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Sigma factors of the o’® family were used as a phylogenetic tool to compare evolutionary relationships
among eubacteria. Several new sigma factor genes were cloned and sequenced to increase the variety of
available sequences. Forty-two group 1 sigma factor sequences of various species were analyzed with the help
of a distance matrix method to establish a phylogenetic tree. The tree derived by using sigma factors yielded
subdivisions, including low-G+C and high-G+C gram-positive bacteria, cyanobacteria, and the o, 3, v, and
d subdivisions of proteobacteria, consistent with major bacterial groups found in trees derived from analyses
with other molecules. However, some groupings (e.g., the chlamydiae, mycoplasmas, and green sulfur bacteria)
are found in different positions than for trees obtained by using other molecular markers. A direct comparison
to the most extensively used molecule in systematic studies, small-subunit rRNA, was made by deriving trees
from essentially the same species set and using similar phylogenetic methods. Differences and similarities
based on the two markers are discussed. Additionally, 31 group 2 sigma factors were analyzed in combination
with the group 1 proteins in order to detect functional groupings of these alternative sigma factors. The data
suggest that promoters recognized by the major vegetative sigma factors of eubacteria will contain sequence

motifs and spacing very similar to those for the o7 sigma factors of Escherichia coli.

Genotypic information has replaced morphological or other
phenotypic patterns as the primary tool to determine evolu-
tionary relationships among microorganisms. Sequence infor-
mation can be more precisely interpreted and is usually more
informative of evolutionary relationships than phenotypic in-
formation (95). The primary choice for such molecular system-
atic studies has been the small-subunit rRNA (SS-rRNA). Af-
ter molecules were first recognized as being “documents of
evolutionary history” about three decades ago (98), compari-
sons of SS-rRNA data have revolutionized knowledge of phy-
logenetic relationships, especially of microorganisms (27, 62,
63). For example, sequence comparisons of rRNA sequences
first established the existence of eubacteria and archaebacteria
as two distinct kingdoms among the prokaryotes (1). There are
a number of reasons that make SS-rRNA sequence compari-
sons very useful for molecular systematic studies (63, 95), some
of which are the following: (i) this molecule is present in all
organisms, as well as mitochondria and chloroplasts; (ii) dif-
ferent positions in SS-rRNA sequences change at different
rates, allowing the determination of phylogenetic relationships
of close and distant relatives; (iii) SS-TRNA sizes are large and
secondary structure aids alignment of sequences between dif-
ferent species; and (iv) the SS-TRNA molecules are relatively
easily cloned and sequenced.

In spite of these significant advantages, a number of poten-
tial problems are associated with SS-TRNA sequence compar-
isons. Rothschild et al. (70) have pointed out several sources of
error if SS-TRNA is used as the sole criterion to generate a
phylogeny. Some of these include the possibility of gene trans-
fer between species as well as between cellular organelles,
intraorganismal heterogeneity of the rRNA genes since they
occur in multiple copies in most organisms, and the occurrence
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of nonrandom mutations due to the influence of adjacent
bases. Misinterpretations of relationships have also been de-
tected due to drastically different G+C contents of species (37,
90). For these and other reasons, different molecules are being
used for phylogenetic studies to compare and contrast with
results obtained by using SS-rRNA. A variety of protein se-
quences have been used for this purpose, including sequences
of RecA (20, 44), transketolase and fructosebisphosphate al-
dolase (88), HSP70 (5, 35, 69, 88), RNA polymerase (46),
elongation factor TU (16, 53), the 8 subunit of ATP synthase
(53), genes of photosynthetic reaction centers (60), and GroEL
(91). Studies that include sequence data from various enzymes
across the species have also been carried out to determine the
divergence times of the major kingdoms (17). It seems that
many different genes should be investigated from the same
organisms to be able to understand their phylogenetic relation-
ships more completely and reliably.

In this study, group 1 o’°-type sigma factors were chosen as
marker molecules for eubacterial systematics. The sigma factor
protein is a dissociable subunit of the eubacterial RNA poly-
merase holoenzyme (9). It confers on the RNA polymerase
core enzyme the promoter specificity that it requires for tran-
scription initiation. Two broad families of sigma factors have
been identified: the o’-type sigma factors (for reviews, see
references 38 and 51) and the ¢”*-type sigma factor family (for
reviews, see references 14 and 48), both named after the orig-
inally identified Escherichia coli proteins. The o”° family has
been divided into three groups (51). Group 1 is composed of
the primary sigma factors of the organisms, and its members
are present in all known eubacteria, in which they are essential
for cell viability. Group 2 and group 3 include the so-called
alternative sigma factors, and these are dispensable for cell
growth. Group 2 members are rather similar in sequence to
primary sigma factors and include proteins such as the station-
ary-phase-specific sigma factor RpoS (59). Group 3 sigma fac-
tors vary more significantly in sequence from the other two
groups and include functional groupings such as heat shock
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(34) and sporulation sigma factors (for a review, see reference
36).

Group 1 sigma factors possess a variety of characteristics
that make them potential candidates as phylogenetic markers.
They occur across the eubacterial kingdom and are essential
proteins for cell viability. Functional constraints for these pro-
teins give rise to highly conserved structural features. Even
though sigma factor proteins vary in length, four regions of
very high sequence conservation have been identified (38).
These regions span approximately 250 contiguous amino acids
and include the subregions that are responsible for recognition
of the —10 and —35 promoter elements (78, 92). Alignment of
the homologous regions is rather straightforward and appears
to be free of significant ambiguities. A further advantage of
sigma factors is the diversity and relatively large number of
sequences already available. Open reading frames encoding
proteins that show high sequence similarity to the functionally
characterized E. coli o’° proteins (80) have been found in a
variety of species at a rapidly growing rate in the last few years.
Considering that putative sigma factors from diverse species
have been shown to carry out functions equivalent to those of
the sigma factors in E. coli, the members of this family are now
considered homologs (13, 76).

In this work, a total of 73 group 1 and group 2 o’°-type sigma
factors were studied to investigate if sigma factors are useful
molecules for molecular systematic studies. Several additional
sigma factor genes have been cloned from diverse species,
including the cyanobacterium Synechococcus sp. strain PCC
7002, the gram-positive photosynthetic bacterium Heliobacillus
mobilis, the green sulfur bacterium Chlorobium tepidum, the
green gliding bacterium Chloroflexus aurantiacus, the photo-
synthetic proteobacterium Rhodobacter sphaeroides, and the
thermophile Thermotoga maritima. These sequences were cho-
sen to obtain a more balanced representation of species in the
tree. A phylogenetic tree of group 1 sigma factors was estab-
lished by using a distance method and was compared to a tree
derived from SS-rRNA sequences that included essentially the
same species as the ones included in the sigma factor analysis.
Furthermore, a tree that included group 1 and group 2 se-
quences was generated in order to detect possible functional
groupings of group 2 sigma factors. The sigma factor tree is the
first protein tree which includes representatives of all phyla
that include photosynthetic bacteria.

MATERIALS AND METHODS

Bacterial strains and plasmids. E. coli DH5« (Bethesda Research Laborato-
ries, Gaithersburg, Md.) was used for recombinant DNA manipulations, and E.
coli MV1190 was used as the host strain for the production of single-stranded
DNA template for sequencing. Plasmid pUC19 was used for most routine DNA
cloning and double-stranded sequencing procedures (97). Plasmid pHSG575
(81) was chosen for the construction of the DNA library for T. maritima. M13
phage cloning vectors M13mp18 and M13mp19 were used for single-stranded
sequencing.

DNA preparation and DNA sequence analysis. Chromosomal DNA from R.
sphaeroides was kindly provided by Timothy Donohue (University of Wisconsin,
Madison), DNA from H. mobilis was provided by Wim Vermaas (Arizona State
University, Tempe), and DNA from 7. maritima was provided by Michael Adams
(University of Georgia, Athens).

Small-scale plasmid DNA preparations from E. coli were extracted by the
alkaline lysis method (4). Large-scale DNA preparations were performed by the
alkaline lysis method followed by CsCl-ethidium bromide equilibrium density
gradient ultracentrifugation. Plasmid DNA used for nested deletions was puri-
fied through two successive density gradients. Single-stranded DNA templates
for sequencing with M13mp vectors were purified according to the manufactur-
er’s instructions (M13 cloning kit; Amersham, Arlington Heights, IIL.).

The DNA sequences were determined by the dideoxy-chain termination
method (72), with a Sequenase version 2.0 DNA sequencing kit from United
States Biochemical. Sequence data were analyzed with the MacVector sequence
analysis program, version 5.0 (Eastman Kodak, Rochester, N.Y.).
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FIG. 1. Restriction maps for sig4 genes isolated in this study. Maps are
shown for H. mobilis sigA (a), T. maritima sigA (b), and R. sphaeroides sigA (c).
For two of these (a and c), the position of the upstream dnaE gene is also
indicated. Abbreviations for restriction endonucleases: B, BamHI; H, HindIII; E,
EcoRI; P, Pstl, S, Sstl; X, BstXI.

Southern hybridization and screening of plasmid libraries. DNA fragments
were transferred to nitrocellulose membranes (Schleicher & Schuell) by capillary
transfer and hybridized overnight under conditions described previously (8).
DNA fragments used as hybridization probes were purified from agarose gels
(GenElute agarose spin columns; Supelco, Bellefonte, Pa.) and radiolabeled with
[«-*?P]dATP (New England Nuclear, Beverly, Mass.), using a random-primed
DNA labeling kit (Boehringer Mannheim, Indianapolis, Ind.).

To create size-directed plasmid libraries, total chromosomal DNA was first
digested with restriction endonucleases, size fractionated on an agarose gel, and
screened by Southern hybridization to identify fractions containing the desired
fragment. Fragments from this fraction were purified by electrophoresis, isolated
from the agarose gel by using GenElute agarose spin columns (Supelco), and
ligated into plasmids as indicated. After transformation of ligation products into
E. coli DHS5a cells, the libraries were screened by colony hybridization to identify
clones containing the desired DNA fragments. Confirmation of the correctness
of these clones was made by restriction endonuclease mapping and Southern
hybridization experiments with plasmids isolated from all putatively positive
clones.

Cloning and sequence analysis of H. mobilis sigA, T. maritima sigA, and R.
sphaeroides sigA. A Southern blot with digests of H. mobilis chromosomal DNA
was hybridized with a 124-bp EcoRI-Smal fragment of Synechococcus sp. strain
PCC 7002 sigB (11), encoding amino acids 117 to 158 of the SigB sequence (see
Fig. 2). Southern blots containing 7. maritima and R. sphaeroides DNAs were
hybridized with a 400-bp BstXI fragment of H. mobilis sigA (Fig. 1); this fragment
spans regions 2.1 to 2.4 of this ¢’%-type sigma factor. Based on these and other
hybridization experiments, a 2.3-kbp EcoRI-HindIII fragment and a 0.9-kbp PstI
fragment of H. mobilis were cloned into pUC19 (Fig. 1) to obtain the entire
sequence of the putative sig4 gene. In the case of T. maritima, a 1.4-kbp BamHI
fragment (Fig. 1) was cloned into pHSG575 (81). For R. sphaeroides, a 0.4-kbp
BamHI-SstI fragment (Fig. 1) was cloned into pUC19. This cloned fragment was
used as a probe to isolate overlapping cosmid pUI8315 from the pLA2917
cosmid bank of R. sphaeroides (from Timothy Donohue). The nucleotide se-
quence of a 5-kbp BamHI fragment was determined (Fig. 1). Analyses of the
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deduced SigA protein sequences of all three organisms showed very strong
sequence similarity (Fig. 2) to the four conserved regions of o’’-type sigma
factors as defined by Helmann and Chamberlin (38), which indicated that these
genes encode ¢”7%-type sigma factors.

The hybridization analyses of H. mobilis and T. maritima DNAs showed a
single hybridizing DNA fragment for each restriction enzyme combination
tested, suggesting that a single group 1+2 ¢”’-type sigma factor homolog occurs
in these organisms. One strongly hybridizing band and at least one weaker
hybridizing band were detected by the Southern blot analyses of R. sphaeroides,
indicating the probable existence of additional o”°-type sigma factors, probably
group 2 members, in this organism.

Sequence alignments. Amino acid sequences obtained in this work were com-
bined with sequences of sigma factors obtained from the National Center for
Biotechnology Information databases (39) and aligned with the ClustalW mul-
tiple sequence alignment program (86), using default parameters. The alignment
was inspected and no further refinement was necessary. Database searches were
conducted with various sigma factor sequences (E. coli RpoD, Bacillus subtilis
RpoD, and Synechococcus sp. strain PCC 7002 SigA), and group 1+2 members
that were detected by the searches were included in the alignment. Only the most
conserved regions of sigma factors (regions 2.1 to 4.2 [51]) were included in the
final alignment, shown in Fig. 2. Table 1 shows the accession numbers and gene
designations of the sigma factor sequences that were used in creating the align-
ment. Table 1 also indicates to which group the various sigma factors have been
assigned. For the SS-rRNA tree, sequences of species for which ¢7%-type group
1 sigma factor sequences were also available were chosen. In most cases, a
complete or nearly complete SS-rRNA sequence was available for each organism
from which a group 1 sigma factor sequence was available. Table 1 lists the
SS-rRNA sequences used and indicates those species for which replacement
SS-rRNA sequences were used as well as those species for which no suitable
replacement was available. Replacement sequences were chosen from organisms
that are considered to be very close relatives of the species when no matching
SS-rRNA sequence was available. The aligned SS-rRNA sequences were ob-
tained by using the ribosomal database project (RDP) computer server (54).

Phylogenetic trees. The sequence alignments described above were used to
construct phylogenetic trees. Regions 2.1 to 4.2 of ¢’° type sigma factors were
chosen, as they constitute the most highly conserved regions of that protein
family (51). The SS-rRNA sequences were extracted from the RDP server in
aligned format. The alignment was based on both primary and secondary struc-
ture considerations (54) and included 1,683 alignment positions. This number
constitutes all positions as supplied by the RDP server.

The phylogenetic trees were generated with computer algorithms supplied by
the PHYLIP software package (25). Trees derived from sigma factor sequences
were generated by using the method developed by Fitch and Margoliash (26),
using the estimated evolutionary distances calculated by the protdist program.
The PAM matrix-based distance correction (25) was used to calculate the pair-
wise distances between sigma factor proteins. For the ¢7° group 1 tree, aligned
sequences of known or presumed group 1 o’’-type sigma factors were included
in the analysis, whereas all of the sequences indicated in Table 1 were used for
the construction of the tree that also includes group 2 sigma factors. An alter-
native treeing method was also used to analyze the relationships among group 1
sigma factor sequences. The protpars program (24), supplied by the PHYLIP
software package, was used to produce a parsimony tree. To obtain bootstrap
values, 100 bootstrap analyses were performed. This tree was compared to the
results obtained by using the distance method. The phylogenetic tree for the
SS-rRNA was generated by a distance method. The pairwise distances between
SS-rRNA sequences were calculated by using the Kimura two-parameter dis-
tance correction implemented in the dnadist program of PHYLIP. The tree was
constructed by the Fitch-Margoliash method. In all cases, the trees were gener-
ated without an outgroup and can thus be considered unrooted. For both the
sigma factor and SS-rRNA trees which were generated by distance methods, 500
bootstrap replications were carried out to obtain the bootstrap values (23).

Nucleotide sequence accession numbers. The DNA sequences for the H.
mobilis sigA gene, the T. maritima sigA gene, and the R. sphaeroides rpoD gene
have been deposited in GenBank under accession numbers U67424, U67423, and
U67425. Molecular cloning, sequencing, and characterization of the sig4 gene of
Chlorobium tepidum, the four sigma factors of C. aurantiacus, and the sigD and
sigE genes of Synechococcus sp. strain PCC 7002 will be described in detail
elsewhere, although the sequences have been deposited in GenBank (34a) (Ta-
ble 1).

RESULTS

Group 1 sigma factors. Sigma factor sequences were aligned
by using the program ClustalW as shown in Fig. 2. This align-
ment includes the most highly conserved regions of all mem-
bers of the o’ family of sigma factors (51). Most of the gaps
introduced to optimize this alignment derive from only two
sequences, those of Mycoplasma genitalium and the nucleus-
encoded, chloroplast-targeted SigA protein of Cyanidium cal-
darium. Figure 3 shows the phylogenetic tree obtained for ”°
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group 1 sigma factors, using the procedures described in the
Materials and Methods. For all organisms except C. aurantia-
cus, the known or assumed group 1 sigma factor was included,
as indicated in Table 1. In the case of C. aurantiacus, it was not
possible to assign one of the four sigma factors as the group 1
representative (34a); consequently, all four protein sequences
were included in this alignment. Figure 4 shows the tree ob-
tained by using SS-rRNA sequences of the same species that
were included in the group 1 sigma factor tree. This allows a
direct comparison between the trees for the two molecular
markers, since factors such as differing sample sizes within
separate phyla should not influence the results.

The proteobacterial phylum has been divided into five phy-
logenetically distinct subdivisions (e, B, v, 8, and €), based on
SS-rRNA sequences (62). All proteobacterial sequences are
monophyletic in both the sigma factor tree and the SS-rRNA
tree of this work, with four of the subgroups (a, B, -y, and )
being represented. It is interesting that, based on the bootstrap
values, the four subdivisions are more strongly supported in
the sigma factor tree than in the SS-rRNA tree, considering
that the subdivisions were originally based on SS-rRNA se-
quence comparisons. The bootstrap values for «, B plus v, v,
and 8 in the sigma factor tree are 99, 100, 72, and 100, respec-
tively, while in the SS-rRNA tree, the corresponding values are
66, 100, 55, and 100. The species composing the four subdivi-
sions of proteobacteria are equivalent between the two trees.
The positionings of the four proteobacterial subdivisions rela-
tive to each other are also similar in the two trees; the § and vy
subgroups are relatively closely related to each other, and the
8 group is positioned somewhat separately from the other
three subgroups. This pattern has been observed in several
other studies (20, 62, 95). Another phylogenetic pattern that is
consistent in both trees is the separation of Pseudomonas spe-
cies from E. coli, Buchnera aphidicola, Haemophilus influenzae,
and Salmonella typhimurium within the v subdivision.

The gram-positive phylum consists of four subdivisions (95),
two of which have been well characterized. These two sub-
groups, the low-GC and high-GC groups, are represented in
this study, as well as a member of the third subgroup, namely,
H. mobilis of the photosynthetic subdivision. The represented
sequences do not form a monophyletic gram-positive clade
that is composed of all subdivisions in either tree. The high-GC
organisms form a monophyletic cluster in both the RNA tree
and the protein tree. The composition of species varies in two
respects between the two trees for the high-GC subgroup. In
the rRNA tree, the sequence of Corynebacterium mediolanum
was substituted for that of Corynebacterium glutamicum, but no
suitable substitute for Streptomyces aureofaciens was available.
Nevertheless, the relationships of the organisms forming this
subgroup are virtually identical between the two trees; the
Streptomyces and Mycobacterium spp. form tight clusters, and
Corynebacterium is positioned between these two clusters. In
the low-GC cluster, most organisms included are also found in
equivalent positions in the two trees. The only member of the
photosynthetic subdivision, H. mobilis, is found within this clus-
ter (Heliobacterium chlorum as the substitute species in the
RNA tree). In both trees, the photosynthetic representative is
most closely related to Clostridium acetobutylicum.

In the sigma factor tree, Leptospira borgpetersenii is placed
within the low-GC group, and this placement is supported by a
very high bootstrap value. However, L. borgpetersenii is a spi-
rochete, which is also apparent from its position on the SS-
RNA tree. There are several possible explanations for this
incongruency. First, a lateral gene transfer from another spe-
cies, most likely involving a member of the low-GC gram-
positive grouping, could have occurred. Alternatively, the L.
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TABLE 1. Sigma factor and SS-rRNA sequences

Species

g0

Size

GenBank

SS-rRNA

(by phylum) Gene group” (amino acids) accession no. sequence” Reference®
Cyanobacteria/chloroplasts
Anabaena sp. strain PCC 7120 sigA 1 390 M60046 NOST.MUSCR 7
sigB 2 331 M95760 6
sigC 2 416 M95759 6
Cyanidium caldarium rpoD NA 609 142639 50
Microcystis aeruginosa rpoD1 (1) 416 D50318 MCS.AERUG2
Synechococcus sp. strain PCC 7002 sigA 1 374 U15574 NA 12
sigB 2 328 U82435 11
sigC 2 365 U82436 11
sigD 2 317 U82484 34a
sigE 2 398 U82485 34a
Synechococcus sp. strain PCC 7942 rpoD1 (1) 384 D10973 SYN.6301* 82
rpoD2 2 320 D78583 82
Synechocystis sp. strain PCC 6803 sigB 2 345 D63999 43
sigC 2 404 D64002 43
Gram-positive bacteria
Bacillus subtilis rpoD 1 371 M10089 B.SUBTILI3 33
Clostridium acetobutylicum sigA 1) 378 723080 C.ACEBUTY3 74
Corynebacterium glutamicum sigA (1) 497 749822 COR.MEDIS1* 61
sigB 2 331 749824 61
Enterococcus faecalis rpoD (1) 368 X86176 ECO.FAECAL
Heliobacillus mobilis sigA 1 333 U67424 HEL.CHLORM* This work
Lactococcus lactis rpoD (1) 340 X71493 LCC.LACTIS 30
Listeria monocytogenes rpoD (1) 374 U13165 LIS.MONOC3 58
Mycobacterium bovis rpoV (1) 528 U21130 MYB.BOVIS 15
Mycobacterium leprae rpoT (1) 574 U15181 MYB.LEPRA2
Mpycobacterium smegmatis mysA (1) 466 U09821 MYB.SMEGM1 65
mysB 2 319 U09863 65
Mycobacterium tuberculosis mysB 2 323 U10059 19
Mycoplasma genitalium sigA 1 497 U39703 M.GENITAL2 28
Staphylococcus aureus plaC (1) 368 M63177 STP.AUREUS 41
Streptomyces aureofaciens hrdA 2 393 M90410 NA 47
hrdB (1) 525 M90411 47
hrdC 2 528 M90412 47
hrdD 2 325 M90413 47
Streptomyces coelicolor hrdA 2 396 X52980 STM.COELI3 83
hrdB 1 442 X52983 83
hrdC 2 339 X52981 83
hrdD 2 332 X52982 83
Streptomyces griseus hrdB (1) 510 X75952 STM.GRISEUS 57
Proteobacteria
Agrobacterium tumefaciens rpoD (1) 684 X69388 AG.TUMEFAC 77
Buchnera aphidicola rpoD (1) 617 M90644 BUC.APHIDI 49
Caulobacter crescentus rpoD 1 652 U35138 CAU.CRES2 55
Escherichia coli rpoD 1 613 J01687 E.COLI 10
katF 2 342 714969 59
Haemophilus influenzae rpoD (1) 629 L45174 H.INFLUENZ 85
Myxococcus xanthus rpoD (€] 708 U20669 MYX.XANTHU 40
Neisseria gonorrhoeae rpoD (1) 642 142289 NIS.GONORR
Pseudomonas aeruginosa rpoDA1 1 617 D90118 PS.AERUGIN 84
rpoS 2 334 D26134 29
Pseudomonas fluorescens rpoD 1 615 X84416 PS.FLUORE3 75
rpoS 2 335 U34203 73
Pseudomonas putida rpoD (€] 614 D30045 PS.PUTIDA 29
rpoS 2 335 X91654
Rhizobium meliloti sigA (1) 684 147288 NA 71
Rhodobacter capsulatus rpoD (1) 674 U28162 RB.CAPSULS
Rhodobacter sphaeroides sigA 1 666 U67425 RB.SPHAER2 This work
Rickettsia prowazekii rpoD (1) 635 U02878 RIC.PROWAZ
Salmonella typhi poS 2 384 X81641
Salmonella typhimurium rpoD (1) 615 M14427 S.TYMURLT?2 22
rpoS 2 330 U05011 66
Serratia entomophila poS 2 332 U35777
Shigella flexneri poS 2 362 U00119
Stigmatella aurantiaca sigA (1) 706 M94370 SMA.AURANT 79
Yersinia enterocolitica poS 2 331 U16152 42

Continued on following page
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TABLE 1—Continued.

Species G a0 Size GenBank SS-rRNA Ref .
(by phylum) ene group” (amino acids) accession no. sequence” elerence
Thermotogales
Thermotoga maritima sigA 1 397 U67423 TT.MARITIM This work
Spirochetes
Borrelia burgdorferi rpoD (1) 543 U17591 BOR.BURGD6
Leptospira borgpetersenii rpoD (1) 331 M96579 LPS.BORGP2
Chlamydia
Chlamydia psittaci sigA 1 571 U04442 CLM.PSITTA 18
Chlamydia trachomatis sigA 1 571 M36475 CLM.TRACHO 21
Green gliding bacteria
Chloroflexus aurantiacus sigA NA 342 U67719 CFX.AURANT 34a
sigB NA 346 uU67720 34a
sigC NA 312 U67721 34a
sigD NA 398 u67722 34a
Green sulfur bacteria
Chlorobium tepidum sigA 1 299 U67718 CHL.TEPIDU 34a

“ Represented sigma factor proteins are classified as either group 1 or group 2 members, except in the cases of Cyanidium caldarium and C. aurantiacus, where this
information was not available (NA). Group 1 sigma factor proteins that have been confirmed as such by genetic or biochemical means, or that are the only group 1
or group 2 member of that organism, are indicated by the number 1; unconfirmed group 1 sigma factors are indicated by parentheses.

b The names of the SS-TRNA sequences refer to the ribosomal database project entries (54). Those ones marked with asterisks come from a different species than
the corresponding sigma factor sequence(s). These replacement species are SYN.6301 (Synechococcus sp. PCC 6301), COR.MEDIS1 (Corynebacterium mediolanum),
and HEL.CHLORM (Heliobacterium chlorum). Species where no replacement sequences were available are indicated as not available (NA).

¢ References for sigma factor entries as found in GenBank. The absence of a reference indicates that only a GenBank entry is available for that sequence.

borgpetersenii sigma gene product could be a group 2 sigma
factor that happens to be unusually similar to the sigma factors
of the low-GC gram-positive group, although this idea is not
supported by inclusion of other group 2 sigma factor sequences
(see below). It is possible that the cloned sigma factor gene is
not actually from L. borgpetersenii but from some other low-GC
gram-positive bacterium. It should be noted that the position
of the spirochetes, represented by Borrelia burgdorferi, is not
highly supported in either tree. In the SS-rRNA tree, the
spirochetes are most closely related to M. genitalium, but the
relationship to other species is ambiguous. In the sigma factor
tree, B. burgdorferi is placed between the high-GC gram-posi-
tive bacteria and the green gliding bacteria, but this placement
is not highly supported.

Mycoplasmas are generally placed within the low-GC gram-
positive bacteria (93, 95), however, their phylogenetic classifi-
cation is not entirely clear (68). In the sigma factor tree, the
only representative of the mycoplasmas, M. genitalium, is most
closely related to 7. maritima, a positioning that is relatively
well supported. In the SS-TRNA tree, M. genitalium is most
closely related to the spirochetes; however, this assignment is
unreliable as apparent by low bootstrap values.

The cyanobacteria form a coherent clade in both the SS-
rRNA and sigma factor trees. Unfortunately, the SS-rRNA
tree does not include the sequence for Synechococcus sp. strain
PCC 7002, and the sequence of Synechococcus sp. strain PCC
6301 was used as a replacement for Synechocystis sp. strain
PCC 6803. The low bootstrap values for the placement of the
cyanobacterial clade together with other bacterial clades does
not allow confident placement of the cyanobacteria relative to
other groupings within both trees. In the SS-rRNA tree, the
cyanobacteria are most closely related to the chlamydiae,
whereas in the sigma factor tree, the cyanobacteria are most
closely related to other photosynthetic organisms, namely, the
green gliding bacterium C. aurantiacus and the green sulfur
bacterium Chlorobium tepidum.

A number of phyla are represented by only one or two

sequences (e.g., the thermotogales, chlamydiae, spirochetes,
green gliding bacteria, and green sulfur bacteria) which con-
tributes to the inability to produce a precise placement of some
of these organisms within the trees. This is reflected by rela-
tively low bootstrap values for these species in both the SS-
rRNA and sigma factor trees. A notable exception is the very
strongly supported position of the chlamydiae in the sigma
factor tree. According to these results, a placement of the
chlamydiae within or very near the proteobacterial group
would seem to be appropriate.

Group 1 and group 2 sigma factors. Figure 5 shows the tree
that was established by using both group 1 o’’-type sigma
factors and alternative sigma factor sequences of group 2. The
group designations are outlined in Table 1. Comparing this
tree with the group 1 tree shows that the group 1 divisions
largely remain unchanged in terms of their species composition
and relative positions to one another. The high-GC subdivision
of the gram-positive bacteria is the only group 1 cluster that
obtained an additional sequence, the HrdC protein of S. au-
reofaciens. This sequence is very similar to the group 1 sigma
factor of this organism, and this could be due to a gene dupli-
cation that has occurred reasonably late in the history of the
high-GC subdivision; alternatively, this gene could have been
obtained by lateral gene transfer from another Streptomyces
species. In the tree composed of all sigma factor sequences, the
spirochetes have changed positions slightly relative to other
phyla compared to the tree based exclusively on the group 1
sigma factors. This is not surprising considering that the boot-
strap values do not support these nodes highly.

The sigma factors believed to be involved in the transcrip-
tion of stationary-phase-specific genes (KatF and RpoS pro-
teins) form a tight clade. All cyanobacterial group 2 sigma
factors also form a coherent clade that is not closely related to
the group 1 sigma factors of these same organisms. Contrary to
the grouping composed of the stationary phase sigma factors,
the functions of the individual members of these cyanobacte-
rial gene products are not yet entirely clear (see Discussion).
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FIG. 3. Fitch-Margoliash tree for group 1 sigma factors. The tree was generated by the method of Fitch and Margoliash (26) from the multiple sequence alignments
depicted in Fig. 2. The distances were calculated by using the protdist program of the PHYLIP package, using a PAM matrix-based distance correction. The scale bar
represents 0.1 substitution per site. All sequences included are from group 1 sigma factors, except for the four C. aurantiacus sequences (CfxA, CfxB, CFxC, and CfxD),
for which it was not possible to determine the identity of the group 1 member. Bootstrap values were obtained after 500 replications and are indicated when greater

than 40%.

The high-GC gram-positive group 2 sigma factors do not form
such a tight grouping as do the cyanobacterial group 2 mem-
bers. Some are very closely related to high-GC gram-positive
group 1 sigma factors (e.g., S. aureofaciens HrdC), whereas
others (e.g., Streptomyces coelicolor HrdC and HrdD and S.
aureofaciens HrdD) are only distantly related to the corre-
sponding group 1 sequences. The four C. aurantiacus sigma
factors are split into two groups: CfxD, CfxB, and CfxA, which
are placed together near the cyanobacterial group 1 proteins,
and CfxC, which is more closely related to the stationary-phase
sigma factors. The group 1 sigma factor of Chlorobium tepi-
dum, the only sigma factor sequence of groups 1 and 2 that
could be detected in this species, is the only group 1 protein
placed deep within group 2. Like CfxC, it is more closely

related to the stationary-phase sigma factors. The only eukary-
otic representative of this tree, the nucleus-encoded, chloro-
plast-targeted sigma factor RpoD of the unicellular rhodo-
phyte Cyanidium caldarium (50), is found associated with the
cyanobacterial group 1 sigma factors. Although the length and
depth of this branch suggest that this sequence has diverged
significantly from its cyanobacterial counterparts, this result is
not surprising considering the established relatedness between
cyanobacteria and chloroplasts (32, 94).

DISCUSSION

In this study, several new group 1+2 sigma factors have been
cloned and sequenced. The deduced protein sequences were
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combined with amino acid sequences of sigma factors obtained
from the National Center for Biotechnology Information da-
tabases, aligned, and phylogenetically analyzed. The resulting
group 1 sigma factor tree was directly compared to a tree
derived from SS-rRNA sequences, which was comprised of
essentially the same species set that was represented in the
sigma factor tree. This direct comparison to an established
phylogenetic marker was intended to test the utility of sigma
factors as markers for molecular systematics.

Phylogenetic analyses of sigma factor sequences were car-
ried out for several reasons. First, the group 1 sigma factors
perform similar if not identical functions and are essential for
cell survival. As shown in Fig. 2 and by others (for reviews, see
references 38 and 51), this functional conservation results in a
high degree of conservation throughout eubacterial species.
Present evidence suggests that only a single primary sigma
factor is present in an organism. It was thus considered likely
that primary sigma factors would be related by phylogeny and
thus could be a potentially useful addition to molecular sys-

tematics. Additionally, alternative sigma factors (groups 2 and
3) from diverse organisms are believed to be related by func-
tion (51). Thus, a study including alternative sigma factors
could propose possible functional groupings composed of
sigma factors of different organisms.

In this work, only group 1 and group 2 ¢”°-type sigma factors
were studied. Group 1 sigma factors were analyzed to obtain
phylogenetic relationships of the respective organisms, where-
as group 1 and group 2 sequences combined were investigated
to obtain additional information on the relationships among
the sigma factors themselves. Group 3 sigma factors and mem-
bers of the o’%-type subfamily involved in the regulation of
extracytoplastic functions, the so-called ECF subfamily (52),
have not been included. The conditions used in Southern blot-
ting experiments in this work to screen for sigma factors al-
lowed for the detection of only group 1 and group 2 members
(see Materials and Methods). Group 3 sigma factors are quite
divergent from primary sigma factors and exhibit a maximum
sequence identity of 27% (51) with group 1 members. Studies
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of sigma factors which include members of group 3 are dis-
cussed by Lonetto et al. (51, 52).

The comparison of the phylogenetic tree obtained by using
group 1 sigma factor sequences (Fig. 3) with the tree using
SS-rRNA sequences (Fig. 4) shows that overall, the branching
pattern and robustness, as deduced by the bootstrap values, are
very similar. This finding strongly supports the idea that sigma
factors can be useful markers for molecular systematics. Fur-
thermore, the sigma factor tree generated by the parsimony
method (data not shown) confirms this statement. The well-
supported branches are practically identical in both branching
patterns and bootstrap values to those for the tree generated
by the distance method. Major differences between the two
methods will be discussed below.

The proteobacterial phylum presently contains the largest
number of species in the trees (Table 1). Four (e, B, vy, and 3)

of the five subgroups of proteobacteria are included in the
analyses performed in this study. With the sample size used,
the four subgroups are supported with higher bootstrap values
in the sigma factor tree than in the SS-rRNA tree. The branch-
ing order is practically identical between the two and is con-
sistent with SS-rRNA trees which include a much larger num-
ber of sequences (62). Thus, it certainly appears that the
conserved regions of the protein sequences of sigma factors
can correctly portray evolutionary relationships between these
closely related organisms.

The chlamydiae are grouped closely to the proteobacteria in
the sigma factor tree, and this association is very highly sup-
ported (Fig. 3). This close relationship is also apparent in the
tree generated by the parsimony method (data not shown).
Based on both their sizes and sequence properties, the sigma
factors of chlamydiae support their inclusion as a distinctive
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subgroup of the proteobacteria. It will be interesting to exam-
ine the position of the chlamydiae once sigma factor sequences
of the € subgroup of proteobacteria become available. In stud-
ies including the € subgroup, their members are placed as the
deepest of the five proteobacterial subgroups (20). Chlamydiae
are obligate intracellular parasites of eukaryotic cells that
cause a number of diseases in mammals and birds (2). Chla-
mydiae possess some unique phenotypic characteristics within
the eubacteria, such as a biphasic life cycle and an outer cell
membrane that differs from the membranes of other gram-
negative bacteria in that it is highly cross-linked by S-S bridges
(3). Examination of studies of a number of different molecular
markers reveals that the position of the chlamydiae within the
eubacterial kingdom is not well defined. For example, trees
employing elongation factor Tu as the phylogenetic marker
suggest that the chlamydia are most closely related to the
spirochetes (91, 16). The use of GroEL as the marker positions
the chlamydiae between the bacteroides and the spirochetes
(91). Studies with HSP70s place the chlamydiae adjacent to the
gram-positive bacteria and cyanobacteria (5, 69), whereas a
comparison of RecA sequences places the chlamydiae between
the deinococcus-thermus group and the low-GC gram-positive
cluster (20). A major problem in positioning the chlamydiae
within the eubacteria appears to be the small number of or-
ganisms isolated and studied from this group. However, it
should be noted that of all molecular markers used so far,
sigma factor comparisons position the chlamydiae with the
highest confidence.

The gram-positive phylum has been divided into four phy-
logenetically distinct groups, two of which, the low-GC and
high-GC groups, are well characterized (95). There has been
much debate over whether the gram-positive bacteria are
monophyletic. For example, studies on some rRNA genes (95)
and GroEL genes (91) indicated that the gram-positive bacte-
ria are of monophyletic origin, whereas different studies on
rRNA genes (89), studies of elongation factor TU and genes
encoding the B subunit of ATP synthase (53), and comparisons
of RecA sequences (20) suggested that they are not monophy-
letic. With the species represented in this work, the sigma
factor tree shows that gram-positive bacteria are probably not
of monophyletic origin, although the bootstrap values of the
nodes defining the low-GC and high-GC clusters are low. The
tree generated by the parsimony method (data not shown)
indicates that the gram-positive bacteria could be of monophy-
letic origin, even though, as is the case in the tree based on the
distance method, this association is only weakly supported.

M. genitalium, and T. maritima as its closest relative, are
positioned between the two gram-positive clusters in the sigma
factor tree. The closest relative of M. genitalium in the SS-
rRNA tree are the spirochetes, but the position of this myco-
plasma relative to other organisms is unsupported. The rapidly
evolving nature of the mycoplasmas, as evidenced by long
branch lengths, is also apparent in the sigma factor tree. Other
studies using SS-rRNA data place the mycoplasmas within the
low-GC gram-positive group (93, 95), even though their prop-
erties are very unusual. They have no cell walls, their genomes
are far smaller than other bacterial genomes (28), and they
have a number of other cytological and biochemical peculiar-
ities (67). Some microbiologists argue that mycoplasmas con-
stitute a phylogenetically distinct group that is distantly related
to other eubacteria (67). It is hard to draw any definitive
conclusions on that issue from the data of this work, consid-
ering that only one mycoplasma-derived sequence is included.
However, it is interesting that the SigA protein of M. geni-
talium has a unique insertion of five residues which no other
sigma factor proteins possess (Fig. 2). Both in the protein tree
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and in SS-rRNA tree, M. genitalium is placed outside the
low-GC cluster. This is also the case in the protein tree gen-
erated by the parsimony method (data not shown). However, it
is apparent from various studies that if a large number of
SS-rRNA sequences are analyzed, the mycoplasmas are placed
within the gram-positive group (20, 93). In a similar study
comparing phylogenetic results of the RecA protein with SS-
rRNA data (20), it was found that the SS-rRNA data placed
the mycoplasmas within the gram-positive group whereas their
position in the protein tree was not as obvious. Further sigma
factor sequences will have to be included to position the my-
coplasmas more accurately and to determine whether phylo-
genetic analyses of sigma factor protein sequences support the
notion that mycoplasmas form a phylogenetically distinct
group within the eubacteria.

Another group whose relationship to the gram-positive bac-
teria is unresolved is the cyanobacterial phylum. Analysis of a
number of genes has suggested that cyanobacteria and gram-
positive bacteria might be sister groups. Both protein se-
quences (20, 91) and SS-rRNA sequences (89, 95) have been
used to support this interpretation. For example, there is one
strong signature position in SS-rRNA (C residue at position
1207) which occurs only in gram-positive bacteria and cya-
nobacteria, not in any other eubacteria (96). Although cya-
nobacteria and gram-positive bacteria appear to be related to
one another in a number of analyses, the difference is that
SS-rRNA data show the cyanobacteria more closely related to
the low-GC gram-positive bacteria, whereas certain protein-
based analyses show a closer relationship between cyanobac-
teria and high-GC gram-positive bacteria (20). In this study,
the bootstrap values of the gram-positive and cyanobacterial
nodes are too low to allow us to draw strongly supported
conclusions. Nevertheless, according to the sigma factor tree,
cyanobacteria are more closely related to the high-GC than to
the low-GC gram-positive bacteria. This result is similar to that
derived from analyses of RecA sequences in which the cya-
nobacteria were also more closely associated with the high-GC
gram positive bacteria (20).

It does not disturb the species composition and relative
positioning of group 1 divisions significantly to include group 2
sequences in the phylogenetic analysis of group 1 sequences
(Fig. 5). One exception to this statement is the position of the
B. burgdorferi RpoD sequence, which is placed closer to the
proteobacterial grouping when the group 2 sequences are in-
cluded. Although this positioning is not strongly supported
statistically, it is interesting to note that the large size of the
sigma factor of this spirochete is more typical of sigma factors
of proteobacteria, chlamydia, and some high-GC gram-positive
bacteria. Moreover, with the exception of some group 1 sigma
factors of the high-GC gram-positive bacteria and of Chloro-
bium tepidum (see below), no known group 1 proteins clus-
tered tightly with group 2 proteins. These results suggest that
all sigma factors designated as group 1 members have probably
been correctly identified. No exact function has yet been as-
signed to any of the group 2 proteins. Cyanobacterial group 2
sigma factors form a tight cluster, but roles of these proteins
have remained uncertain. Since multiple group 2 sigma factors
are found in nonheterocystous cyanobacteria (82), these sigma
factors are probably not involved in controlling this differen-
tiation process. This suggestion was confirmed by mutational
studies of Brahamsha and Haselkorn (6), who found that
sigB and sigC mutants of Anabaena sp. strain PCC 7120 could
still differentiate heterocysts and fix nitrogen. More recent
studies by Tsinoremas et al. (87) have suggested that the SigB
(RpoD2) protein of Synechococcus sp. strain PCC 7942 plays a
role in controlling gene expression during circadian responses
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of this organism. The SigE protein of Synechococcus sp. strain
PCC 7002 may play a role similar to that of RpoS of proteobac-
teria in transcribing genes in post-exponential-phase cells
(34a).

Some group 2 sigma factors of high-GC gram-positive organ-
isms infiltrate the group 1 cluster for the high-GC gram-posi-
tive organisms, suggestive of recent gene duplication events,
while some others are placed near other group 2 sequences.
The significance of these differences is not presently known.
The so-called stationary-phase sigma factors, which are mem-
bers of the group 2 family, form a very well defined cluster.
This is not surprising when one considers that all known se-
quences within this cluster are derived from proteobacteria.
The heat shock cluster, composed of proteobacterial group 3
heat shock sigma factor sequences, branches off from this part
of the tree (data not shown), in accordance with previous
results (51). Other studies have shown that additional group 3
sequences radiate from the region of the heat shock sequences
to form other functional clusters, including the flagellar clus-
ters, sporulation clusters, and the ECF subfamily (51, 52).

The position of Chlorobium tepidum in all three trees is
somewhat mystifying. It is placed differently in the group 1
sigma factor tree than in the SS-rRNA tree, although the
bootstrap values obtained in either case are low. The branch
length for this sigma factor in the group 1 tree is extremely
long, a result that could indicate that this gene is a product of
very rapid evolution or that the organism is at best only very
distantly related to other eubacteria. The only confident place-
ment of this sequence occurs when both group 1 and group 2
sigma factors sequences are included. The Chlorobium tepidum
SigA sequence is the only group 1 sigma factor that is placed
deep within the group 2 sequences, and the Chlorobium tepi-
dum sigma factor is in fact most closely related to the station-
ary-phase sigma factors of proteobacteria. However, it is highly
unlikely that the Chlorobium tepidum sequence is anything but
the primary sigma factor of this organism, considering that no
other sigma factor gene was identified in spite of considerable
effort to do so (34a). This result could indicate that a lateral
gene transfer event has taken place between members of these
groups or could indicate that a dramatic change in function has
occurred for this sigma factor in the green sulfur bacteria. The
green sulfur bacteria are not a particularly well established
phylogenetic group; for example, only a few SS-rRNA se-
quences have been cataloged (31). It will be interesting to see
where Chlorobium tepidum is positioned within other trees, us-
ing different molecules as the phylogenetic markers. In hopes
of further resolving the position of Chlorobium tepidum, the
recA gene of this organism has recently been cloned and se-
quencing is in progress (19a).

Cyanobacteria, C. aurantiacus, and the high-GC gram-posi-
tive bacteria are the only organisms for which multiple group 2
sigma factors have been found (Fig. 5). This could serve as a
further indicator of the relatedness of these groups. Although
not very strongly supported from the analysis of group 1 sigma
factors, it seems that the green sulfur bacteria and green glid-
ing bacteria (perhaps better referred to as the anoxygenic flexi-
bacteria or the filamentous anoxygenic phototrophic bacteria)
(64) may be more closely related to the cyanobacteria than to
any other grouping in the sigma factor tree. It is impossible to
predict from the placement of the four C. aurantiacus se-
quences which represents the primary sigma factor of this
organism. Based on the conservation of sequence in the vicin-
ity of the critically important regions 2.4 and 4.2 (Fig. 2), the
SigA protein might be the most likely candidate to be the
group 1 sigma factor. However, it is also possible that the SigC
sequence of C. aurantiacus is another potential group 1 sigma
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factor that is placed within the group 2 sequences (Fig. 5). At-
tempts to isolate the rec4 gene of this organism are in progress,
and it will be interesting to see results obtained with this
marker. It will also be important to obtain molecular data from
other members of this rather poorly characterized bacterial
group.

Conserved regions 2.4 and 4.2 (Fig. 2) have been shown by
mutational analysis to contain residues that interact with the
—10 and —35 motifs, respectively, of the promoters of both
E. coli (78) and Bacillus subtilis (45). Recently, the determina-
tion of the crystal structure of a fragment of the o”° protein of
E. coli has provided the structural framework within which to
interpret these data further (56). For the group 1 sigma factors,
and for many of the group 2 sigma factors as well, the residues
known to interact with these motifs are absolutely conserved.
The sole exception among the eubacteria sequenced to date is
Chlorobium tepidum, which has a leucine rather than the con-
served threonine residue in the —10 recognition region. More-
over, it is obvious from the alignment shown in Fig. 2 that the
structural context (i.e., the likely distance separating these do-
mains) between those regions of sigma factors that interact
with the —10 and —35 motifs of the promoter are also con-
served. The principal exception to this statement is the nucle-
us-encoded, chloroplast-targeted sigma factor of Cyanidium
caldarium, which could possibly accommodate a slightly differ-
ent spacing of these elements due to insertion of amino acids
between regions 3 and 4. Nevertheless, it is clear that the data
in Fig. 2 strongly support the notion that typical promoters in
all eubacteria should contain sequence motifs and spacing sim-
ilar to those of the consensus promoter sequence for the o’°
sigma factor of E. coli. Since 5’ endpoints of mRNAs from
diverse bacteria frequently do not map adjacent to sequences
that resemble E. coli consensus promoters, it could be that
endonucleolytic processing of primary transcripts is more prev-
alent in eubacteria than has yet been demonstrated experimen-
tally.

In conclusion, the studies described here support the idea
that group 1 o’ sigma factors are a useful marker for bacterial
systematics. A direct comparison to SS-rRNA sequences, using
essentially the same set of species, showed that the overall
branching pattern and resolution of the two molecular markers
are very similar. More confident placement of a number of
phylogenetic groups should be possible as more sequences of
sigma factors become available. This is a very probable sce-
nario if the recent explosive increase in the number of available
sigma factors sequences continues. Because group 1 sigma
factor proteins contain regions that are practically invariant in
all eubacterial species, and other regions that are variable even
between close relatives, relationships between close and dis-
tant relatives can be resolved.
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