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Abstract. The FtsZ protein is a polymer-forming
GTPase which drives bacterial cell division and is
structurally and functionally related to eukaryotic
tubulins. We have searched for FtsZ-related se-
quences in all freely accessible databases, then used
strict criteria based on the tertiary structure of FtsZ
and its well-characterized in vitro and in vivo prop-
erties to determine which sequences represent genuine
homologues of FtsZ. We have identified 225 full-
length FtsZ homologues, which we have used to
document, phylum by phylum, the primary sequence
characteristics of FtsZ homologues from the Bacte-
ria, Archaea, and Eukaryota. We provide evidence
for at least five independent ftsZ gene-duplication
events in the bacterial kingdom and suggest the ex-
istence of three ancestoral euryarchaeal FtsZ para-
logues. In addition, we identify ‘‘FtsZ-like’’ sequences
from Bacteria and Archaea that, while showing sig-
nificant sequence similarity to FtsZs, are unlikely to
bind and hydrolyze GTP.
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Septation — Cytokinesis — GTPase — FtsA

Introduction

In 1980, the ftsZ gene was first identified as being
involved in division of Escherichia coli cells (Lutken-

haus et al. 1980). Since then it has been demonstrated
that FtsZ is critical for the process of cell division in E.
coli and Bacillus subtilis (Lutkenhaus and Addinall
1997). Identification of FtsZ from a species of Arch-
aea and demonstration that this protein was involved
in cell division, indicated that FtsZ might have a
universal role in prokaryotic cell division (Wang and
Lutkenhaus 1996). Data from genome sequencing
projects have predominantly supported this view.
Genes encoding proteins with significant sequence
identity to FtsZ have been found in the genomes of
virtually all species of bacteria and all euryarchaeota
for which sequence data are available. Amongst bac-
teria, only members of the Chlamydiaceae family and
Ureaplasma urealyticum lack FtsZ homologues
(Brown and Rockey 2000; Glass et al. 2000; Read et
al. 2000). While the former are obligate intracellular
bacteria (Schachter and Wyrick 1994) and may
therefore use host mechanisms for division, U. urea-
lyticum remains the only bacterial species known to
lack FtsZ which can grow and divide in culture.
FtsZ homologues can also be found in a number of

eukaryotes. There is good evidence that these
eukaryotic FtsZ proteins are required for division of
either chloroplasts (Mori et al. 2001; Osteryoung and
McAndrew 2001; Vitha et al. 2001) or mitochondria
(Beech and Gilson 2000; Beech et al. 2000; Gilson and
Beech 2001). Indeed, phylogenetic analyses show that
chloroplast and mitochondrial FtsZs are most closely
related to FtsZ from Cyanobacteria and a-proteobac-
teria respectively (Beech et al. 2000; Osteryoung
and McAndrew 2001), giving elegant support to the
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endosymbiontmodel for theoriginsof theseorganelles.
However, the absence of FtsZ homologues from a
number of completed eukaryotic genomes (Goffeau et
al. 1996; Consortium 1998;Adams et al. 2000;Wood et
al. 2002) illustrates that not all species use FtsZ for
mitochondrial division. Instead, it appears that dyn-
amin-related proteins have taken over this role inmany
eukaryotes (Erickson 2000;Margolin 2000a; Smirnova
et al. 2001; Arimura and Tsutsumi 2002; Shaw and
Nunnari 2002).
The function of FtsZ is most extensively charac-

terized in the c-proteobacterium E. coli. Prior to the
onset of cell division, FtsZ polymerises into a ring
structure at the centre of the cell, on the inner surface
of the cytoplasmic membrane. This Z-ring then re-
duces in diameter, driving invagination of the divi-
sion septum (Lutkenhaus and Addinall 1997;
Rothfield et al. 1999; Margolin 2000b). During this
process at least nine proteins, which are essential for
cell division, are recruited to the Z-ring in a heirar-
chical fashion (see Chen and Beckwith [2001] and
Hale and de Boer [2002] and references therein).
These include early-acting proteins such as ZipA and
FtsA, which interact directly with FtsZ through its C-
terminal region (Ma et al. 1997; Wang et al. 1997; Liu
et al. 1999; Ma and Margolin 1999; RayChaudhuri
1999; Hale et al. 2000; Yan et al. 2000; Haney et al.
2001) and are themselves required for the recruitment
of later-acting proteins (Chen and Beckwith 2001;
Hale and de Boer 2002). The phylogenetic distribu-
tion of genes for accessory division proteins has been
described previously (Margolin 2000b). Interestingly,
ZipA is restricted to a small number of c-proteo-
bacteria, whereas, amongst prokaryotes, FtsA is
lacking only from Actinobacteria, Cyanobacteria,
Mollicutes, Chloroflexus, and Archaea (Margolin
2000b; our unpublished data).
FtsZ is of wider interest due to its evolutionary

relationship with eukaryotic tubulins, which form
microtubules in eukaryotic cells. FtsZ and the mo-
nomers of a/b-tubulin show remarkable similarity in
their tertiary structures, despite limited primary se-
quence identity (Lowe and Amos 1998; Nogales et al.
1998b). FtsZ also shows functional similarity to
tubulin, being a co-operative GTPase, which polym-
erizes in a nucleotide-dependent manner into linear,
unbranched polymers in vitro. The Z-ring is therefore
thought to be a prokaryotic antecedent of microtu-
bules, however, the in vivo structure of polymers
within the Z-ring is presently unknown (Addinall and
Holland 2002).
We have carried out a comprehensive search for

FtsZ-related sequences in publicly available sequence
databases and used robust criteria to determine which
open reading frames (ORFs) encode genuine FtsZ
proteins. We present a summary of the primary se-
quence features of the predicted translation products

of 225 full-length ftsZ sequences, along with phylo-
genetic analysis within and between phylogenetic
groups. We demonstrate the presence of FtsZ para-
logues which have arisen on at least five independent
occasions in Bacteria and that these events differ from
the appearance of FtsZ paralogues in Archaea and
Eukaryota. In addition, we present further charac-
terisation of the pattern of occurrence and phylo-
genetic relationships of FtsZ homologues in Archaea.
We examine sequence conservation at the FtsZ C-
terminus and redefine a consensus for this region,
which is involved in protein–protein interactions.
Finally, we document 10 ‘‘FtsZ-like’’ sequences from
Bacteria and Archaea.

Materials and Methods

Database Searches and FtsZ Homologue Assignment

Potential FtsZ ORFs were initially identified by sequence homol-

ogy searches of the translated nr database at the National Centre

for Biotechnology Information (NCBI) using Escherichia coli FtsZ

amino acid sequence NP_414637. All completed genome projects

submitted to the National Centre for Biotechnology Information

before 10 June 2003 (NCBI: www.ncbi.nlm.nih.gov) were checked

for the presence of an FtsZ homologue by similar homology

searches. Data from incomplete genome projects that have been

submitted to NCBI and also genome projects in progress at The

Institute for Genomic Research (www.tigr.org) and The Sanger

Centre (www.sanger.ac.uk) were also searched. Supplementary

data containing links to Genbank entries or genome projects, as

well as amino acid sequences for all FtsZ homologues and FtsZ-

like ORFs are available at the authors’ website, http://www.bio-

med2.man.ac.uk/addinall/Vaughan_supp.html.

Following the initial homology search, we then defined an ORF

as an FtsZ homologue if it met the following criteria: (1) it made a

match to the FtsZ PRINTS fingerprint (www.bioinf.man.ac.uk/

dbbrowser/PRINTS) (Attwood et al. 2002), (2) it contained the

tubulin signature motif (PROSITE motif PS00227 [S/A/

G]GGTG[S/A/T]G [Bucher and Bairoch 1994] with a maximum of

two mismatches, and (3) it contained conserved residues that are

involved in GTP binding and GTP hydrolysis (Lowe and Amos

1998; Nogales et al. 1998a). The last requirement was tested using

multiple alignments which were prepared using the clustalW al-

gorithm in Megalign (DNAstar) and manually adjusted as

applicable. The NCBI taxonomy database (Benson et al. 2000;

Wheeler et al. 2000) was a helpful guide to current taxonomic

classification.

Phylogenetic Analysis

Bayesian maximum likelihood (ML) trees were inferred using the

Metropolis-coupled Markov chain Monte Carlo (MCMCMC)

method as implemented by the program MrBayes 3.0b4 (Huel-

senbeck and Ronquist 2001). Trees were constructed from protein

alignments of the FtsZ core1 region (Figs. 5 and 6) or the FtsZ core

region plus the C-terminal motif (Fig. 4). A gamma-distributed,

substitution rate variation was assumed (Yang 1993), with four

gamma categories and shape parameter estimated from the data

and the WAG substitution matrix (Whelan and Goldman 2001)

was used. MCMCMC analyses were initiated on a random starting

tree and run for 50,000 (Figs. 4 and 5) or 100,000 (Fig. 6) gener-
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ations, with four chains run in parallel and a ‘‘temperature’’ of 0.4.

Chains were sampled every 100 generations. Only generations after

the ‘‘burn-in’’ for which the MCMCMC calculation had reached

stationary phase (>5000 generations) were retained and used to

calculate posterior probabilities and consensus trees.

Neighbor-joining (NJ) and maximum parsimony (MP) trees

were inferred from the same protein alignments used for ML trees

with the program PAUP 4.0b10 (Swofford 1998). Full heuristic

searches were initiated on random starting trees with the imple-

mentation of a tree bisection and reconstruction (TBR) algorithm.

In the case of MP, gaps in sequences were treated as a 21st amino

acid state. PAUP defaults were used for other parameters. Datasets

were resampled using 1000 bootstrap replications and bootstrap

values were used in support of the inferred ML tree, as indicated in

the figures.

Chi-square tests showed that four FtsZ sequences included in

the analyses (Magnetospirillum magnetotacticum Fts1c, Thermo-

coccus kodakaraensis FtsZ3, Colwellia psychrerythraea 34H FtsZ2,

and one of the Halobacterium nrc1 FtsZ3s) had significantly biased

amino acid compositions. Excluding these sequences from the rel-

evant phylogenetic analyses had no effect on remaining topology of

the inferred tree for any of the methods used (ML, NJ, or MP).

Using full-length protein sequences for NJ and MP tree construc-

tion also had no significant effect on inferred topology.

C-Terminal Motif Analysis

Visual inspection of all complete FtsZs revealed 154 sequences with

putative 9-amino acid C-terminal motifs, all from Bacteria or Eu-

karyota. These motifs were used as a training set to construct a

position-specific score matrix using the motif discovery tool Mul-

tiple EM for Motif Elicitation (MEME [Bailey and Elkan 1994]).

The resulting score matrix could then be used to assign scores, and

hence position-specific p-values (Bailey and Gribskov 1997), for

any specified 9-amino acid sequence. All but 1 of the 154 identified

motifs had p-values <0.001. The weak motif identified in Myco-

plasma pulmonis (p = 0.0025) also lacked the basic/amide tail of

many other species. Moreover, other Mycoplasma FtsZs lack C-

terminal motifs. For these reasons, this motif was discarded.

Contrastingly, the 10 sequences immediately below the p = 0.001

cutoff possessed basic/amide tails and were also found in closely

related FtsZ sequences, where available.

From the 71 complete FtsZ sequences classified by visual in-

spection as lacking C-terminal motifs, all possible motifs (charac-

terized as any 9-amino acid word-containing proline at position 6)

were extracted and scored against the motif position-specific ma-

trix. All but 4 sequences had p-values >0.001 and were discarded.

These four sequences (two bacterial, Porphyromonas gingivalis and

Haemophilis ducreyi, and two archaeal, Methanococcus kandleri

FtsZ1 and Pyrococcus abyssi FtsZ1) were characterized as false

positives on the basis of lack of basic/amide tail and lack of con-

servation in closely related species. Thus, we believe that the 153

sequences classified here as possessing the C-terminal motif con-

stitute a consistent and complete set.

Sequence Logos

Sequence logos are a graphical way to display patterns of an

alignment of DNA, RNA or protein sequences (Schneider and

Stephens 1990). The height of each amino acid is proportional to

the frequency this amino acid residue at that position. An align-

ment was produced of 153 C-terminus regions of FtsZ homologues

and then put into a FASTA format and pasted into the sequence

logo website: www.bio.cam.ac.uk/cgi-bin/seqlogo/logo.cgi. Predic-

tions of the presence of mitochondrial or chloroplast import se-

quences were carried out using TargetP (Emanuelsson et al. 2000)

(www.cbs.dtu.dk/services/TargetP). Amino acid sequences were

analyzed for signature motifs using the PRINTS database: http://

www.bioinf.man.ac.uk/fingerPRINTScan (Attwood and Beck

1994; Attwood et al. 1994, 1998, 2002). Figure 1B was produced

using Cn3D molecular structure viewer on NCBI (Hogue 1997).

Results and Discussion

Distribution of FtsZ Homologues

We carried out sequence homology searches for FtsZ-
related sequences in all freely available sequence dat-
abases. Using stringent criteria (see Materials and
Methods) we ascertained which ORFs encode genuine
FtsZ homologues. For the sake of completeness, we
also examined sequences previously annotated as ei-
ther ‘‘FtsZ’’ or ‘‘cell division GTPase,’’ even if these
did not immediately meet our criteria. In this way we
identified 235 ORFs encoding FtsZ homologues, 225
of which were full-length. The number and distri-
bution of FtsZ homologues are outlined in Table 1 and
discussed in the following section. All sequences de-
scribed in this paper (together with partial FtsZ se-
quences) and links to Genbank entries are available as
supplementary data from the authors’ website, http://
www.biomed2.man.ac.uk/addinall/Vaughan_supp.html.
Any phylogeny is biased by the availability of se-

quence data. Hence, the majority of bacterial FtsZ
sequences found in our analysis come from the Fir-
micutes and Proteobacteria (the phyla from which
most sequence data has been obtained thus far). Only
just over half of the phyla in the Bacteria superking-
dom are represented by organisms which have had
their complete genome sequenced. Of these, FtsZ is
completely lacking from only the Chlamydiales phy-
lum. The only other bacterial species which lacks an
FtsZ homologue is Ureaplasma urealyticum (Glass et
al. 2000). This organism is from the Mycoplasmata-
ceae family, which is composed of the two genera
Mycoplasma and Ureaplasma and complete FtsZ or-
thologues have been identified from five Mycoplasma
organisms. It is unclear how U. urealyticum, which
can be cultured both in liquid and on solid media
(Teng et al. 1994), is able to divide without FtsZ.
The Archaea superkingdom comprises three

phyla—Euryarchaeota, Crenarchaeota, and Korar-
chaeota. Our searches identify FtsZ homologues
from all seven classes of Euryarchaea, but no
homologues have been identified from Crenarchaea
(three completed genome projects [Kawarabayasi
et al. 2001; She et al. 2001; Fitz-Gibbon et al. 2002]).
No organisms from the Korarchaeota have been
cultured to date.
In eukaryotes, FtsZ homologues have been identi-

fied in organisms from green plants and red, green,
brown, and golden algae.However, completed genome
projects from Saccharomyces cerevisiae, Drosophila
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melanogaster, Caenorhabditis elegans, and Schizo-
saccharomyces pombe (Goffeau et al. 1996; Consor-
tium 1998; Adams et al. 2000; Wood et al.
2002) reveal that these organisms lack FtsZ homo-
logues. The mycetozoan, Dictyostellium discoideum,
is the only non-chloroplast-containing eukaryotic
organism found so far to possess FtsZ homologues
(see later).

General Features of FtsZ Sequences

Here we present a general outline of FtsZ primary
sequence structure, followed in the next section by a
more detailed examination of sequence features
found within taxonomic divisions.
With the exception of the FtsZ3 sequences from

Archaea (see later) and FtsZ orthologues from two
Mycoplasma species (M. pneumoniae and M. genita-
lium), we can describe the amino acid sequence of all
FtsZ homologues using four distinct regions. These
are a variable N-terminus, the highly conserved core
region, a variable spacer region, and the C-terminus
region (Fig. 1A). These regions are defined individ-
ually below and are illustrated on the FtsZ tertiary
structure (Fig. 1B) and in a multiple alignment of
representative FtsZ sequences (Fig. 2).

N-Terminus. Secondary structure alignments be-
tween a/b-tubulin and Methanococcus jannaschii
FtsZ1 (Nogales et al. 1998a) reveal an N-terminal
extension proximal to the core domain in FtsZ,
whereas the Rossman fold of tubulins starts at the
very N-terminus of the protein. We find that 218/
225 full-length FtsZs have at least five amino acids
proximal to the core domain, the only exceptions
being seven FtsZ3 sequences from Archaea (see
later). This represents a major difference between
tubulins and FtsZs and is one of the major differ-
ences between FtsZ3 and the rest of the FtsZs
identified to date. The N-terminus region of
M. jannaschii FtsZ1 forms an a-helix and loop that
projects out from the core of the molecule (Lowe
and Amos 1998) (Fig. 1B). We find that the FtsZ
N-terminus is not conserved in length or amino
acid sequence between taxonomic divisions, but
there is some similarity within taxonomic divisions,
unlike the spacer region (see below). There is a lack
of data relating to a possible function for this re-
gion, since characterized N-terminus deletions of E.
coli FtsZ also removed part of the core region
(Huang et al. 1996; Ma et al. 1996). The only
function ascribed to the FtsZ N-terminus thus far is
targeting of the protein to organelles in eukaryotic

Fig. 1. A We define four distinct re-

gions of FtsZ sequences: N-terminus,

core, spacer, and C-terminus. Mini-

mum and maximum lengths of each

region (aa—amino acids) represent all

FtsZ homologues, except Mycoplasma

pneumoniae, M. genitalium, and the

FtsZ3 sequences of Archaea, which

have poorly conserved core regions (see

text and Fig. 3). The position of inser-

tions in the core regions of (i) Wolba-

chia pipientis and some Euryarchaeota

FtsZ2s and (ii) Pasteurellales FtsZs, are

indicated by white lines. B Tertiary

structure of FtsZ1 from the Archaea

Methanococcus jannaschii (Lowe and

Amos 1998) illustrating the position of

regions. The N-terminus (boxed in

green), the start and end of the core

region (red and blue arrows, respec-

tively), and the spacer (boxed in or-

ange) are highlighted. FtsZ

homologues from Archaea organisms

do not have the C-terminus region,

which is found in most bacterial and

eukaryotic FtsZ homologues (see text).
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organisms (Beech et al. 2000; Fujiwara and Yosh-
ida 2001). As the targeting sequences comprise only
a portion of this N-terminal extension (data not
shown), it is likely that these properties are in
addition to any other functions provided by this
region.

Core Region. The core region (Erickson 1995) is a
stretch of approximately 300 amino acids which
contains all of the residues required for GTP-binding
and GTP-hydrolysis (Fig. 1). We define the core re-
gion as starting at a conserved isoleucine (only 14
changes at this position in 225 sequences, with 5 of

Fig. 2. Multiple sequence align-

ment of a selection of FtsZ homo-

logues. Thirteen FtsZ sequences

have been chosen to illustrate

points covered in the text. Nitro-

somonas europeae, Escherichia coli,

Mycobacterium tuberculosis, Bacil-

lus subtilis all possess a single FtsZ

homologue. Sinorhizobium meliloti

is an a-proteobacteria with two
FtsZ paralogues—FtsZ2 is included

here. FtsZ homologues from the

Viridiplantae form two clades and

one orthologue from each clade

(Arabidopsis thaliana FtsZ2-2,

Chlamydomonas reinhardtii FtsZ1)

is shown. FtsZ homologues from

the Archaea form three separate

clades and one orthologue from

each clade is shown (Methanococcus

jannaschii FtsZ1, Pyrococcus abyssi

FtsZ2, and P. horikoshii FtsZ3).

Mycoplasma pneumoniae is included

as a divergent FtsZ homologue,

and, finally, one of the two FtsZs of

the mycetozoan Dictyostelium dis-

coideum (FtsZa) is shown. Dark

blue shading highlights identical

residues and light blue shading

highlights similar residues. The four

regions of FtsZ are highlighted as

follows: N-terminus (boxed in

green), spacer (boxed in orange),

and the C-terminus motif (blue,

when present). The start and end of

the core region are indicated by

arrows (red and blue, respectively).
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these being conservative substitutions; Fig. 2, red
arrow) which coincides with the start of the Rossman
fold. We define the core region as ending at the
equivalent of amino acids 335–339 (LVITG) from the
Methanococcus jannaschii FtsZ1 sequence (Fig. 2;
blue arrow). While there are too many substitutions
at these positions to define a motif, only 12 FtsZ se-
quences lack a recognisable version of this sequence.
Three of these (Dictyostelium discoideum FtsZb,
Fusobacterium nucleatum FtsZ, and Magnetospiril-
lium magnetotacticum FtsZ1c) can be aligned easily
using neighboring amino acids. The other nine se-
quences (seven Archaea FtsZ3s, M. pneumoniae, and
M. genitalium FtsZs) remain the only ones which
diverge significantly in the core region (Fig. 3; see
below).
The tertiary structure of the FtsZ core region is

almost superimposable with two regions that are
characterized for the a/b-tubulin tertiary struc-
ture—the GTP binding domain (containing the
Rossman fold) and the ‘‘second’’ domain. This sec-
ond domain is of interest because, although it is well
conserved in a- and b-tubulin, it is less well conserved
in other tubulin families. For example, d-, e-, and f-
tubulin are predicted to have insertions and deletions
in this region (McKean et al. 2001). In contrast, we
find that insertions or deletions in the core of FtsZ
homologues are very rare (individual instances will be
discussed later), indicating that FtsZ proteins, like a-
and b-tubulins, are relatively more structurally con-
strained.
The core region of all FtsZs contains a sequence

related to the highly conserved tubulin signature motif
(PROSITE motif PS00227: [S/A/G]GGTG[S/A/T]G
[Bucher and Bairoch 1994]). We have determined a
consensus sequence of this motif from the 225 full-
length FtsZ homologues presented here—G[G/K/
N][G/A/S][T/A/S]G[T/S/A/N][G/V]. The vast majority
of FtsZ sequences, however, contain the sequence
GGGTGTG (thus fitting the original PROSITE
consensus). Changes at position 2 of this motif occur
only inChlorobium tepidum, FtsZ2 sequences from the
Thermococcales order, and three Mycoplasma FtsZs.
Substitution at position 3 of the motif occurs only in
Magnetospirillum FtsZ1c and Halobacterium species
FtsZ3b. Changes at position 4 are only found in
Streptococcus species and Corynebacterium flavum.
The conservative changes at position 6 are common-
place in both FtsZ and tubulin, however, the majority
of tubulin homologues contain a serine at this position
and the majority of FtsZ homologues contain a
threonine at this position. Interestingly, all Archaea
FtsZ3 orthologues (see later) have serine or alanine at
this position. Only Halobacterium species FtsZ3b has
a V at position 7 and is consequently the only FtsZ
sequence presented here with two differences from the
original PROSITE consensus.

Spacer. The spacer region (Din et al. 1998) is highly
variable in length (2–330 amino acids; Figs. 1 and 2),
and we define it as running from the C-terminal end
of the core region to the start of the C-terminus re-
gion (see below). The spacer varies enormously in its
amino acid composition between FtsZ homologues
and shows little amino acid sequence conservation
even within taxonomic divisions. X-Ray crystallog-
raphy determined that the 25 amino acid spacer of
M. jannaschii FtsZ1 consists of 16 amino acids
forming two b-strands separated by a loop, followed
by nine disordered residues (Lowe and Amos 1998)
(Fig. 1B). Deletion analysis in Caulobacter crescentus
has demonstrated that the spacer region is not re-
quired for polymerisation of FtsZ into protofilaments
(Din et al. 1998).

C-Terminus. A conserved C-terminus motif has been
described previously (Ma and Margolin 1999; Er-
ickson 2001; Osteryoung and McAndrew 2001) and
has been shown to be important for interactions with
FtsA and ZipA (Ma et al. 1997; Wang et al. 1997; Liu
et al. 1999; Ma and Margolin 1999; RayChaudhuri
1999; Hale et al. 2000; Yan et al. 2000; Haney et al.
2001). Our analysis of 225 full-length FtsZ homo-
logues reveals that although this motif is variable, it
is clearly absent from many FtsZ homologues
(described in detail in a later section). When the C-
terminus motif is present, we observe that it is fol-
lowed by a short stretch of up to 28 amino acids rich
in amide and basic residues. Consequently we have
treated these two sequences together as a single C-
terminus region (Figs. 1A and 2).

Bacterial FtsZ Sequences

Previous phylogenetic analyses of FtsZ sequences
(Faguy and Doolittle 1998; Gilson and Beech 2001)
have shown that bacterial FtsZs generally group in a
way that reflects the known taxonomic relationships
between species. Our analysis of all available FtsZ
sequences demonstrates only a small number of ex-
ceptions to this. These paralogous sequences will be
discussed individually as we describe detailed analy-
ses of FtsZ primary sequence features both within
and between taxonomic divisions. A summary of the
features of full-length FtsZ sequences from each
phyla is presented in Fig. 3.

Phylum: Proteobacteria. The proteobacteria phylum
comprises five classes—a-, b-, c-, d-, and e-proteo-
bacteria. In a-proteobacteria, we find that 25 of the
31 FtsZs are well conserved and possess all four re-
gions described above (Fig. 3). Amongst these, the
FtsZ sequence from Wolbacchia pipientis is unique in
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having a 12-amino acid insertion in the core region,
which lies in the loop between the equivalent of H3
and S5 of the Methanococcus jannaschii FtsZ tertiary
structure. Interestingly, the six remaining FtsZ or-
thologues from a-proteobacteria lack the C-terminus
motif and are all from organisms which possess two
or more FtsZ homologues in their genomes (see lat-
er). FtsZ homologues of b-proteobacteria (10 in to-
tal) are well conserved and contain all four regions
(Fig. 3).

Of the 37 FtsZ homologues of c-proteobacteria, 31
are well conserved and possess all four regions (Fig.
3). The six remaining FtsZ sequences all lack a con-
served C-terminus region. These include the Diche-
lobacter nodosus FtsZ, one of two FtsZ paralogues we
have identified from the unfinished genome of Col-
wellia psychrerythraea 34H (see later), and FtsZs from
species of the Pasteurellales order (Actinobacillus ac-
tinomycetemcomitans, Haemophilus influenzae, H. du-
croyi, and Pasteurella multocida). The latter four

Fig. 3. Diagrammatic representation of multiple alignments of

FtsZ sequences from Bacteria, Archaea, and Eukaryota. Only full-

length sequences (n = 225) were used in this analysis. The four

regions outlined in the text are indicated as follows: N-terminus

(green), core (red), spacer (orange), and C-terminus (blue). Poorly

conserved and therefore ill-defined core regions of divergent FtsZ

homologues are colored yellow. Notable insertions in the core re-

gion are indicated by white lines.
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sequences are also unusual in that they all have an
insertion (of 4 amino acids inH. ducroyi and 19 amino
acids in the other three) at the same position in the
core region (Fig. 3). Secondary structure alignments
predict this insertion to occur between the H1 and S2
loop in the M. jannaschii FtsZ tertiary structure. Al-
though there is no specific functional information
about this region of FtsZ, the corresponding region of
a- and b-tubulin is situated in the lumen of microtu-
bules and is a common site for insertions and deletions
in a/b-tubulin (Nogales et al, 1998a). For this reason
we would predict that these insertions do not disrupt
the tertiary structures of the Pasturellales FtsZ core
domains, which are otherwise well conserved.
FtsZ homologues from three d-proteobacteria and

two e-proteobacteria are well conserved and contain
all four regions described above. Because of the small
number of sequences from these divisions, we have
treated them along with ‘‘other bacteria’’ for the
purposes of presentation in Fig. 3.

Phylum: Actinobacteria. Actinobacteria FtsZ ortho-
logues are well conserved and contain all four regions
defined in this paper (Fig. 3).

Phylum: Firmicutes. The Mollicutes class of Firmi-
cutes contains the two most divergent FtsZ homo-
logues identified so far in the Bacteria superkingdom
(Erickson 1995). Mycoplasma pneumoniae and M.
genitalium FtsZs are 53% identical to each other but
are only between 17 and 21% identical to other FtsZ
homologues in this group, including three from the
same genus, M. pulmonis, M. penetrans, and M. ho-
minis (data not shown). Our comparisons with all
other FtsZ homologues reveal very little sequence
identity following the tubulin signature motif in the
core region of these two sequences (seeM. pneumoniae
in Fig. 2). The motif, which demarks the C-terminal
end of the core region (Fig. 2; blue arrow) is poorly
conserved, making it difficult to split these sequences
into the regions defined in this paper. We have found
that FtsZ orthologues from bacterial species within
the same genus generally show high levels of sequence
identity at the amino acid level (data not shown).
However, this is not the case for the seven Mollicutes
for which we have data. Perhaps as a result of reduc-
tive evolution and the possession of unique internal
cytoskeletal structures (Trachtenberg 1998), some
Mollicutes have begun to develop modes of cell divi-
sion which rely less or not at all on FtsZ.

Phylum: Bacteroidetes. The six FtsZ homologues of
this phylum are well conserved, but all lack the C-
terminus motif (Fig. 3).

Phylum: Cyanobacteria. The eight FtsZ homologues
of this phylum are well conserved and contain all four
regions (Fig. 3).

Other Bacteria. Eleven FtsZ homologues identified
from the Aquificae, Chlorobi, Chloroflexi, Deino-
coccus/Thermus, Fibrobacteres, Fusobacteria, Spiro-
chaetes, and Thermotogae phyla plus the unclassified
Dehalococcoides ethanogenes contain all four regions
outlined here.
In summary, 163 full-length FtsZ homologues

from the Bacteria superkingdom were analyzed.
Apart from the highly divergent FtsZs from
M. pneumoniae and M. genitalium, the core region is
highly conserved. The only other exceptions to this
are large insertions interrupting the core regions of
W. pipientis, A. actinomycetemcomitans, H. influen-
zae, and P. multocida FtsZs.

Bacteria with Multiple FtsZ Sequences

Previously in the published literature, only one bac-
terial species, the a-proteobacterium Sinorhizobium
meliloti, was known to contain more than one FtsZ
homologue in its genome. These were named FtsZ1
and FtsZ2 according to sequence similarity with the
FtsZs from E. coli and B. subtilis. FtsZ1 is the more
closely related to E. coli and B. subtilis FtsZs and was
found to be essential for viability of S. meliloti. When
overexpressed in E. coli, FtsZ1 from S. meliloti re-
sulted in the filamentous phenotype indicative of a
heterologous protein able to interfere with the en-
dogenous FtsZ function. In contrast, overexpression
of S. meliloti FtsZ2 resulted in filamentous cells that
coiled, with some filaments bulging at one pole.
FtsZ2 was found to be nonessential for viability in S.
meliloti (Margolin et al. 1991; Margolin and Long
1994). The authors speculated that this could be be-
cause FtsZ2 may be expressed in the bacteroid, rather
than the free-living form of S. meliloti (Margolin and
Long 1994). During the searches outlined in this pa-
per we have identified seven additional bacterial
species that possess two or more FtsZs. These data
are presented below and in Figs. 4 and 6.

Rhizobiales Order (Phylum, Proteobacteria; Class,
a-Proteobacteria). We have found that five organ-
isms within the Rhizobiales order (including S. me-
liloti; above) encode two ftsZs in their completed
genome. Three are from the Rhizobiaceae family—S.
meliloti, Agrobacterium tumefaciens, and Rhizobium
leguminosarum (Kaneko et al. 2000a, b; Galibert et al.
2001; Goodner et al. 2001); one is from the Brady-
rhizobiaceae family—Bradyrhizobium japonicum
(Kaneko et al. 2002); and one is from the Phyllo-
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bacteriaceae family—Mesorhizobium loti. We present
a phylogenetic tree (Fig. 4) of all full-length FtsZs
from a-proteobacteria to highlight two independent
gene duplication events in these three families of the
Rhizobiales order. FtsZ2s from the Rhizobiaceae
and Phyllobacteriaceae families form a single clade
with strong support in all of the phylogenetic
approaches used. The maximum likelihood analysis
presented in Fig. 4 suggests that the FtsZ1s from
these families are polyphyletic. However, this region
of the tree is poorly supported by neighbor-joining
and maximum parsimony approaches. Moreover, the
monophyletic nature of the FtsZ2s suggests a gene
duplication event in these taxa prior to divergence
into families.
Neither of the two FtsZs of B. japonicum group

with FtsZ2s of the Rhizobiaceae and Phyllobacteri-
aceae families, but both are contained within the
paraphyletic group of FtsZ1s of the Rhizobiales or-
der. These B. japonicum FtsZs (which we designate
FtsZ1a and 1b) appear to be the products of a sep-
arate gene-duplication event to the more ancestral
FtsZ1/2 split. The remainding a-proteobacterial
FtsZs are referred to as FtsZ1s, since none of them
group with the FtsZ2 clade.
The FtsZs of S. meliloti, M. loti, A. tumefaciens,

R. leguminosarum, and B. japonicum all contain sim-
ilar length N-termini, however, the FtsZ1s and B.
japonicum FtsZ1a possess a very long spacer (226–269
amino acids, compared to 3–29 for FtsZ2 and 90 for
B. japonicum FtsZ1b). In the case of S. meliloti,
M. loti, A. tumefaciens, and R. leguminosarum, only
FtsZ1 contains the conserved C-terminus motif. It is
not these differences per se which cause the distri-
bution into two separate clades, since phylogenetic
trees constructed with only the core region of each
sequence give trees with the same topology (data not
shown). Both FtsZs from B. japonicum contain the C-
terminus region, consistent with our annotation of
them as FtsZ1a and 1b.
Other a-proteobacteria for which genome projects

have been completed—Rickettsia conorii, R. prowaz-
ekii, and also Brucella melitensis (from the Rhizobi-
ales)—have only one FtsZ homologue. Interestingly,
the genera of Rhizobium, Sinorhizobium, Bradyrhizo-
bium, and Mesorhizobium can either be free-living or
invade the root nodule cells of leguminous host
plants, where they differentiate into a bacteroid stage
(for review see Gage and Margolin 2000). Since these
genera are found in four different taxonomic families
(Garrity and Holt 2001), which contain other genera
that do not differentiate into a bacteroid stage, it
appears that evolution of this differentiated stage is
a polyphyletic trait that has occurred independently
on at least two occasions. Margolin and Long (1994)
suggested that FtsZ2 may be functional in the bac-
teroid stage in S. meliloti and the case for this is

strengthened by the fact that the other a-proteobac-
teria with FtsZ2s (M. loti, R. leguminosarum, and
A. tumefaciens) also form bacteroids. Significantly,
we find that B. japonicum, which appears to have
independently developed bacteroid differentiation,
has also independently duplicated its FtsZ repertoire
(Fig. 4).

Magnetospirillum magnetotacticum
(Phylum, Proteobacteria; Class, a-Proteobacteria;
Order, Rhodospirillales; Family, Rhodospirillaceae)
We found four predicted ORFs with significant

sequence similarity to FtsZ in the incomplete genome
of the a-proteobacterium Magnetospirillum magne-
totacticum (NCBI accession No. NZ_AAA-
P00000000). One of these ORFs (encoded on contig
3816) encodes a protein that has a nonconservative
(D-to-N) substitution of the equivalent of D212 from
E. coli FtsZ. This amino acid residue is in the synergy
loop and is critical for GTP-hydrolysis, therefore,
using our criteria, this ORF cannot be classed as a
genuine FtsZ and we group it with other ‘‘FtsZ-like’’
sequences (see later). A second sequence (contig 3817)
has two frameshifts, which make it impossible to re-
construct the entire ORF unambiguously. We there-
fore excluded this sequence from phylogenetic
analysis, however, it is important to point out that
this sequence contains well conserved N-terminus,
core, and C-terminus motifs. For these reasons we
believe the frameshifts may be sequencing errors. The
remaining two sequences (contigs 3801, 3838) are
genuine FtsZs that lack the C-terminus region. We
therefore consider that M. magnetotacticum has
FtsZ1a (3838), FtsZ1b (3817), and FtsZ1c (3801),
named based on decreasing similarity to other a-
proteobacteria FtsZ1s, and an ‘‘FtsZ-like’’ sequence
(3816; see later). As both full-length sequences
group together, this represents an ftsZ gene duplica-
tion independent of those in the Rhizobiales order
(Fig. 4).

Colwellia psychrerythraea 34H (Phylum, Proteobac-
teria; Class, c-Proteobacteria; Family, Alteromonada-
ceae). Colwellia species are psychrophilic members of
the Alteromonadaceae family. A genome sequencing
project is under way for species 34H (NC_003910),
from which we have identified two predicted full-
length ORFs on contig 1720 matching our criteria for
FtsZ homologues. The ORF starting at 1,044,393 bp
of contig 1720, which we designate FtsZ1, is closely
related to other c-proteobacterial FtsZ homologues.
The second ORF (FtsZ2), starting at 3,039,251 bp, is
only 30–33% identical to other FtsZs, including
C. psychrerythraea FtsZ1; nevertheless, both FtsZ1
and FtsZ2 contain all four regions outlined above
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(Fig. 3). Shewanella oneidensis MR-1 is the closest
relative of C. psychrerythraea for which complete
genome sequence is available and has only a
single FtsZ homologue (NC_004347). C. psychr-
erythraea 34H therefore is the only c-proteobacteria
currently known to possess multiple FtsZ homologues
and, as such, represents an independent occurrence of
multiple FtsZs in bacteria (Fig. 6). The grouping of
C. psychrerythraea FtsZ2 in Fig. 6 makes this a can-
didate product of horizontal gene transfer, although a
potential donor has yet to be identified.

Chloroflexus aurantiacus (Phylum, Chloroflexi;
Order, Chloroflexales; Family, Chloroflexaceae). Chlo-
roflexus aurantiacus is an anoxygenic filamentous
gliding phototroph and is reported to be the earliest
branching of the phototrophs (Oyaizu et al. 1987). This
makes it an important organism in studies of the
origin and evolution of photosynthesis. A genome
project is under way (NCBI accession number
NZ_AAAH00000000) and we have identified one
full-length ORF (contig No. 1079; Fig. 3) and one
partial ORF (contig 356 starts partway through this
ORF) with sequence similarity to FtsZ. Although it is
missing its N-terminal third (including the tubulin sig-
nature motif), the partial ORF has excellent conserva-
tion of the region around the synergy loop and a
conserved C-terminal motif. Subject to completion of
the genome, C. auranticus therefore represents a fifth
independent duplication of FtsZ sequences in the bac-
terial kingdom.
In summary, we have demonstrated that multiple

FtsZ homologues have arisen in eight bacterial spe-
cies from two different phyla (Proteobacteria and
Chloroflexi). Apart from the four related species from
the Rhizobiaceae and Phyllobacteriaceae (see above),
the accumulation of multiple FtsZ sequences appears
to have occurred independently in each case since
none of the multiple FtsZs cluster together between
phyla, or even between classes (Figs. 4 and 6).

Multiple FtsZs in Archaea

Our searches identified a total of 34 Archaea FtsZ
homologues, all from the Euryarchaeota phylum
(Table 1). It has previously been noted that the
completed genome project of the Crenarchaeon Ae-
rophyrum pernix lacks an FtsZ homologue (Margolin
2000b) and we have found the same to be true for a
further three Crenarchaeota—Sulfolobus solfataricus,
S. tokadaii, and Pyrobaculum aerophilum (data not
shown).
Some euryarchaeal organisms are known to pos-

sess multiple FtsZ sequences (Faguy and Doolittle
1998; Gilson and Beech 2001). Originally paralogues
1 and 2 (FtsZ1 and FtsZ2) were thought to share a
common ancestor and form two separate clades
(Faguy and Doolittle 1998), however, with the dis-
covery of a third group (paralogue 3, FtsZ3) the re-
lationships between these groups became unclear
(Gilson and Beech 2001). Our searches have identified
34 FtsZ sequences from the Euryarchaeota and we
find that all but 4 sequences can be clearly classified
as FtsZ1s, FtsZ2s (Faguy and Doolittle 1998), or
FtsZ3s (Fig. 5). The exceptions are FtsZs from two
species in the Thermoplasmata class (Thermoplasma
acidophilum and T. volcanium). Each Thermoplasma
species has two FtsZs which do not group with the
other archaeal FtsZ1s, FtsZ2s or FtsZ3s. Instead,
they may form two separate clades between species,
indicating divergence before speciation (Fig. 5). The
four sequences lack the C-terminus conserved region,
as we find for all Archaea FtsZs, but have an N-
terminal domain, central core, and spacer region.
Therefore we have designated these proteins FtsZ1a
and FtsZ1b (Fig. 5) and have grouped them with
FtsZ1s for the purposes of presentation in Fig. 3.
Faguy and Doolittle (1998) originally proposed a

gene duplication event in Archaea to create FtsZ1
and FtsZ2 paralogues. The phylogeny of Gilson
and Beech (2001), however, suggested FtsZ2 to be
polyphyletic. Our phylogenetic analyses of FtsZs

Fig. 4. Phylogenetic analysis of all full-length a-proteobacterial
FtsZs demonstrating at least three independent gene duplication

events (highlighted in gray). The maximum likelihood (ML) tree

shown was inferred from protein alignments of the FtsZ core re-

gion and C-terminal motif using the Metropolis-coupled Markov

chain Monte Carlo method implemented by the program MrBayes

3.0b4 (Huelsenbeck and Ronquist 2001). Posterior probabilities

(the proportion of time any topology is visited during tree infer-

ence) are shown next to the respective branches. Support for the

ML topology from neighbor-joining (NJ; upper symbols) and

maximum parsimony (MP; lower symbols) methods is also indi-

cated next to the posterior probabilities. Bootstrap support for the

ML topology: �90% (++),�50% (+), <50% ()), as indicated.
Inset: Topology support for short branches near center of tree.

Scale bar indicates estimated number of changes per site used in

analysis. Two independent gene duplications are predicted to have

occurred in the Rhizobiales order (dotted outline). One of these

predates the divergence of the Rhizobiaceae and Phyllobacteriaceae

families, creating FtsZ1 and FtsZ2 paralogues in the species

Mesorhizobium loti (Phyllobacteriaceae) and Sinorhizobium melil-

oti, Rhizobium leguminosarum, and Agrobacterium tumefaciens

(Rhizobiaceae). The second is predicted to have occurred in the

Bradyrhizobiaceae family (Bradyrhizobium japonicum) to form

FtsZ1a and 1b. Separate from the gene duplications in Rhizobiales,

gene duplications have occurred in the ancestor to Magnetospiril-

lum magnetotacticum, (FtsZ1a, b, and c). FtsZ1b is not included,

as its GenBank entry likely contains frameshift mistakes (see

text). Genus names: Anaplasma (Ana), Agrobacterium (Agr),

Bartonella (Bar), Bradyrhizobium (Brd), Brucella (Bru), Caulobacter

(Cau), Ehrlichia (Ehr), Magnetospirillum (Mag), Mesorhizobium

(Mes), Novosphingobium (Nov), Rickettsia (Ric), Rhizobium

(Rzb), Rhodobacter (Rhb), Rhodopseudomonas (Rhp), Rhodospi-

rillum (Rhs), Silicibacter (Sil), Sinorhizobium (Sin), and Wolbachia

(Wol).
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strongly supports a monophyletic origin for the eur-
yarcheael FtsZ2s and FtsZ3s (Fig. 5). The maximum
likelihood tree presented in Fig. 5 does not show a
monophyletic origin for the FtsZ1 sequences. How-
ever, a monophyletic root to the archaeal FtsZ1s
(excluding those of the Thermoplasmata) is predicted
when using a neighbor-joining approach. Combined
with the distribution of FtsZ2 and FtsZ3 paralogues
(e.g., Archeoglobus fulgidus and Pyrococcus abysii),
this makes single ancestral gene duplication events
the most likely explanation for the occurrence of
FtsZ2s and FtsZ3s in Archaea.
We have found that all Euryarchaeota for which

complete genome sequence is available have at least
one FtsZ1 orthologue. In fact (Thermoplasmata
aside) they have either FtsZ1 only (Methanobacterium
thermoautotrophicum and Methanopyrus kandleri),
FtsZ1 and FtsZ2 (Class:Methanococci), or FtsZ1, 2,
and 3 (Archaeoglobus fulgidis, Halobacterium species
NRC-1, Pyrococcus abysii, P. furiosus, P. horikoshii).
We observe no alternative combinations (e.g., FtsZ1
and FtsZ3) in completed genome projects (data not
shown). Of the seven classes of the Euryarchaeota
phylum, only Methanococci, Thermococci, and
Thermoplasmata have more than one completed ge-
nome project. In each case we find that the genomes
within these orders contain the same number and type
of FtsZ homologues, and so far, none of the incom-
plete genome projects contradict this pattern (data not
shown). Thus the distribution of FtsZs appears to be
conserved within euryarchaeal phyla.
We find that euryarchaeal FtsZ1 and FtsZ2 or-

thologues are well conserved and contain the
conserved core region and variable N-terminus (Figs.
2 and 3). However, we find that none of the Archaea
FtsZ homologues contain the conserved C-terminus
motif found in Bacteria (see later). By comparison to
the secondary structure of the core region of
M. jannaschii FtsZ1, we find that there is an eight-
amino acid insertion in the H3-S5 loop of FtsZ2s
from Thermococcus kodakarensis and Pyrococcus
species. Intriguingly, the a-proteobacteria Wolbac-
chia pipientis FtsZ has a 12-amino acid insertion in
exactly the same place (see above).
FtsZ3 orthologues are divergent compared to

Archaea FtsZ1s and FtsZ2s (Figs. 3 and 5). The N-

terminus region is particularly short, being between
two and five amino acids before the start of the core
region. Despite their highly divergent sequences we
have used multiple alignments to delineate the FtsZ3
core region. The otherwise highly conserved isoleu-
cine at the start of the core region is missing, but the
next four amino acids are well conserved. The highly
conserved glycine at the end of the core region is
present in six out of seven FtsZ3s. Residues involved
in GTP binding are well conserved, however, the
otherwise totally conserved aspartic acid required for
GTP hydrolysis in E. coli FtsZ (D212) is changed to
glutamic acid in two of the FtsZ3 orthologues. In-
terestingly, at the corresponding position, a-tubulin
has a glutamic acid which contributes to GTP hy-
drolysis (for review see Nogales et al. 1998a).
It is difficult to speculate on the function of mul-

tiple FtsZ sequences in Euryarchaeota, as little is
known about cell division in Archaea and a limited
number of studies have been carried out on ftsZ
genes from Archaea. Expression of the FtsZ1a of
T. acidophilum in E. coli resulted in filamentation
similar to that seen when overexpressing heterolo-
gous bacterial FtsZ proteins (Yaoi et al. 2000). In
contrast, expression of Halobacterium salinarium
FtsZ2 in E. coli did not induce an observable phe-
notype. However, when FtsZ2 was overexpressed in
H. salinarium, cells lost their rod shape and exhibited
spherical or triangular shapes (Margolin et al. 1996).
This represents the only experimental work carried
out on an FtsZ2 from Archaea. The implication of
these experiments is that T. acidophilum FtsZ1a is
able to form copolymers with E. coli FtsZ and, in
doing so, disrupts the division process. In contrast,
H. salinarium FtsZ2 cannot interact with E. coli FtsZ
and hence shows no phenotype. This indicates that
the Thermoplasma FtsZ1a is functionally more simi-
lar to E. coli FtsZ than are the Archaea FtsZ2s. An
analogous situation has been demonstrated with the
FtsZ1 and FtsZ2 of S. meliloti (see above).

Multiple FtsZs in Eukaryotes

At present, the only completed eukaryotic genome
which contains FtsZ homologues is that of Arabid-
opsis thaliana—amember of theViridiplantae phylum.

Fig. 5. Phylogenetic analysis of archaeal FtsZs. ML tree inferred

as in Fig. 4. Bootstrap support for the topology from NJ (upper

symbols) and MP (lower symbols) is shown next to posterior

probabilities: �90% (++), �50% (+), <50% ()). Inset: Topology
support for short branches near center of tree. Scale bar indicates

estimated number of changes per site used in analysis. Faguy and

Doolittle (1998) have previously reported two FtsZ paralogues

(FtsZ1 and FtsZ2; highlighted in gray), to which a third has been

added (FtsZ3; highlighted in gray). Phylogenetic analysis strongly

endorses duplications of the ubiquitous FtsZ1 near the euryar-

chaeal root to be responsible for FtsZ2 and FtsZ3 paralogues.

The ML method used suggests that the archaeal FtsZ1s are not a

monophyletic clade. However, this is not supported by either NJ

or MP approaches, and given the distribution of FtsZ2 and 3

paralogues (e.g., Archaeoglobus fulgidus), it is unlikely that this

part of the ML tree is correct. Genus names: Archaeoglobus (Arc),

Halobacterium (Hlb), Haloferax (Hlf), Methanobacterium (Mtb),

Methanococcus (Mtc), Methanopyrus (Mtp), Methanosarcina

(Mts), Pyrococcus (Pyr), Thermococcus (Tmc), and Thermoplasma

(Tmp).
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A. thaliana has three FtsZ homologues, which are all
proposed to be involved in chloroplast division and
are closely related to FtsZ homologues from Cyano-
bacteria (Mori et al. 2001; Osteryoung and McAn-

drew 2001; Vitha et al. 2001). Multiple FtsZ
homologues have been identified in a number of other
Viridiplantae and they form two separate clades,
called FtsZ1 and FtsZ2 (Osteryoung et al. 1998)
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(Fig. 6). However, the number of FtsZ1 and FtsZ2
orthologues contained within an organism, differs
between organisms. For example, A. thaliana has one
FtsZ1 orthologue and two FtsZ2 orthologues,
whereas Nicotania tabacum has three FtsZ1s and one
FtsZ2. A major difference between plant FtsZ1s and
FtsZ2s at the amino acid level is the lack of the C-
terminus motif in FtsZ1s (Osteryoung and McAn-
drew 2001) (Fig. 3). We find that Viridiplantae FtsZ1
and FtsZ2 group into two clades whether complete
sequences, the conserved core regions alone (data not
shown), or core regions plus C-terminus regions (Fig.
6) are compared. This demonstrates a fundamental
genetic difference between the two paralogue types,
rather than modular addition and removal of FtsZ
domains.
Multiple FtsZ homologues have also been identi-

fied in non-plant, chloroplast-containing organisms
(see Table 1). In phylogenetic analysis (Fig. 6) some
group with Viridiplantae FtsZ sequences and others
group with FtsZ homologues from the a-proteobac-
teria (thought to be the progenitors of mitochondria).
Indeed, one of the latter FtsZs, from Mallomonas
splendens, has been localized to mitochondria and is
thought to be involved in mitochondrial division
(Beech et al. 2000). There is no obvious pattern re-
garding the number of FtsZ orthologues present in
these organisms, although most possess one potential
chloroplast FtsZ orthologue and one potential mit-
ochondrial FtsZ orthologue. An exception is Galdie-
ria sulphuraria (Takahara et al. 1999), which has two
potential chloroplast FtsZ orthologues (which group
with Cyanobacteria FtsZs and have potential chlo-
roplast targeting sequences; data not shown) but no
mitochondrial FtsZ orthologue. Further patterns
may emerge once complete genome sequences are
available for these species.
The two FtsZ homologues from the slime mold

Dictyostelium discoideum (Gilson and Beech 2001) do
not group strongly with the mitochondrial or chlo-
roplastid clades described above. We find that one of
the D. discoideum FtsZs (FtsZa; AAG37880) is pre-
dicted to contain a mitochondrial import sequence
(TargetP score 0.606; see Materials and Methods).
This FtsZ could therefore be involved in mitochond-
rial division. Maximum likelihood analysis predicts
that both the D. discoideum FtsZs are monophyletic
with the mitochondrial and a-proteobacterial FtsZs,
but this topology is not strongly supported (Fig. 6).
Significantly, a dynamin-like protein has been shown
to be involved in D. discoideum mitochondrial mor-
phology (Wienke et al. 1999). In addition, our
searches of the incomplete D. discoideum genome
project revealed clear homologues of all proteins
identified as being involved in mitochondrial fission
and fusion in eukaryotes which lack FtsZ (data not
shown). Therefore D. discoideum mitochondrial divi-

sion may involve a combination of FtsZ and dyn-
amin-like proteins, or FtsZ may have been subsumed
to a different role in this species. The idea that FtsZ
functions along with proteins of eukaryotic origin
during organelle division is supported by recent work
into chloroplast division (Miyagishima et al. 2001;
Fulgosi et al. 2002; Kuroiwa et al. 2002).
Genome projects for some organisms that possess

nonphotosynthetic plastids, such as Plasmodium fal-
ciparum, Toxoplasma gondii, and Leishmania major,
are under way or complete. Thus far we have not
identified any FtsZ homologues from these organ-
isms. Experimental evidence suggesting that basal
bodies are involved in the division of plastids in
Toxoplasma gondii (Striepen et al. 2000) may point to
a very different mechanism to that driven by FtsZ.

The FtsZ C-Terminus

As mentioned previously, we define the FtsZ C-ter-
minus region as the 9-amino acid C-terminus motif
immediately followed by a variable (1–28) stretch of
mainly basic and amide amino acids. The C-terminus
of FtsZ is essential for cell division in E. coli (Ma and
Margolin 1999), Staphylococcus aureus (Yan et al.
2000), and Caulobacter crescentus (Din et al. 1998)
and a summary of published structural and func-
tional data regarding the FtsZ C-terminus is
presented in Fig. 7A.
The C-terminus motif has been described previ-

ously (Din et al. 1998; Ma and Margolin 1999; Yan
et al. 2000; Erickson 2001), however, we have noted
that, as more sequences become available, the con-
sensus of this motif becomes less precise. We exam-
ined all 225 full-length FtsZ sequences for a
recognizable match at the C-terminus and judged that
154 FtsZ sequences contained the motif (see Fig. 7B,
upper panel, for examples). This purely qualitative
analysis was then quantified using Multiple EM for
Motif Elicitation (see Materials and Methods). Using
this method only 1 of these 154 FtsZs (that from
Mycoplasma pulmonis) was predicted not to possess
this motif. We therefore find 72 FtsZ homologues
that lack a conserved C-terminus motif (see Fig. 7B,
lower panel, for examples) using our qualitative and
quantitative methods. These include 22 from Bacteria
and 16 from eukaryotic organisms, and, contrary to
previous reports (Erickson 2001), we find no match-
ing sequences at the C-terminus in any of the 34
Archaea FtsZs (see Materials and Methods for fur-
ther details).
The C-terminus motif cannot be represented by

a classical consensus sequence due to the variety
of amino acid substitutions. We therefore derived a
sequence logo (see Materials and Methods) from the
153 sequences (Fig. 7C). A completely conserved
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proline lies at residue 6 and residues 4, 5, 8, and 9
are highly conserved, corresponding closely with func-
tional data (Fig. 7A). The sequence logo allows us to
describe the motif in general terms as follows: acidic/

polar/amphoteric (positions 1 and 2), hydrophobic
(position 3), acidic (position 4), hydrophobic (position
5), proline (position 6), polar/amphoteric/acidic
(position 7), and hydrophobic (positions 8 and 9).

Fig. 6. Multiple independent FtsZ duplication events in Bacteria,

Archaea, and Eukaryota. ML tree inferred as in Fig. 4. Bootstrap

support for the topology from NJ (upper symbols) and MP (lower

symbols) is shown next to posterior probabilities: �90% (++),

�50% (+), or <50% ()). Inset: Topology support for short

branches near center of tree. Scale bar indicates estimated number

of changes per site used in analysis. Paralogous FtsZ1 and FtsZ2

sequences from different phyla or superkingdoms do not group

together in separate clades. The following groups are separately

highlighted by gray shading: Archaea FtsZ1s (Arch. 1); Archaea

FtsZ2s (Arch. 2); Archaea FtsZ3s (Arch. 3); Viridiplantae FtsZ1s

and FtsZ2s together with other plastid FtsZs and Cyanobacteria

(cP + Cyan.); FtsZ1s and FtsZ2s of the Rhizobiales order together

with other a-proteobacterial and mitochondrial FtsZs (mt + a-
prot.); and Colwellia psychrerythraea 34H FtsZ1 together with

other c-proteobacterial FtsZs (c-prot.). Note that C. psychr-

erythraea 34H FtsZ2 does not group with c-proteobacteria and the
two D. discoideum FtsZs do not group strongly with either Cy-

anobacteria or a-proteobacteria. Genus names: Arabidopsis (Arb),
Archaeoglobus (Arc), Colwellia (Col), Cyanidioschyson (Cyn),

Dictyostelium (Die), Escherichia (Esc), Magnetospirillum (Mag),

Mallomonas (Mal), Mesorhizobium (Mes), Nicotiania (Nic), Pyro-

coccus (Pyr), Sinorhizobium (Sin), and Synechococcus (Syn).
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Immediately following the C-terminus motif is a
short C-terminal tail which is dominated by basic or
amide residues (Fig. 7B, upper panel, green under-
line). This tail varies in length between 1 and 13
amino acids (with the exception of Dehalococcoides
ethanogenes, which has 28) and is well conserved
within taxonomic divisions. The functional signifi-
cance of this tail is not known. However, it is always
present in sequences with a conserved C-terminus
motif, indicating, perhaps, a combined function for
these two portions of the C-terminus.
As previously noted (Din et al. 1998; Ma and

Margolin 1999; Erickson 2001), it is significant that
conservation of the FtsZ C-terminal motif does not
necessarily correspond with the presence of an FtsA
or ZipA homologue in the same genome. A good
example of this is the absence of FtsA or ZipA
homologues from two phyla—Cyanobacteria and
Actinobacteria. In both phyla, we have found the C-
terminal region to be present in every FtsZ homo-
logue identified so far (Fig. 3). Therefore, as pointed
out previously (Erickson 2001), the role of the C-

terminal motif must not be exclusively to interact
with FtsA and ZipA. More likely is that the FtsZ C-
terminus is available to interact with accessory
proteins which will differ between taxonomic divi-
sions. The converse situation appears to exist in c-
proteobacteria of the Pasteurellales family and
Bacteroidetes species. We find that these sequences
lack a conserved C-terminus motif (Figs. 3 and 7B).
However, when we performed BLAST searches on
the genome sequences of these species, using E. coli
FtsA and ZipA as queries, we found that all have
FtsA homologues and most of the Pasteurellales
have ZipA homologues (some genomes are incom-
plete; data not shown). It is possible therefore that
neither FtsA nor ZipA interacts with FtsZ in these
organisms. We consider it more likely, at least in the
cases of two of the Pasteurellales (H. influenzae and
P. multocida), that interaction does occur through a
loosely similar stretch of amino acids at the FtsZ C-
terminus. We find that both the H. influenzae and
the P. multocida ZipA sequences have a number of
nonconservative amino acid substitutions (data not
shown) at positions identified as being in complex
with the FtsZ C-terminus in E. coli (Mosyak et al.
2000). This may be evidence of complementary
changes between the two interacting domains in
these species.
A situation in which FtsA homologues are present

alongside FtsZs lacking the C-terminus motif arises
in Bacteria with multiple FtsZs. As discussed above,
in Phyllobacteriaceae and Rhizobiaceae, FtsZ1s have
the C-terminus motif and FtsZ2s do not. One might
propose, therefore, that FtsZ1 function involves in-
teraction with FtsA whereas FtsZ2 function does not.
In Viridiplantae, the C-terminus region is present

in all of the FtsZ2 orthologues but not in the FtsZ1
orthologues. In this respect (and in terms of which
paralogue is most similar to the original E. coli and
B. subtilis sequences), the nomenclature is reversed
from that of a-proteobacteria. Both FtsZ1 and FtsZ2
paralogues group with Cyanobacteria FtsZs (Fig. 6)
and are implicated in chloroplast division (for review
see Osteryoung and McAndrew 2001). In the other
eukaryotic organisms, those that group with Cyano-
bacteria FtsZ homologues have the C-terminus motif,
whereas those that group with a-proteobacteria (im-
plicated in mitochondrial division) do not. This im-
plies that at least one FtsZ which interacts with
accessory proteins is required for chloroplast division
but that this is not necessarily the case in mitochon-
dria. Since no eukaryotes so far have FtsA or ZipA
homologues, there are few candidates for binding to
this motif during organelle division, but perhaps
ARTEMIS is one such possibility (Fulgosi et al.
2002).
In summary, our analysis redefines the conserved

C-terminus motif and illustrates the prevalence of this

Table 1. Number and distribution of FtsZ homologues in Bac-

teria, Archaea, and Eukaryota

No. of FtsZ

sequences

Bacteria

Phylum: Actinobacteria 15

Phylum: Aquificae 1

Phylum: Bacteroidetes 6

Phylum: Chlorobi 1

Phylum: Chloroflexi 1

Phylum: Cyanobacteria 8

Phylum: Deinococcus-Thermus 1

Phylum: Fibrobacteres 1

Phylum: Firmicutes 41*

Phylum: Fusobacteria 1

Phylum: Proteobacteria 82*

Phylum: Spirochaetes 3

Phylum: Thermotogae 1

Unclassified

(Dehalococcoides ethanogenes)

1

Bacteria total 163

Archaea

Phylum: Euryarchaeota 34*

Archaea total 34

Eukaryota

Kingdom, Viridiplantae;

phylum, Embryophta

16

Kingdom, Viridiplantae; phylum,

Chlorophyta; class, Chlorophyceae

2

Class: Cryptophyta 1

Stramenopiles; class, Chrysophyceae 2

Mycetozoa; order, Dictyosteliida 2

Rhodophyta; class, Bangiophyceae 5

Eukaryota total 28

Total number of FtsZ homologues 225

Note: Asterisks indicate taxonomic divisions which also have FtsZ-

like sequences (see text).
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motif among FtsZ homologues. The C-terminus
motif may represent a protein–protein interaction
domain, which has been adapted to bind to a variety
of partners and lost when this function is no longer
required.

FtsZ-like Sequences

In addition to those sequences already discussed, we
found 10 sequences related to FtsZ which fall into
two categories: (A) ORFs from 5 Bacteria and 2

Fig. 7. The FtsZ C-terminus region. A In complex with ZipA, a

17-mer peptide containing the E. coli C-terminus motif, which

forms a b-strand (blue arrow) followed by an a-helix (red cylinder),
is buried in a shallow hydrophobic cavity within ZipA (Mosyak et

al. 2000). Seven of the 17 residues contact ZipA (boxed in green),

however, nearly all of the binding affinity for ZipA is provided by 3

residues (asterisks). Two other residues are thought to be important

for the conformation of the peptide (boxed in blue) (Mosyak et al.

2000). In E. coli, five residues (underlined in red) were individually

mutated to alanine; in each case the resulting FtsZ was unable to

complement the ftsZ84(Ts) mutant. Yeast two-hybrid analysis of

these FtsZs found two mutations which reduced binding to FtsA

(underlined in black) (Haney et al. 2001). Deletion of a 10-residue

stretch of amino acids overlapping the C-terminus motif from

Staphylococcus aureus FtsZ (underlined in blue) rendered it unable

to interact with FtsA using a yeast two-hybrid system, however,

alanine scanning mutagenesis identified only one of these residues

(boxed in gray) as being required for interaction with FtsA (Van et

al. 2000). B The last 30 amino acids of FtsZ sequences from a range

of organisms have been aligned to highlight the presence or absence

of the C-terminal motif. Dark blue shading highlights identical

residues and light blue shading highlights similar residues. Upper

alignment: 15 FtsZ sequences with the C-terminus motif (orange

box). The basic/amide-rich region is underlined in green (see text).

Lower alignment: 15 FtsZ sequences without the C-terminus motif.

C A sequence logo (see Materials and Methods) produced from an

alignment of the C-terminus region of 153 FtsZ homologues that

contain a conserved C-terminus motif. The height of the letters

represents the frequency of the amino acid residue at that position.
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Archaea that contain low sequence similarity to
FtsZ and do not meet all our criteria to be classed
as genuine FtsZs and (B) 1 ORF from Bacteria and
2 ORFs from Archaea that have moderate to high
sequence similarity to FtsZ but have alterations in
regions known to be important for FtsZ function. We
consider it likely that all proteins described here do
not bind and hydrolyze GTP in the same manner as
FtsZ, therefore we choose to designate them ‘‘FtsZ-
like.’’ Except for the plasmid-borne FtsZ-like se-
quences from Bacillus species (see below), which are
very closely related, FtsZ-like sequences do not group
with each other between species in phylogenetic
analyses (data not shown). They therefore do not
constitute a distinct family of sequences. By docu-
menting FtsZ-like sequences, we have encompassed
in this paper all sequences, save from the tubulin
superfamily (McKean et al. 2001), which show sig-
nificant similarity to FtsZs.

FtsZ-like Sequences in Bacteria

Bacillus Species (Phylum, Firmicutes; Order, Bacilla-
les; Family, Bacillaceae). Our searches identify two
sequences related to FtsZ in the Bacillus anthracis
whole-genome shotgun sequence. The genuine FtsZ
groups with FtsZs from other Firmicutes in phylo-
genetic analysis (data not shown). The FtsZ-like ORF
is encoded on the pXO1 virulence plasmid (Okinaka
et al. 1999) and contains the tubulin signature motif.
However, it shows only 17% sequence identity to the
genuine, chromosomally encoded B. anthracis FtsZ
and does not fit our criteria to be an FtsZ. Similarly,
we find that the B. cereus genome (NC_003909) has a
chromosomal ftsZ gene (99% identical to the chro-
mosomal B. anthracis orthologue at the amino acid
level) and a partial FtsZ-like ORF (85% identical to
the equivalent portion of the B. anthracis FtsZ-like
ORF) (Okinaka et al. 1999). Furthermore, DNA se-
quencing of plasmids from B. thuringiensis and B.
megaterium reveals homologues of this FtsZ-like se-
quence. Cross-hybridization studies suggest the pres-
ence of the FtsZ-like ORF in B. mycoides, B.
amloliquifaciens, and Paenibacillus glucanolyticus and,
also, confirmed the presence of large extra-chromo-
somal DNA molecules in these species. However, the
study did not confirm whether the FtsZ-like ORFs are
encoded on these plasmids (Okinaka et al. 1999;
Pannucci et al. 2002). The pX01 plasmid is not nec-
essary for viability of B. anthracis in vitro but it is
known to be essential for the manifestation of disease
(Okinaka et al. 1999). It is therefore possible that the
FtsZ-like ORF is required during host infection.

Clostridium acetobutylicum (Phylum, Firmicutes;
Class, Clostridia; Order, Clostridiales; Family, Clos-

tridiaceae). The completed genome sequence for
Clostridium acetobutylicum contains two ORFs an-
notated as FtsZs. We found one to group with FtsZs
from other Clostridium species and therefore to be a
genuine FtsZ (data not shown). However, the second
ORF, annotated as a ‘‘diverged homologue’’ of FtsZ
(accession No. NP350048), encodes a protein with
only 14% sequence identity to the C. acetobutylicum
FtsZ. This sequence contains the tubulin signature
motif but lacks some of the residues involved in GTP
binding and hydrolysis. In addition, PRINTS does
not predict this to be an FtsZ homologue and there-
fore we have designated this as an FtsZ-like sequence.

Magnetospirillum magnetotacticum (Phylum, Proteo-
bacteria; Class, a-Proteobacteria; Order, Rhodospi-
rillales; Family, Rhodospirillaceae). We designate
one of the four FtsZ sequences found in this bacte-
rium as FtsZ-like for reasons described above (see
Bacteria with Multiple FtsZ Sequences).

FtsZ-like Sequences in the Archaea

An ORF from Halobacterium nrc-1 (NP_280638) is
over 40% identical to FtsZ3a from the same species
but lacks important residues involved in GTP-hy-
drolysis at the N-terminal end of the core region. An
ORF from Methanosarcina acetivorans (NP_615906)
is most closely related to FtsZ3 sequences but lacks
some important residues for GTP hydrolysis. Finally,
two ORFs from Methanopyrus kandleri, which are
each other’s closest relatives in BLAST searches
(NP_614409, NP_614146), show minimal similarity
to other FtsZs. Both lack many of the residues in-
volved in GTP hydrolysis and are very much shorter
than any genuine FtsZ sequences. However, simila-
rity to FtsZ does reside in and around the most
conserved regions (e.g., the tubulin signature se-
quence and the synergy loop). Although both are
annotated ‘‘FtsZ GTPase involved in cell division,’’
these are the sequences least related to FtsZ which we
present here.

Conclusions

We have comprehensively documented the FtsZ se-
quences present in freely available sequence dat-
abases (Table 1), and using multiple sequence
alignments, we have summarized patterns of primary
sequence structure diagrammatically by phylum (Fig.
3). This approach aids the identification of interesting
exceptions (such as theW. pipientis and Pasteurellales
FtsZs, which have insertions in their core domain)
and should also prove useful for initial characteriza-
tion of novel FtsZ sequences.
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Phylogenetic analysis has highlighted extremely
divergent FtsZ sequences such as those from Myco-
plasma pneumoniae, M. genitalium, Colwellia psychr-
erythraea 34H (FtsZ2), Dictyostelium discoideum, and
Euryarchaeota (FtsZ3s). Significantly, apart from
those of the Mycoplasma genus, these all come from
species with more than one FtsZ (Fig. 6) and may,
therefore, be performing functions distinct from cell
division. As yet, there is no functional data for any of
these proteins. Nevertheless, they do have all the
important residues for GTP hydrolysis in the same
order and position as more conventional FtsZs (Fig.
2). It remains to be seen whether FtsZ-like sequences
such as those from Bacillus and Clostridium species
and Methanopyrus kandleri are simply even more
divergent FtsZs which have mutated these important
residues as they specialize in function.
In the cases of Colwellia psychrerythraea (FtsZ2)

and Dictyostelium discoidium (FtsZ1a and 1b) we
must consider the possibility that these divergent
FtsZs were acquired by horizontal gene transfer; see
Fig. 6. Indeed it is also possible that one of the
Chloroflexus aurantiacus FtsZs was acquired in this
way. The highest-scoring hit in BLAST searches us-
ing the full-length FtsZ (FtsZ2) from this organism
comes from Deinococcus radiodurans, whereas for the
truncated sequence (FtsZ1) the best hits come from
Cyanobacteria. The two FtsZs in C. aurantiacus may
therefore not be each other’s closest relatives (data
not shown).
Expression of heterologous FtsZ proteins in E. coli

has often been used as a test for similar function, but
it also indicates that copolymer formation occurs
even between FtsZs of different species (e.g., Ma et al.
1997). Therefore it is reasonable to suggest that FtsZ
in species with multiple FtsZs could be forming co-
polymers at various ratios, perhaps even through
heterodimer formation (e.g., McAndrew et al. 2001).
We have identified an interesting case in the a-pro-
teobacteriaMagnetospirillium magnetotacticum which
has at least two FtsZs (probably three; see above) and
an FtsZ-like protein. The latter is classed as such
because of a nonconservative substitution in the
synergy loop. Nevertheless, the FtsZ-like protein
could act in polymer formation in a similar way to b-
tubulin, which has a similar substitution and cannot
catalyze hydrolysis of GTP bound to a-tubulin.
It has been suggested that rapid evolution of FtsZ,

after gene duplication in Archaea, could represent the
origin of eukaryotic tubulins (Faguy and Doolittle
1998). We find that FtsZ3s of Archaea group with
tubulins when the latter are included as an outgroup
for FtsZ phylogenetic analysis (data not shown),
however, this is likely to be due to long branch at-
traction as previously suggested (Gilson and Beech
2001). It is significant that we can identify multiple
independent instances of ftsZ gene duplication—in

Viridiplantae (Osteryoung et al. 1998), Archaea (Fa-
guy and Doolittle 1998), c-proteobacteria (Colwellia
psychrerythraea), Chloroflexus auranticus, and a-
proteobacteria (Figs. 4–6). As around half of bacte-
rial phyla still do not have a representative for which
complete genome sequence is available, it seems likely
that a clearer ancestor of tubulin remains to be
found. In this context, a recent report of two tubulin
genes in the bacterial genus Prosthecobacter (Jenkins
et al. 2002) is intriguing. Although these tubulins are
predicted to be monomeric, it will be interesting to
see if they are required for cell division of P. dejongeii,
which appears to be only the second free-living bac-
teria identified as lacking an FtsZ homologue (V.
Vonstein and Y. Kogan, Integrated Genomics, Inc.,
personal communication).
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