thermus
group) are supported by future studies.

In conclusion I would like to emphasize some of the
features of RecA that make it a good choice for molec-
ular systematic studies. Among protein encoding genes
RecA is relatively easy to clone from new species—
either by degenerate PCR (e.g., Duwat et al. 1992a,b;
Dybvig et al. 1992; Dybvig and Woodard 1992; Quivey
and Faustoferri 1992) or functional complementation of
the radiation sensitivity of recA mutants from other spe-
cies (Calero et al. 1994; De Mot et al. 1993; Favre et al.
1991; Gomelsky et al. 1990; Tatum et al. 1993). RecA
protein function appears to be conserved in all bacteria
and there are similar proteins in eukaryotes and archaea
(Clark and Sandler 1994), although whether these can be
used reliably for phylogenetics of all three kingdoms
remains to be seen. As with SS-rRNAs, some regions of
RecA are virtually completely conserved between spe-
cies and other regions are variable even between close
relatives. This allows for resolution of relationships
among both close and distant relatives. The extensive
size and sequence conservation among RecAs makes
alignments virtually unambiguous, limiting complica-
tions due to incorrectly assigning homology. In addition,
since RecA sequences can be compared at the protein
and the DNA level it may be possible to limit problems
due to nucleotide composition convergence between spe-
cies. However, perhaps most importantly, I have shown
here that phylogenetic trees of RecA sequences have
similar topologies and similar resolution, even for deep
branches, to trees of SS-rRNA sequences from the same
species. This not only demonstrates that the genomes of
these species are not completely mosaic but also that
molecular systematics of bacteria is reliable, and that
RecA comparisons are useful for such molecular system-
atic studies.

Finally, I would like to suggest two additional reasons
why researchers might want to choose RecA for molec-
ular systematic studies. First, the cloning and sequencing
of recA genes from new species facilitate the creation of
recA mutants which are useful to have for bacterial spe-
cies. Also, with the availability of the crystal structure of
the E. coli protein and with information about the phe-
notypes of hundreds of recA mutants, I believe RecA can
become a model for studies of protein evolution.
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