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Eukaryotes and archaea both possess multiple genes coding for family B DNA polymerases. In animals and fungi,
three family B DNA polymerases, «, 8, and €, are responsible for replication of nuclear DNA. We used a PCR-
based approach to amplify and sequence phylogenetically conserved regions of these three DNA polymerases from
Giardia intestinalis and Trichomonas vaginalis, representatives of early-diverging eukaryotic lineages. Phylogenetic
analysis of eukaryotic and archaeal paralogs suggests that the gene duplications that gave rise to the three replicative
paralogs occurred before the divergence of the earliest eukaryotic lineages, and that all eukaryotes are likely to
possess these paralogs. One eukaryotic paralog, €, consistently branches within archaeal sequences to the exclusion
of other eukaryotic paralogs, suggesting that an e-like family B DNA polymerase was ancestral to both archaea
and eukaryotes. Because crenarchaeote and euryarchaeote paral ogs do not form monophyletic groupsin phylogenetic
analysis, it is possible that archaeal family B paralogs themselves evolved by a series of gene duplications inde-
pendent of the gene duplications that gave rise to eukaryotic paralogs.

Introduction

Sequencing of eubacterial, archaeal and eukaryotic
genomes has revealed that many proteins encoded in
these genomes are paralogs (Clayton et a. 1997), mem-
bers of gene families that share a common evolutionary
history because they evolved by gene duplication. Some
of these paralogs, such as the elongation factors EF-Tu/
1o and EF-G/2, are common to eubacteria, archaea, and
eukaryotes, because the gene duplications which gave
rise to these paralogs occurred in the cenancestor (Go-
garten et al. 1989; Iwabe et a. 1989a). Other gene fam-
ilies, however, have more restricted phylogenetic distri-
butions and are often characterized by the presence of
multiple paralogs in eukaryotes, but only one or a few
paralogs in archaea and eubacteria (for example, RNA-
dependent DNA polymerases; lwabe et al. 1989b). Such
gene families are of interest because some of these par-
alogs appear to function in cellular processes, or have
biochemical activities, that are specific to eukaryotes.

One such gene family is the eukaryotic nuclear rep-
licative DNA polymerases. Three DNA-dependent DNA
polymerases, «, 8, and €, have been identified through
genetic and biochemical studies as essential for nuclear
DNA replication in the budding yeast, Saccharomyces
cerevisiae (Budd et al. 1989; Morrison et al. 1990; Budd
and Campbell 1993). Sequencing of the genes corre-
sponding to the catalytic subunits of these DNA poly-
merases revealed amino acid similarity of each of the
proteins to one another, to other eukaryotic cellular-en-
coded DNA polymerases, to plasmid- and viral-encoded
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polymerases, to archaecal DNA polymerases, and to
DNA polymerase Il (polB) of Escherichia coli (Wong
et al. 1988; lwasaki et al. 1991). An additional cellular-
encoded DNA polymerase, Rev3, was identified in S
cerevisiae through a genetic screen for strains displaying
reduced susceptibilities to UV mutagenesis (Morrison et
al. 1989). Although this DNA polymerase shares se-
guence similarity with the three nuclear replicative pol-
ymerases, it is divergent in amino acid sequence and
function. Collectively, these polymerases are classified
as family B DNA polymerases (Braithwaite and Ito
1993).

Eukaryotic paralogs «, 8, €, and Rev3 must be the
result of gene duplication events that occurred prior to,
at the time of, or after the divergence of eukaryotesfrom
an archaea-like ancestor. However, the available collec-
tion of eukaryotic family B DNA polymerase sequences
is limited to animals, fungi and a few protists. A search
for family B DNA polymerase homologs in more deeply
diverging eukaryotic lineages should provide informa-
tion on the time of these duplications in two ways. First,
the simple presence of multiple paralogs in a genome
indicates that the relevant duplications had already oc-
curred prior to the divergence of that lineage from the
main eukaryotic trunk. Second, quantitative phyloge-
netic analyses should help establish the pattern and order
of paralogous gene duplications of family B paralogsin
the evolution of eukaryotes or in an archaea-like ances-
tor.

Curiously, some members of the archaea also pos-
sess multiple family B DNA polymerases (Uemori et al.
1995; Edgell, Klenk, and Dooalittle 1997; Klenk et al.
1997). One possible interpretation of this observation
would be that the multiple archaeal family B DNA pol-
ymerases are orthologs of the eukaryotic nuclear repli-
cative DNA polymerases «, 8, and €, with each ortholog
performing a specific role at the replication fork. Al-
though drug inhibition studies suggest that archaea use
afamily B DNA polymerase for DNA replication (For-
terre, Elie, and Kohiyama 1984; Schinzel and Burger
1985; Zabel et al. 1985), there is no evidence pointing
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to a specific function(s) for each of the DNA polymer-
ases at the replication fork, if indeed all archaeal par-
alogs function in replication. The distribution and num-
bers of family B DNA polymerases within archaea aso
confuse issues surrounding the evolutionary history of
archaeal and eukaryotic family B paralogs. For instance,
the completely sequenced genomes of two euryarchae-
otes, Methanococcus jannaschii (Bult et al. 1996) and
Methanobacterium thermoautotrophicum (Smith et al.
1997), possess only a single family B paralog, whereas
another euryarchaeote, Archaeoglobus fulgidus (Klenk
et al. 1997), possesses two family B paralogs. Moreover,
the crenarchaeotes Pyrodi ctium occultum and Sulfolobus
solfataricus P2 possess two and three family B DNA
polymerases, respectively (Uemori et al. 1995; Edgell,
Klenk, and Dooalittle 1997). It is unclear if these archaeal
family B paralogs arose independently of eukaryotic
paralogs by gene duplications after the split of the eu-
karyotic and archaeal lineages, or if the present distri-
bution of paralogs can be best explained by an ancestral
set of gene duplications that occurred before the split of
eukaryotes and archaea, followed by loss of certain par-
aogs in different lineages.

Here, we report the partial sequences of family B
DNA polymerases from representatives of two early-
branching eukaryote lineages, the parabasalids and dip-
lomonads, and results of phylogenetic analyses of eu-
bacterial, archaeal, and eukaryotic family B DNA pol-
ymerases. Our results suggest that the gene duplications
that gave rise to the three eukaryotic nuclear replicative
family B DNA polymerases (o, 8, and €) occurred be-
fore the divergence of the earliest eukaryotic lineages
and that all eukaryotes are likely to possess these three
paralogs. At least one of the eukaryotic paralogs, €, ap-
pears to be ancestral to both archaea and eukaryotes, as
it consistently branches within archaeal sequences to the
exclusion of other eukaryotic paralogs. Both the organ-
ismal distribution and phylogeny of crenarchaeote and
euryarchaote paralogs can be considered evidence sup-
porting independent gene duplications during the evo-
lution of archaeal and eukaryotic family B DNA poly-
merases.

Materials and Methods
Strains and DNA Extraction

Genomic DNA from Trichomonas vaginalis strain
NIH-C1 (ATCC#30001) was a kind gift of Dr. Miklos
Miuller (Rockefeller University). Genomic DNA was
isolated from Giardia intestinalis (commonly referred to
as G. lamblia strain WB, ATCC#30957) grown in 15-
ml glass culture tubes at 37°C in Keister's modified me-
dia supplemented with 250 pg/ml streptomycin and 165
pa/ml penicillin. When confluent growth was achieved,
cells were pelleted into lysis buffer consisting of 0.5%
SDS, 300 wg/ml proteinase K, 0.1 M NaCl, and 1 mM
EDTA and incubated at 50°C for 1 h. This mixture was
then extracted with an equal volume of Tris-buffered
phenol (pH 8.0) and with phenol/chloroform/isoamyl al-
cohol (25:24:1 ratio). DNA was precipitated by addition
of 2 volumes of ethanol. To remove carbohydrates from

DNA preparations, the ethanol-precipitated DNA was
resuspended in H,O, and NaCl and cetyltrimethylam-
monium bromide (CTAB; Sigma) were added to final
concentrations of 0.7 M and 1%, respectively. This mix-
ture was incubated at 65°C for 30 min and extracted
twice with an equal volume of chloroform. CTAB com-
plexes with carbohydrates and forms an insoluble layer
between the organic and agqueous layers. The agueous
layer was removed and DNA precipitated by the addi-
tion of 2 volumes ethanol and 0.1 volume sodium ace-
tate (pH 5.0).

PCR Amplification, Cloning, and Sequencing

PCR conditions varied depending on the primer
combinations and template but typically were carried
out in 10 mM Tris-HCI, 50 mM KCI, 1.5 mM MgCl,,
0.1% Triton X-100, 0.2 mg/ml BSA, 0.2 U/ul of Taq
polymerase (Gibco-BRL), 5% acetamide (Reysenbach et
al. 1992), with primers at 200 nM and genomic DNA
at 10-100 ng. Primers are listed in table 1. Denaturation
was done at 92°C for 1-2 min, annealing temperature
was dependent on primer combinations (between 45°C
and 55°C), and extension was done at 72°C for 1-5 min,
depending on expected length of target sequence. Am-
plified bands of the correct molecular weight were gel-
purified (Bio-Rad), ligated into a T-tailed vector
(pCR2.1, Invitrogen), and either electroporated into
DH5a or heat-shock transformed into INVaF (Invitro-
gen).
To check for insert-carrying plasmids, colonies
were toothpicked directly into a 10-wl PCR reaction
containing universal forward and reverse primers (San-
dhu, Precup, and Kline 1989). Plasmids corresponding
to PCR reactions with bands of the correct size (minus
approximately 200 nt for the polylinker) were picked
for manual sequencing analysis. Clones that carried
fragments similar to family B DNA polymerases were
identified by BLAST searches (Altschul et al. 1990).
These clones were then used to screen genomic and
cDNA libraries and used as probes in Southern hybrid-
izations (Sambrook, Fritsch, and Maniatis 1989). Sub-
clones, in pBluescript or M13, generated from screening
of the libraries were sequenced manually and on Ap-
plied Biosystems and Licor automated sequencers.

Inverse PCR

Additional coding sequence outside of the origina
PCR product was obtained for DNA polymerase € of T.
vaginalis by inverse PCR (Ochman, Gerber, and Hartl
1988). The sequence of the initial PCR product indicat-
ed that the coding region contained a Hindlll site; two
sets of direct-match primers were designed, one that
would amplify the 5’ region of the open reading frame
(ORF), and one that would amplify the 3’ region of the
ORFE Primer sequences are invl: 5° TCT TCA GAG
AAC CAT TCT CG 3'; inv2: 5" CGA ATA CTC TCC
TTT ACC TG 3'; inv3: 5" AAG ATA CCA GAC TCG
ATG GC 3'; and invD: 5" TTC ACC TGT AAT CAT
GCA CC 3'. Trichomonas vaginalis genomic DNA was
cut with Hindlll and self-ligated. PCR reaction condi-
tions were as above except that Tris pH 8.8 was includ-
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Table 1
Eukaryotic Family B DNA Polymerase PCR Primers
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Corresponding

Amino Acid Nucleotide Amino Acid Positions
Sequence Sequence (5'-3') in Homo sapiens Ortholog

3-specific

FDIEC ... GGAATTCTTYGATATHGARTGC 315-319

YGFTGA .. i TATYGGNTTYTAYGGNC 701-706

DTDSVM ... CGGGATCCATNACNGARTCNGTRTC 755760

DCPIFY ... GTARAADAGNGGRCARTC 1075-1080
a-specific

DPDV (D IV(I)GH .......... GAYCCNGAYRTNATTHRTNGGNC 628635

DFENSLYPS .................. GAYTTYAATWSENCTNTAYCCNTG 855-862

KKKYAA .. AARAARAARTAYGCNGC 1049-1054
e-specific

QIMMISY ... CAGATYATGATGATYTCNTAC 265-271

NGDFFDWPF . ............... AATGONGAYTTYTTYGATTGGCCNTT 336-344

MYPNI .. GAATTCDATRTTNGGRTACAT 601-605

ELDTDG ... CCRTCNGTRTCNAGG 829-834

ed. Annealing was done at 50°C for 1 min, and exten-
sion was done at 72°C for 4 min. Products were visu-
alized on agarose gels, gel-purified, and cloned as de-
scribed above.

Libraries and Southern Hybridizations

A G. intestinalis library in Agt11 was a gift of Dr.
T. Nash (NIH, Bethesda, Md.). Screening procedures
were performed as described (Sambrook, Fritsch, and
Maniatis 1988) except that filters were prewashed 2 X
30 min with 0.1 X SSC, 1.0% SDS at 65°C. Stringency
washes were 2 X 20 minin 2 X SSC, and 1 X 20 min
in 1 X SSC, 1.0% SDS, both at 65°C. Filters were then
exposed to film at —70°C for 2-5 days. Trichomonas
vaginalis genomic and cDNA libraries in AZAP (Stra-
tagene) were gifts of Drs. Miklos Muller (Rockefeller
University) and Patricia Johnson (UCLA). The screen-
ing procedure for these libraries was essentially the
same as above, except that E. coli XL-1 blue was used
as the host strain. In vivo excision of putative positive
clones was performed as per manufacturers’ instructions
(Stratagene).

Southern hybridizations were also as described
(Sambrook, Fritsch, and Maniatis 1988). Five micro-
grams of genomic DNAs from relevant early-branching
eukaryotes were digested with various restriction en-
zymes (New England Biolabs), resolved on 0.7% aga-
rose gels, and transferred to nylon membranes (DuPont).
Hybridizations were carried out overnight at 65°C. Strin-
gency washes were as above.

Gene Nomenclature

We propose to name the multiple family B DNA
polymerases of crenarchaeotes and euryarchaeotes on
the basis of their relationships to one of three family B
paralogs that have been sequenced from S. solfataricus
strain P2. The letter B after each species name refers to
family B DNA polymerases, and the number after the
letter B refers to the paralog of S solfataricus P2 to
which that polymerase appears most related. For in-
stance, the complete genome sequence of the euryar-

chaeote A. fulgidus encodes two family B DNA poly-
merases, one of which appears to be an ortholog of the
S solfataricus P2 B2 polymerase. In our proposed no-
menclature, this polymerase would be designated A. ful-
gidus B2. Some euryarchaeote genomes (e.g., M. jan-
naschii) encode a single family B DNA polymerase that
does not appear to be an ortholog of any of the three S
solfataricus P2 paralogs. In these cases, we did not as-
sign a qudifier (e.g., B2) after the species name. Eu-
karyotic family B DNA polymerases are classified as
described (Braithwaite and Ito 1993). We do not refer
to eukaryotic family B DNA polymerases as ‘‘ a-type”
(Wong et al. 1988) because, confusingly, one of the four
eukaryotic paralogs is designated a.

Phylogenetic Analysis

Family B DNA polymerases are difficult to align
at the amino acid level because short, highly conserved
functional regions are separated by long stretches of low
or no amino acid conservation. Initially, sequences
thought to be orthologous were aligned with each other
(e.g., al eukaryotic a paralogs) using the PILEUP op-
tion of GCG with default values, or with CLUSTAL W
with modifed gap penalties (Thompson, Higgins, and
Gibson 1994). Separate alignments of orthologs were
then hand-edited and combined into a larger alignment
consisting of the four eukaryotic paralogs («, 8, €, and
Rev3), archaeal paralogs, and available eubacterial par-
alogs. The crystal structure of the RB69 phage family
B DNA polymerase (Wang et a. 1997) was used to aid
the alignment between paralogs. No phage, viral, or
plasmid-encoded family B DNA polymerases were used
in phylogenetic analysis. All sequences used were either
generated in this study or downloaded from public da-
tabases, except for the A. fulgidus, Vibrio cholerae, and
Pseudomonas aeruginosa sequences, which were ob-
tained from prereleased genome sequences kindly pro-
vided by The Institute for Genomic Research (TIGR).

All phylogenetic analyses were performed using
amino acids. For parsimony and distance anaysis, the
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final alignment consisted of 41 taxa and 161 positions.
Parsimony analyses used PAUP 3.1 (Swofford 1993).
One hundred random-addition replicates with TBR
branch swapping were used to search for shortest trees.
One hundred replicates of simple addition were used in
bootstrap analysis. Distance analysis was performed
with PHYLIP 3.57c (Felsenstein 1996) using the
PROTDIST program with a Dayhoff weighting matrix.
Trees were constructed from distance matrices using the
NEIGHBOR program. SEQBOOT and CONSENSE
were used in bootstrap analysis.

Two maximum-likelihood (ML) methods were em-
ployed. We first used the program PUZZLE (Strimmer
and von Haeseler 1996) with 1,000 iterations, the Jones,
Thorton, and Taylor substitution matrix, and eight rate
categories. We used the resulting tree topology to aid in
constraining taxa for the more computationaly intensive
ML progran PROTML (Adachi and Hasegawa 1992).
Exhaustive searches were carried out using the Jones,
Thorton, and Taylor substitution matrix and user-defined
trees. Bootstrap values were calculated using the RELL
method on the 1,000 best trees.

Results

Orthologs of the Three Nuclear Replicative Family B
DNA Polymerases of Animals and Fungi Are Found in
Early-Diverging Eukaryotes

Based on multiple alignments of amino acid se-
quences of the catalytic subunits of eukaryotic family B
DNA polymerases, we designed degenerate PCR prim-
ers to amplify paralogs from early-diverging eukaryotes
(table 1). It is impossible to design a single primer set
to amplify all three family B paralogs from one organ-
ism. It is possible, however, to design primer combina
tions which can do this. Using these primer combina-
tions, we were able to amplify phylogenetically con-
served regions of orthologs of DNA polymerases 8 and
e from the parabasalid T. vaginalis, and an ortholog of
DNA polymerase o from the diplomonad G. intestinalis.
PCR products identified as putative family B DNA pol-
ymerases using BLAST (Altschul et al. 1990) were used
as probes in Southern hybridizations against genomic
DNAs from various protists. Each PCR product hybrid-
ized to genomic DNA of the organism that initial PCR
reactions were performed with, and each DNA poly-
merase appeared single-copy (not shown). However, we
were unable to amplify all three paralogs from a single
organism. This result does not necessarily imply that
early-diverging eukaryotes do not possess all three par-
alogs, as there could be a number of reasons why am-
plification was not successful (for instance, divergent
target sequences or biased base composition of the ge-
nomic DNA).

It is also impossible to design PCR primers to am-
plify the entire coding regions of eukaryotic family B
DNA polymerases; they are too divergent in sequence,
and in S cerevisiae, all paralogs are over 3 kb in coding
sequence (the e paralog is approximately 7 kb; Morrison
et a. 1990). In addition, the number of phylogenetically
informative sites shared between eubacterial, archaeal,

and eukaryotic homologs is less than 200 amino acids;
between eukaryotic paralogs, the number of useful sites
increases to around 300 amino acids. Additional coding
sequence outside of the initial PCR products was ob-
tained for DNA polymerase o of G. intestinalis by
screening a genomic DNA library in Agt1l. Two BamHI
subclones, covering approximately 2.9 kb of coding se-
quence and all of the phylogenetically informative sites,
were isolated from the library.

Screening of both cDNA and genomic DNA li-
braries of T. vaginalis failed to recover clones carrying
additional coding sequence of DNA polymerase e. Since
the initial PCR product from T. vaginalis contained a
single Hindlll restriction site, two primer sets for usein
inverse PCR, each flanking the Hindlll site, were de-
signed to amplify additional coding sequence 5" and 3'
to that of the PCR product. Inverse PCR reactions re-
sulted in the amplification of 2.1- and 0.9-kb fragments
that were cloned. In al, 2.6 kb of coding sequence of
DNA polymerase € encompassing all of the phyloge-
netically informative sites from T. vaginalis was ob-
tained. Attempts to obtain additional coding sequence
for DNA polymerase 8 of T. vaginalis by inverse PCR,
screening of both genomic and cDNA libraries, and con-
struction of a size-enriched subgenomic library were un-
successful, even though the PCR product hybridized to
T. vaginalis genomic DNA (not shown).

Eubacterial Family B DNA Polymerases Are
Problematic in Phylogenetic Analysis

Phylogenetic analysis of archaeal and eukaryotic
family B DNA polymerases is hindered by the lack of
appropriate outgroup sequences. For instance, there are
very few eubacterial sequences, and those available, E.
coli, V. cholerae, and P. aeruginosa, are closely related
members of the y-subdivision of proteobacteria (Woese
1987). Both the V. cholerae and P. aeruginosa sequenc-
es were identified by TBLASTN (Altschul et a. 1997)
searches of partially completed genome sequences from
TIGR using the E. coli family B DNA polymerase as a
query sequence. However, both of these sequences are
incomplete and do not extend over all phylogenetically
conserved regions, the V. cholerae sequence was not
used in any analysis. BLASTP and TBLASTN searches
of additional partial and complete eubacterial genome
sequences available through GenBank and other WWW-
based servers failed to identity any other potential eu-
bacterial family B DNA polymerases.

Outgroup sequences with long branch lengths rel-
ative to ingroup sequences can be extremely problematic
for parsimony analyses, but less so for distance analyses
(Swofford et al. 1996). Preliminary PROTDIST analyses
were thus performed with a single taxon, E. cali, as
recommended (Swofford et al. 1996). This resulted in
tree topologies that placed E. coli as a sister taxon to
eukaryotic a, 8, and Rev3 paralogs to the exclusion of
other eukaryotic and archaeal paralogs (not shown). For
parsimony analysis, both eubacterial taxa (E. coli and P.
aeruginosa) were included, and a topology similar to
that in PROTDIST analysis was found. Support for eu-
bacterial sequences grouping with eukaryotic «, 8, and
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Rev3 paralogs was low, 21% in parsimony analysis and
45% in distance analysis. Support for a clade consisting
of a, 8, and Rev3 paralogs and excluding the eubacterial
sequences was 28% in parsimony analysis and 30% in
distance analysis. When eubacterial sequences were re-
moved from the data set, bootstrap support for a «, 3,
and Rev3 clade increased dramatically to 70% in par-
simony and 56% in distance analysis. Tree stability as
measured by confidence interval (Cl) in parsimony anal-
ysis also increased when eubacterial sequences were left
out (Cl = 0.646), as opposed to when they were in-
cluded (Cl = 0.632). By contrast, removal of other long-
branch-length taxa, such as the rapidly evolving S. sol-
fataricus and Sulfolobus shibatae B3 paralogs, did not
affect confidence intervals as drastically (Cl = 0.635).
Because of the uncertainty of branching position of eu-
bacterial sequences within eukaryotic paralogs, and be-
cause these sequences appear to decrease measures of
tree quality (bootstrap values and CI), eubacterial se-
guences were not included in further detailed parsimony
or distance analyses.

Euryarchaeote and Crenarchaeote Sequences Do Not
Form Monophyletic Groups

We first performed phylogenetic analyses on a data
set that included only archaeal sequences, and the eu-
karyotic « and & paralogs as outgroup sequences. Par-
simony and distance analyses always recover topologies
that place the archaeal paralogs as a monophyletic as-
semblage, but they do not recover topologies that group
the crenarchaeote and euryarchaeote sequences into two
distinct monophyletic groups, as would be expected
from other molecular data sets (Woese 1987; Woese et
al. 1991). For instance, the recently released genome
sequence of the euryarchaeote A. fulgidus contains two
family B DNA polymerases; neither of these sequences
group with other euryarchaeote sequences (fig. 2). One
of the paralogs, which we call A. fulgidus B2, consis-
tently groups with the divergent S. solfataricus P2 B2
paralog with 100% bootstrap support in both methods,
while the other paralog groups with the S. solfataricus
P2 B3/S. shibatae B3/P. occultum B3 paralogs with
moderate bootstrap support (65% for parsimony and
50% for PROTDIST). We call this A. fulgidus paralog
B3. This paralog groups with euryarchaeote sequences,
excluding all other crenarchaeote sequences, in only
14% of 100 parsimony bootstrap replicates and in 16%
of 100 distance bootstraps. The relationship among the
remaining crenarchaeote paralogs, typified by the S sol-
fataricus P2 B1 and B2 sequences, is nhot well supported
by bootstrap analysis. Only 44% of parsimony and 14%
of 100 distance bootstrap replicates place the B1 and B2
paralogs as a sister group. However, there is less than
10% bootstrap support in both methods for placing the
B2 paralogs alone as a sister group to euryarchaeotes
seguences.

The Four Eukaryotic Paralogs Do Not Form a
Monophyletic Group to the Exclusion of
Archaeal Paralogs

We then performed phylogenetic analysis on a data
set that included all archaeal paralogs and the eukaryotic
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a, 8, €, and Rev3 paralogs. In both parsimony and dis-
tance methods, we found that the four eukaryotic par-
alogs do not form a monophyletic group to the exclusion
of archaeal sequences, and one of the eukaryotic par-
aogs, €, consistently branches within archaeal sequenc-
es as a sister group to euryarchaeotes (fig. 2). This
branching pattern is somewhat suspect because of ex-
tremely long branch lengths of the eukaryotic e paralogs
relative to other eukaryotic and archaeal paralogs, and
is only found in 34% of parsimony and 41% of distance
bootstrap replicates (fig. 3). The remainder of the boot-
strap support was spread between various groupings of
euryarchaeote, €, and crenarchaeote B2 and B3 paralogs.
However, only 8% of parsimony and 4% of distance
bootstrap replicates grouped the four eukaryotic para-
logs together to the exclusion of archaeal paralogs.

Maximum-likelihood analysis also suggests that the
e-type and euryarchaeote polymerases might be orthol-
ogs (figs. 2 and 3). PUZZLE analysis with all archaeal
and eukaryotic taxa recovered an euryarchaeotel/e group-
ing, as in parsimony and distance analyses, with 51%
support (fig. 3). In none of the 1,000 quartets analyzed
did the eukaryotic e paralog group with «, 3, or Rev3
paralogs. PROTML analysis produced essentially the
same results as other methods (figs. 2 and 3). Eukaryotic
e paralogs grouped with euryarchaeote sequences (ex-
cluding A. fulgidus paralogs), and in only 0.3% of the
1,000 most likely trees did the eukaryotic €, «, 8, and
Rev3 paralogs form a clade to the exclusion of archaeal
sequences. In addition, visual inspection of the amino
acid alignment of family B DNA polymerases indicates
that in exonuclease domain |1, € and euryarchaeote se-
quences are remarkably similar (fig. 1) supporting the
phylogenetic results.

Bootstrap support for a «/3/Rev3 clade was sur-
prisingly low, possibly due to the long branch lengths
of the Rev3 paralogs relative to the o« and & paralogs.
When Rev3 sequences were removed from the data set,
bootstrap values for an o/ clade increased for both par-
simony and distance analyses (fig. 3). Low bootstrap
values for an «/8/Rev3 clade in distance analysis are
also due to an attraction of the rapidly evolving S. sol-
fataricus P2 B2/A. fulgidus B2 paralogs for the Rev3
paralogs. When the archaeal B2 paralogs are removed
from the data set, bootstrap support increases to 90% in
distance analysis (fig. 3).

As expected, the three DNA polymerases we am-
plified from representatives of early-diverging protist
lineages, & and e paralogs from T. vaginalis and an «
paralog from G. intestinalis, al grouped with ortholo-
gous sequences from other eukaryotes (fig. 2). However,
in two of the three eukaryotic subgroups, the « and 3
paralogs, sequences we obtained from early-diverging
lineages were not basal to other eukaryotic sequences,
as would be expected from other molecular phylogenies
(Sogin et a. 1989; Cavalier-Smith 1993; Baldauf, Palm-
er, and Dooalittle 1996; Cavalier-Smith and Chao 1996).
In both « and & subtrees, the P. falciparum sequences
were basal to al other eukaryotes, possibly due to the
divergent amino acid sequences and long branch length
of the a paralog. When the P. falciparum « paralog was
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6

S.solfataricus P2 Bl DIKRVAIDIEVY
S.solfataricus P2 B2 ELEKLERIIERL
S.solfataricus P2 B3 ELRTIGVDFQIY
S.shibatae B3 ELRAIGIDFQIY
S.acidocaldarius Bl DIKRVSLDIEVY
P.occultum Bl XPRRLAVDIEVF
P.occultum B3 P
A.fulgidus B2 ELKMLVFDCEML
A.fulgidus B3 LLEALETRYKVE
P.furiosus ELKILAFDIETL
Pyrococcus sp. ELKLLAFDIETL
M.voltae
M.jannagchii
H.sapiens
S.cerevisiae
T.vaginali

FV.VLAFDIETT
FV.VMAFDIETT
FPRILAFDIEGCS

FPIISI
DPYNLV
DPIVVM
DPIVVL
FPIISV
YPVISV

GPIIMI
GPIIMI

ELNCIAFDMELY DPIIMV EKELIQKTIEIL..K QYDVIYT
KLKSVAFDMEVY DPILMA EXELIKKITIETL..K EYDVIVT

DQIMMI
DQIMMI
DOIMM

PLRVLSFDIECA
S .pombe PLRIMSFDIECA
S.cerevisiae PLRIMSFDIECA
P.falciparum KLRILSFDIECI
T_.vaginali 2222322322222

H.sapiens

DPVIQI
DPVIQI
DPVIQI
DPIIQI
2222722

EYELLGRFFDILLEY [. B ]
DLKIIRRFVDYILNY
DLKIIRKFVDYILNY
ERKLLARLFEIIREY {.
ERALILEAFRLISNY {.

VEYVRAE

EREMIKRFLRIIREK DPDIIVT
EREMIKRFLKVIREK DPDVIIT

EAHLIQRWFEHVQET KPTIMVT
EVALLQRFFEHIRDV RP’I‘VIST

W
EEDLLQAWSTFIRIM DPDVITGYNIQNFDLPYLIRG
EKTLLEAWNEFIIRI DPDVLIGYNICNFDIPYLLRG
EEEMLSNWRNFIIKV DPDVIIGYNTTNFDIPYLLRG
EKTLLEAWNEFIIRI DPDFLTGYNIINFDLPYILNR
222222222222227 222222222222222222222

14 15 16 L

GAVVIDPPAGIFFNIY.VLDFASLYPSIIRT.WNLSYETV

GGLILFPQPGCYDNVY . QVDFSSMYPSLIVK.HNISAETV
KNIIIQPKVGIYTDVY.VLDISSVY.SLVIRKFNIAPDTL
KTVI.EPKIGIYSDVY.VLDISSVY.LSVIRKFNISPDTL
GAVVIDPPAGVYFNVV.VLDFASLYPSIIKN.WNISYETI
GALVLDPPSGIYFNIV VLDFASLYPSIIKR.WNLSYETV

CREN

K N
GAFVLEPERGLHENVAC LDFASMYPSIMIA FNISPDT.
GGMIFQPEPGIYENVW.QLDFTSMYPSIIVK.HNLSPESI
GGFVKEPEKGLWENIV.YLDFRALYPSIIIT.HNVSPDTL
GGYVKEPEKGLWEGLV , SLDFRSLYPSIIIT. HNVSPDTL
GGYVREPLKGIQEDIV.SLDFMSLYPSILIS.BENISPETV

PEKGMFEDIT , SMDFRSLYPSTIIT, PDTL
GGHVEALESGVFRSLIYHLDVGAMYPNIILT. . NRLQPAM
GGHVESLEAGVFRSLIYHVDVASMYPNIMTT NRLQPDS

EURY

GATVIEPLKGYYDVPIATLDFSSLYPSIMMA HNLCYTTL
GATVIEPIKGYYDTPIATLDFSSLYPSIMMA. HNLCYTTL
GATVIEPIRGYYDVPIATLDFNSLYPSIMMA . HNLCYTTL
GATVLEPIKGYYIEPISTLDFASLYPSIMIA.HNLCYSTL
2227222227227272722222222222?MIG. HNICYSTL

DELTA

S.cerevisiae Rev3 KIPDPAIDEVSM
M.musculus Rev3 222222722222

CIIW.
2227222

EFEMFEALTDLVLLL DPDILSGFEIHNFSWGYIIER
EKALFO]

H.sapiens

O .nova

T.bruceii

S.cerevisiae

P.falciparum
G.intestinali

ERTLLGFFLAKVHKI DPDIIVGHNIYGFELEVLLQR
ERQLIEAFVAKIYQL DPDLMVAHNLCGGMFDLLLAR
ERALLTWFAETLAAL DPDIIVGHNIIGYTVETLLNR
EKAMLSCFCAMLKVE DPDVIIGHRLQNVYLDVLAHR
EKELLHTFLEKIKDL DIDIYIGYNILNFDLEFLIHR
E F_NPDIIM YFH

VPLVMEPESAFYKSPLIVLDFQSLYPSIMIG. YNYCYSTM REV3
GGLVLDPKVGFYDKFILLLDFNSLYPSIIQE.FNICFTTV
GGLVIEPKAGFYDNIILLLDFNSLYPSIIQE.YNLCFTTV
GGMVLEPKSGLYSEYILLLDFNSLYPSLIQE.FNVCYTTI
GGLVFEPEKGLHKNYVLVMDFNSLYPSIIQE.FNICFTTV
GGLVLDPLCGYYDTFVLYLDFNSLYPSIIIE. YNVCFSTL

YVMDPVAGFHDKIV; IRE.YSLCFTTL

ALPHA

E.coli
P.aeruginosa

PLKWVSIDIETT
RLRLVSLDIETN

RIVYML
RQVYML

RPQLLEKLNAWFANY DPDVIIGWNVVQFDLRMLQKH GGYVMDSRPGLYDS.VLV.DYKSLYPSIIRT.FLIDPVGL
RAGLLERLNQWLAEH DPDAIIGWNLVQFDLRVLHEH GASSLTRGRGSYDRCWCSTN.KSSVPSWSNR.F..... GL

EUB

Exonuclease
Domain I

S.solfataricus P2 Bl
S.solfataricus P2 B2
S.solfataricus P2 B3
S.shibatae B3
S.acidocaldarius Bl
P.occultum Bl
P.occultum B3
A.fulgidus B2
A.fulgidus B3
P.furiosus

GI’I‘AVITGLLRDFR VKIYKKKA
GIIPEALQWLIERKSELK.
GLYKTFLDELSNVR
GLYKTFLEELSNIQ.
GITAVYQGLIRDFR. VKVYKKKA
GLTSQIVGLLRDYR. . VKIYKKKA
GFFKTVL LKLRR KMKEF
GFFKRILRMLIEKRRELKVELKNL
GFLAEVLEPLLRLRIKTKSLKRKD
GFIPSLLGHLLEERQKIKTKMKET

Polymerase Domain IV

Exonuclease Domain II

QRAMKVF' INATYGVFGAE
AEATIKWILVASFGYLGYR.

IKVIEELISSFNDYVHWV.
TFLEEELMSSFYDYIHWI.
QRAMKVFINATYGVFGAE.
QAAMKVYINASYGVFGAE.

KALKYLANA

QOTLKVLTNSFYGYMGWN .
DSILKWMLVTCFGYTGYR.
QOKAIKLLANSFYGYYGYA.

Pyrococcus sp. GFIPSLLXKRLLDERQEIKRKMKAS

QORATKILANSYYGYYGYA.

M. vol tae GIT PK’I‘LNELLSRRKHIIO’KLLKDK

QKSIKVLAN: SHYGYLAFP

Q

TFPLYAPAVAESVTALGR
NSLFGKIEAYEMVTYLAR
NARWYSREIA.SAFDEFS
NSRWYSREIA.SAVDELS
NFPLYAPAVAESVTAIGR
SFPFYAPPVAESVTAIGR

RCAEAVTAWGR
LARWYCHPCAEATTAWGR
NAKFGRIEVHEEINRIGR
KARWYCKECAESVTAWGR
KARWYCKECAESVTAWGR
MARWYSDKCAEMVTGLGR

Polymerase Domain II

20 21

VLYGDTDSLFK
VLHGIIDSLVV
VILANDLLIFV
VILANDFLVFV
VIYGDTDSLFL
VLYGDTDSLFIL

VLYGDTDSIFV
VLHGIVDCLWV
VLYIDTDGLYA
VLYIDTDGLYA
VIYADTDGFYA

23 24

FVAYSGLRKNYFGV
KET..GLRKRYNWL
KSLLVLDNNRYAGL
RSLLILGNDRYAGL
YVAYSGLKKNYFGT
FVTFSGLKKNYIGA

FTEAKKR' L
AIFFVE.KKRYAGL
ETGLLTEVEKFDWI
RGFFV.TKKRYAVI
RGFFV.TKKKYALI
RGLFV TKKKYALI

25

DIKGMLVKKRNTPEFVK
IAKGL. . TRENMPNIVK
DIARKGEEDMNLCELAR
DIARIGKEDRDLCELVR
EIKGMLAKKRNTPEFIX
DVKGMVAKKRNTPEFLK

ELAK
VVEGLEVRRGDWCELAK
LRGVMARRRDVPEYVKR
ITRGLEIVRRDWSEIAK
ITRGLEIVRRDWSEIAK
VVKGLEVVRRDWSNIAK

GLHKVWKKKLSAAVEVGDAAEVKR
GLAKTWKGNLSKIDPSDKHARDEA

H sap.1 ens
S. cerev1s 1ae

QLAHKC I LNSFYGYVMRK
QLAHKVI LNSFYGYVNRK

GARWYSMEMAGIVCFTGA
GSRWYSNEMAGITC LTGA

FLELDTDGIWC
PLELDTDGIWC

VLP. KKLKKRYAVF
I L P . KGIKKRYAVF

B
ELKGFEV‘KRRGELQL IK
ELKGFELKRRGELQLIK

H. saplens
S.pombe
S.cerevisiae

GLLPQILENLLSARKRAKAELAKE
GLLPIILADLLNARKKAKADLKKE
GILPIILDELISARKRAKKDLRDE

QLALKVSANSVYGFTGAQ
QLALKVSANSVYGFTGAT .

QLALKISANSVYGFTGAT.

p.falciparum GILPLIVEELIEARKKVKLLIKNE

VGKLPCLE I SQSVTGFGR
NGRLPCLAISSSVTSYGR
VGKLPCLAISSSVTAYGR

QLALKISANSVYGYTGASSGGQLPCLEVAVSITTLGR

GVYLPEIL
STLSKMLTDILDVRVMIKKTMNET

T.vaginali,
S.cerevisiae Rev3
M.musculus Rev.
H.sapiens

O.nova

GILPREIRKLVERRKQVKQLMKQQO
AVLPMVLRDLVQKRKAVKDKMKTE

T.bruceii CILPKVIRGLVDSRREIKRMMKSE
S.cerevisiae GVLPRLLANLVDRRREVKKVMKTE
E' fa1c1parum GILP(‘TT'K LVEKRSVIKKLISNE

VVYGDTDSVMC
VIYGDTDSVMV
VVYGDTDSVMV
VIYGDTDSVMV
V1222222222

FPYLLISKKRYAGL
FPYLLISKKRYAGL
FPYLLINKKRYAGL
CPYLLLNKKRYAGL
2222222222222

DCKGLEAVRRDNCPLVA
DSKGIETVRRDNCPLVS
DQEGLASVRRDSCPLVS
DCKGIETVRRDFCILIQ
2222222%22222222272

QLALKLLANVTYGYTSASFSGRMPCSDLADSIVQTGR

QKALKLTANSMYGCLGFS .
QRAIKLTANSMYGCLGFG.
QLALKLTANSMYGCLGFE.

QQALKLTANSMYGCLGYT.
SLSIKLISN IYGCLGN’I‘

GVLPRMLEETLKTRLMVKOSMKSY QLGLKLIANVTFGYTAANFSGRMPCIEVGDSIVHKAR

VVYGDTDSLFV

HPSILISKKRYVIF

DAKGIETVRRDGIPAQQ

VYGDTDSMFV  LPCVLOTRKRYVVE DAKGIETVRRDSCPAVS

YSRFYAKPLAALVTYKGR
SSRFHAQATAALITRTGR
YSRFYAQPLAELVTRQGR
KSRFYARPLAVLITYKGR
N'N'RFYAKHIASYITSKGR

VIYGDTDSIMI

VVYGDTDSIMI

VIYGDTDSVMI

VIYGDTDSVML

VIYGDTDSIMI
DTD.

NTNLLLKKKKYAAL
NTGLLLKKKKYAAL
QTGLLLRKKKYAAL
NTNLLHAKKKYAAL
DTGLLLKKKKYACA

ELKGLDIVRRDWCDLAK
EMKGLDMVRRDWCPLSK
EVKGLDMVRRDWCPLSQ
DVRGLDMKRREFCTLAK
EMKGIN‘FIKRDFSKISK

.REKHCL.PEIVTN
.RTRHCL. PAIVAR

E. col i GFLDAW'FS
P.aeruginosa GFRGARFS..

SQALK I IMNAFYGVLGT’I‘
SQALKIIMNAFYGVLGSS.

ACRFFDPRLASSITMRGH
GCRFFDPRLASSITLRGH

M
VIYGDTDSTFV
VIYGDTDSTFV

RGADTGSKKRYAGL
RGAEEGSKKRYAGL

VFKGLETVRTDWT PLAQ
VFKGLETVRTDWSPLAQ

Polymerase Domain VI

Polymerase Domain III

Pol;

Pol.

Pol

Domain I

Domain VIX

Domain V

EPSILON

CREN

EURY

EPSILON

DELTA

REV3

ALPHA

EUB

Fic. 1.—Amino acid alignment of eubacterial, archaeal, and selected eukaryotic family B DNA polymerase sequences. Numbering of
conserved functional domains is as previously published (Wong et a. 1988). Secondary-structure elements corresponding to the family B DNA
polymerase of bacteriophage RB69 are indicated by an arrow (for B-sheets) or a hatched rectangle (for a-helices). Lines represent unstructured
regions of the protein. Each structural element is assigned a letter or number corresponding to its position in the RB69 DNA polymerase amino
acid sequence (6): Sheet 6, 109-117; 10, 211-216; 14, 395-399; 15, 403—-405; 16, 407-412; 20, 626-621; 21, 622—626; 23, 700-703; 24, 707—
710; 25, 726-728. Helix C, 194-208; D, 222-230; L, 417-424; N, 471-491; P, 547-571; Q, 581-597. The single-amino-acid deletions in
exonuclease domain Il of crenarchaeote polymerases that support a grouping of B1 orthologs are indicated by boxes. Signature sequences that
support a grouping of archaeal and eukaryotic e polymerases are indicated by shaded boxes. Gaps introduced in the alignment are indicated by
periods. Missing data are indicated by question marks.

removed from parsimony analyses, the G. intestinalis
sequence was basal to other eukaryotic o paralogs (not

shown).

Discussion

Phylogenetic Analysis of Family B DNA Polymerases
Is Confounded by Rapid Rates of Sequence Evolution

Phylogenetic analysis of family B DNA polymer-
ases is problematic for two reasons. First, the number
of amino acids that can be aligned with confidence be-

tween eubacterial, archaeal, and eukaryotic paralogs is
small. Second, a number of archaeal and eukaryotic par-

alogs exhibit extremely long branch lengths relative to
other paralogs. Because these sequences have experi-
enced high rates of amino acid replacements relative to

other family B paralogs, they may artifactually attract
other rapidly evolving taxa during phylogenetic recon-
struction (Felsenstein 1978; Huelsenbeck 1997). One
method for dealing with such long-branch effects is to
obtain sequence from taxa thought to be intermediate in
branching position to the rapidly and slowly evolving
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98/86

34/41/77

30/57/78
£~ 100/100

98/96
: Homo sapiens
100/95 Saccharomyces
cerevisine
Trichomonas vaginalis

P Pyrodictium occultum B3
Sulfolobus solfataricus P2 B3
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eukaryote - epsilon

24761/72

%

40

Bos tarus

70/40

80/58

53/90
87/89

77/84

Homo sapiens
Mus musculus

53*

58/64 Oxytricha nova

Plasmodivum falciparum

Sulfolobus shibatae B3

Sulfolobus acidocaldarius Bl
Pyrodictium occultumB1

M_-_'————;Sulfolobus solfataricus P2

Homo sapiens

Sulfolobus solfataricus P2 B1
100/100
26/12/23

Mus musculus
Schizosaccharomyces pombe
Saccharomyces cerevisiae
Candida albicans

Drosophila melanogaster

98,100 Trichomonas vaginalis

Caenorhabditis elegans
Plasmodium falciparum

100/100 Saccharomyces cerevisine 9
—-|: eukaryote - Rev3

Mus musculus
Saccharomyces cerevisiae
Trypanosoma bricei

Oxytricha trifallax
Gigrdia intestinalis

crenarchaeote

B2
5 B2

eukaryote - delta

eukaryote - alpha

Fic. 2—Phylogenetic analysis of eukaryotic and archaeal family B DNA polymerases. The tree shown is 1,250 steps (consistency index
= 0.644, homoplasy index [HI] = 0.356) and is one of 66 shortest trees found by parsimony analysis with all eukaryotic and archaeal sequences.
Bootstrap values are indicated above nodes in the order parsimony/PROTDIST/PROTML. Nodes constrained during PROTML analysis are
indicated by an oversized line; no PROTML bootstrap values are indicated at these nodes. The dashed lines connecting the A. fulgidus B3 and
P. occultum B3 seguences to a common branch with S solfataricus P2 B3 and S. shibatae B3 sequences indicate that this topology was found
preferentially in PROTDIST analysis. Bootstrap values in the order parsimony/PROTDIST/PROTML to the right of the circled and shaded letter
“A" indicate support for this topology. The circled and shaded letter ‘B’ refers to bootstrap values (parsimony/distance) supporting a grouping
of the «, 8, and Rev3 eukaryotic paralogs when al taxa were included in the analyses. The circled and shaded letter ““C” refers to bootstrap
values for the same grouping obtained when either Rev3 paralogs (above line) or B2 paralogs (below line) were removed from parsimony and
distance analyses. Bootstrap values with asterisks indicate support for nodes found in PROTML analysis when eubacterial outgroup sequences

were used.

taxa (Swofford et al. 1996). We attempted to do this by
sequencing the DNA polymerase e paralog from T. va-
ginalis and by including eubacteria and archaeal par-
alogs from recently released genome sequences.

Of all phylogenetic reconstruction methods com-
monly used, likelihood-based methods perform with
higher accuracy and consistency than either parsimony-
or distance-based methods in simulations that approxi-
mate conditions similar to those seen with the family B
DNA polymerase data set, a small number of informa-
tive sites, and rapid rates of sequence evolution (Hase-
gawa and Fujiwara 1993; Kuhner and Felsenstein 1994,
Huelsenbeck 1995; Swofford et al. 1996). It is note-
worthy, then, that in both likelihood methods employed,
PUZZLE and PROTML, eukaryotic e paralogs were
never observed to branch with other eukaryotic para-

logs, but instead always branched with archaeal paralogs
(figs. 2 and 3). Given that this result was also recovered
by parsimony and distance methods, it is possible that
this topology accurately reflects the evolutionary history
of family B DNA polymerases. Low bootstrap support
for this grouping is probably due to long branch attrac-
tions between various archaeal (e.g., crenarchaeote B2)
and eukaryotic (e.g., Rev3) paralogs.

Eubacterial Family B DNA Polymerases: Multiple
Independent Losses or Lateral Transfer?

The replicative DNA polymerases of eubacteria
(DNA polymerase |11, afamily C polymerase, and DNA
polymerase |, afamily A polymerase) and the replicative
DNA polymerases of eukaryotes (all family B polymer-
ases) do not share significant primary sequence similar-
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Bootstrap support at

Taxa deleted node (pars/dis/ML)

Tree topology

eubacteria
8/rev3

i021/45 1 100
2 28/30/53 (15)
B 36/30/40 (41)
4 24/42/78 (40)
§22/40/77 (51)
640/19/23 (17)

none

 70/40/58
3 26/12/27
830/57/43
4 34/41/53

eubacteria

1 53/90/97
2 68/70/82
3 52/46/58

eubacteria,
cren B2

% 80/58/56
945/14/24
8 33/55/45
% 34/41/55

eubacteria,
rev3

FiG. 3.—Summary and comparison of bootstrap values found by
parsimony, distance, and maximum-likelihood methods for varioustree
topologies. Each tree topology is a consensus of optimal trees found
by parsimony and distance and does not include branch lengths. Boot-
strap values are in the order parsimony (pars)/distance (dis)/maximum
likelihood (ML). ML values are those found by PUZZLE analysis,
except for the tree topology found when al taxa were included, for
which both PROTML and PUZZLE (in brackets) values are stated. In
addition, node la and the dashed line leading to eubacteria indicates
that PUZZLE analysis placed the eubacterial sequences as an outgroup
to eukaryotic and archaeal paralogs. Euryarchaeote is abbreviated as
eury and refers to all euryarchaeote sequences except the A. fulgidus
paralogs. Crenarchaeote paralogs are abbreviated to B1, B2, and B3.
B2 and B3 include the paralogs from the euryarchaeote A. fulgidus.

ity (Braithwaite and Ito 1993; Edgell and Doolittle
1997). However, one homologous DNA -dependent
DNA polymerase, a family B polymerase, is present in
representatives of all three domains (Braithwaite and 1to
1993; Iwasaki et al. 1991) suggesting that it must have
been present in the genome of the cenancestor. Yet, the
cenancestral function of this DNA polymerase is un-
clear; a change of function(s) must have occurred in
either the eubacterial lineage (where the family B ho-
molog polB now functions primarily as a repair poly-
merase; Bonner et al. 1990; Iwasaki et al. 1990) or the
archaeal/eukaryotic lineage (where family B homologs
now function as replicative polymerases; Budd et al.
1989; Morrison et a. 1990; Budd and Campbell 1993).
Interestingly, the E. coli polB protein can interact with
the eubacterial processivity factor, Pol3 (encoded by the
dnaN gene), and with the clamp loading y complex
(Hughes et al. 1991; Bonner et a. 1992). These proteins

primarily associate with the E. coli replicative polymer-
ase, polC, implying that association of these proteins
with polB could confer processive replication on polB.
Recent experimental evidence has demonstrated that
polB does replicate chromosomal and episomal (F')
DNA in dividing cells, but only in the presence of an
antimutator allele of polC (Rangargjan et al. 1997).
However, it is not clear if polB is used in a replicative
function in logarithmically growing wild-type cells.

If afamily B DNA polymerase was encoded in the
genome of the cenancestor, the present distribution of
eubacterial homologs is most confusing. Family B hom-
ologs have only been found in three eubacteria, E. coli,
V. cholerae, and P. aeruginosa, all closely related mem-
bers of the ~y-subdivision of proteobacteria (Woese
1987). A family B DNA polymerase is missing, or has
diverged so much in primary sequence as to be unre-
cognizable by common database search algorithms,
from the completely sequenced eubacterial genomes of
Haemophilus influenzae (Fleischmann et al. 1995), My-
coplasma genitalium (Fraser et a. 1995), Mycoplasma
pneumoniae (Himmelreich et al. 1996), Synechocystis
sp. strain PCC6803 (Kaneko et al. 1996), Helicobacter
pylori (Tomb et a. 1997), and Borrelia burgdorferi
(Fraser et a. 1997) and from many partially sequenced
eubacterial genomes (see Results). The observed distri-
bution of eubacterial family B homologs suggests that
multiple independent losses have occurred along eubac-
terial lineages, except in the lineage leading to the v
subdivision of proteobacteria, after eubacteria diverged
from a common ancestor with archaea and eukaryotes.
It is also possible that a family B homolog was present
in the cenancestor, was lost only once in the common
ancestor of eubacteria after the divergence of the eubac-
terial and archaeal/eukaryotic lineages, and has since
been reacquired by lateral transfer in the -y-proteobac-
terial lineage from a noneubacterial source. Alternative-
ly, afamily B DNA polymerase(s) might not have been
present in the cenancestor at all, but might have evolved
by gene duplication along the archaea/eukaryotic lin-
eage after the divergence of eubacterial and archaeal/
eukaryotic lineages from the cenancestor. A family B
DNA polymerase would subsequently have been ac-
quired by vy-proteobacteria through lateral transfer from
a noneubacterial source.

Phylogenetic Analysis is Suggestive of Multiple
Independent Gene Duplications During the
Evolution of Archaeal and Eukaryotic Family B
DNA Polymerases

The finding of multiple family B DNA polymerases
in eukaryotes and some (Uemori et al. 1995; Edgell,
Klenk, and Doolittle 1997; Klenk et a. 1997), but not
al, archaea (Bult et al. 1996; Smith et al. 1997) raises
a number of interesting questions concerning the evo-
lution of archaeal and eukaryotic DNA polymerases.
The foremost question is whether the gene duplications
that gave rise to the multiple archaeal and eukaryotic
paralogs occurred independently of one another after the
split of the archaeal and eukaryotic lineages, or whether
the gene duplications occurred in a common ancestor of
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archaea and eukaryotes. Our phylogenetic analyses are
suggestive of multiple independent gene duplication
events in the evolution of archaeal and eukaryotic fam-
ily B paralogs, al of which occurred after the diver-
gence of archaea and eukaryotes from the cenancestor.
Although phylogenetic analysis of archaeal and eukary-
otic family B DNA polymerases is problematic because
some paralogs have extremely long branch lengths and
because there are a limited number of phylogenetically
informative sites, we can, with some certainty, make the
following conclusions concerning the evolutionary his-
tory of family B DNA polymerases.

First, the gene duplications that gave rise to the
three eukaryotic replicative paraogs («, 8, and €) oc-
curred prior to the divergence of the earliest eukaryotic
lineages. We feel that this conclusion is well supported,
because we have sequenced phylogenetically conserved
regions of these paralogs from representatives of early-
diverging lineages (fig. 1) and because these eukaryaotic
paralogs form monophyletic groups in phylogenetic
analysis (fig. 2). Another gene duplication, which in-
volved a d-type paralog and give rise to the Rev3 par-
alogs found in M. musculus and S. cerevisiae, occurred
at some point during eukaryotic evolution. As this par-
alog has only been sequenced from representatives of
late-diverging groups (animals and fungi), it is impos-
sible to determine if this duplication event also occurred
early in eukaryotic evolution.

Second, the common ancestor of archaea and eu-
karyotes likely possessed two family B DNA polymer-
ases. The observations that archaeal sequences are split
into two phylogenetic groups, that representatives of
both euryarchaeotes and crenarchaeotes possess multiple
paralogs that fall into each of these two groups, and that
one eukaryotic paralog, €, consistently branches within
archaeal sequences all support this conclusion. One of
the ancient polymerases was ancestral to present-day eu-
ryarchaeote, archaeal B3, and eukaryotic e paralogs, be-
cause these sequences group together in phylogenetic
analysis. The second ancient family B polymerase was
probably ancestral to present-day archaeal B2 paralogs,
because B2 orthologs are found in both crenarchaeotes
(e.g., S solfataricus P2 B2) and in euryarchaeotes (e.g.,
A. fulgidus B2).

Third, one of the ancestral family B DNA poly-
merases was lost from some, but not all, euryarchaeotes
after the split of the two archaeal kingdoms. The finding
of only a single family B paralog in the completely se-
quenced genomes of M. jannaschii (Bult et al. 1996)
and M. thermoautotrophicum (Smith et al. 1997), but
two family B paralogs in the completely sequenced A.
fulgidus genome (Klenk et al. 1997), suggests that the
ancestral B2 paralog was lost from these archaeal lin-
eages. Crenarchaeote B1 paralogs evolved as the result
of a gene duplication event that occurred after the di-
vergence of the two archaeal kingdoms.

However, because the branching pattern between
some archaeal paralogs is not supported by high boot-
strap values, we can envision an aternative explanation
that as well explains the distribution and phylogenetic
relationships of archaeal and eukaryotic paralogs as
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those presented above. In this alternate scenario, only a
single family B DNA polymerase predates the diver-
gence of archaea and eukaryotes and was ancestral to
present-day euryarchaeote, crenarchaeote B3, and eu-
karyotic e paralogs, as well as one of the two A. fulgidus
paralogs. All remaining crenarchaeote, euryarchaeote,
and eukaryotic family B paralogs evolved by duplica-
tion(s) from this ancestral paralog before the divergence
of archaeal and eukaryotic lineages. This scenario would
imply that present-day archaeal and eukaryotic paralogs
are actually orthologs (for example, eukaryotic « and
crenarchaeote B1 sequences), but for reasons stated
above, we cannot accurately reconstruct the phyloge-
netic relationship of these family B DNA polymerases.
The absence of B2 paralogs from euryarchaeote ge-
nomes (excluding A. fulgidus) is best explained by loss
of this paralog from the genome of the common ancestor
of euryarchaeotes after the divergence of the lineage that
gave rise to A. fulgidus.

Specialization of DNA Polymerase Function in
Archaea and Eukaryotes

Another question of interest concerns the func-
tion(s) of eukaryotic and archaeal family B DNA pol-
ymerases that are likely orthologs, the euryarchaeote
polymerases (excluding A. fulgidus paralogs) and e-type
paralogs of eukaryotes. Since their divergence, euryar-
chaeote and eukaryotic e polymerases have indepen-
dently undergone numerous changes in structure and
function. For instance, the catalytic subunits of S. cer-
evisiae and H. sapiens DNA polymerase e are both over
2,200 amino acids in length (Morrison et al. 1990; Kesti,
Frantti, and Syvaoja 1993), yet euryarchaeote and cren-
archaeote B3 polymerases are under 900 amino acidsin
length (see, e.g., Uemori et al. 1993). These additional
amino acids of DNA polymerase €, present as a long
carboxy-terminal extension relative to other family B
paralogs, are implicated in cell cycle regulation, as de-
letion of this region interferes with a DNA replication
checkpoint in S phase (Navas, Zhou, and Elledge 1995).
Since archaea are not likely to possess a eukaryote-like
cell cycle (or the elaborate checkpoint controls associ-
ated with one), it is probable that this region of DNA
polymerase e was acquired early in the evolution of eu-
karyotes.

Regardless of the exact cellular function(s) and bio-
chemical activities of archaeal and eukaryotic family B
paralogs, it is clear that archaea and eukaryotes share
many more similarities in DNA replication machinery
than either do with eubacteria (Edgell and Doolittle
1997). Most of the protein components shared between
archaea and eukaryotes must have been present, and
functioning in a replicative function, in a common an-
cestor. At least one of these components, family B DNA
polymerases, has been subject to selection for expanded
function(s), whether by duplication or addition of func-
tion-specific domains, since archaea and eukaryotes di-
verged.
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