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Group B streptococci (GBS) remain the most significant bacterial pathogen causing neonatal sepsis,
pneumonia, and meningitis in the United States despite the chemoprophylaxis strategies for preventing
infection recommended by the Centers for Disease Control and Prevention. Using signature-tagged transposon
mutagenesis to screen for novel virulence factors, we identified the rpoE gene as essential for development of
sepsis in a neonatal rat model of GBS infection. An rpoE allelic replacement mutant displayed attenuated
virulence in the sepsis model of infection identical to that of the transposon mutant, confirming linkage of the
phenotype to the mutation in rpoE. The rpoE mutants also displayed increased sensitivity to Kkilling in
whole-blood bactericidal assays, which may explain the attenuated virulence. The mutants were otherwise
phenotypically identical to the wild-type strain, including growth rate in plasma, indicating that a growth defect
is not responsible for the attenuated virulence. rpoE is found only in gram-positive bacterial species and
encodes the delta peptide, a subunit of RNA polymerase. Previous in vitro studies in other bacteria suggest that
the delta peptide plays a role in maintaining transcriptional fidelity by blocking RNA polymerase binding at
all but the strongest promoters, thereby inhibiting initiation of transcription. Despite the availability of rpoE
mutants for several gram-positive bacterial species, a role for the peptide in vivo has not been defined, though
it has been postulated that the delta peptide may be important for long-term survival in vitro or during growth
phase transitions. Our data represent the first report of a phenotype relevant to virulence for rpoE mutants.

Streptococcus agalactiae (group B streptococci [GBS]) is the
leading cause of neonatal sepsis, pneumonia, and meningitis in
the United States and Western Europe and is an emerging
pathogen in immunocompromised adults (31, 32). GBS asso-
ciated with human disease are almost invariably encapsulated,
belonging to one of the nine recognized capsular serotypes: Ia,
Ib, or II to VIII. The type-specific capsule of GBS has been
extensively studied and is an important determinant for both
virulence and immunity (30, 36). Other studies of GBS viru-
lence have examined adherence to and invasion of epithelial
and endothelial barriers and interactions with host immune
pathways and have focused on a few specific factors, such as
hemolysin, alpha and beta proteins, and C5a peptidase (for a
review, see reference 24). Recognition of the prevalence and
severity of human neonatal and adult disease emphasizes the
significance of investigating the mechanisms important to the
pathogenesis of GBS infections.

We previously reported the use of signature-tagged transpo-
son mutagenesis (STM) as a screening tool in a neonatal rat
sepsis infection model to identify new virulence factors for
GBS (13). The most attenuated mutant identified in the STM
screen had a transposon insertion in the rpoE gene, encoding
the delta subunit of RNA polymerase (RNAP). On the basis of
this phenotype, this mutant was subjected to further charac-
terization.

Bacterial RNAP consists of a multisubunit enzyme complex
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that is the main target for the regulation of gene expression
(19). RNAPs from diverse bacterial species display a highly
conserved heteromeric structure consisting of a catalytic core
enzyme complexed to one of a family of sigma factors (o).
Initiation of transcription requires core RNAP and several
different protein factors (18). The minimal core RNAP consists
of four subunits (BB’a,) and is sufficient to catalyze the poly-
merization of nucleoside triphosphates into RNA (16). Ancil-
lary proteins modify RNAP during promoter binding, initia-
tion, elongation, and termination steps to effect changes in
gene expression (19). Core enzyme interacts with sigma factors
that provide specificity, to form Bp’a, o, which has the capacity
to initiate transcription at promoters. Other proteins, including
the delta protein encoded by rpoE, are frequently isolated as
components of the purified RNAP, but their roles in transcrip-
tion are less clear (2, 16).

On the basis of genome database sequence information,
rpoE appears to be ubiquitous among gram-positive bacterial
species. Despite the availability of rpoE mutants in other well-
studied gram-positive bacteria such as Bacillus subtilis and
Staphylococcus aureus, the function of the delta protein in vivo
has not been determined. Phenotypes for rpoE mutants range
from extended lag phase growth for B. subtilis mutants (19) to
defects in starvation-induced stationary-phase survival or re-
covery for S. aureus mutants (34). The relevance of these
observations from other bacterial species to GBS virulence is
unclear at present.

Here we report the construction and characterization of a
GBS rpoFE allelic exchange mutant. These studies show that the
activity of the delta subunit of RNAP appears to be required
for resistance of GBS to phagocytic killing and for survival in
the host.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or
reference
S. agalactiae
A909 Wild-type, serotype Ia 21
AJ8D3 A909 Tn917::rpoE 13
AJ200 A909AmpoE, allelic exchange mutant, Km" This study
A909AcpsE A909AcpsE, acapsular mutant L. Madoff
E. coli MC1061 F— araD139 A(ara-leu)7696 A(lac)X74 galU galK hsdR2 (ry~ my ") mcrA mcrBI rpsL(Str") 35
Plasmids
pDC123 Cm", phoZ, cloning vector 5
pCIV2 Km'/QKm-2 25
pHY304 Em' temperature-sensitive pVE6007A derivative, lacZa/multiple cloning site of pBluescript H. H. Yim
pAJ020 pDC123 with 2.5-kb insert containing rpoE gene and flanking DNA sequence This study
pAJ024 Km" pAJ020 with rpoE deleted and replaced with QKm-2 from pCIV2 This study
pAJ042 Em" Km" pHY304 with insert containing (JKm-2 and flanking DNA sequence This study

MATERIALS AND METHODS

Bacterial strains and growth media. The bacterial strains and plasmids used in
this study are described in Table 1. GBS strains were grown in Todd-Hewitt
broth (THB; Difco Laboratories) or in chemically defined medium (CDM) (37)
in 5% CO, at 37°C unless otherwise specified. For antibiotic selection, 1 ng of
erythromycin (ERY) per ml or 800 p.g of kanamycin (KAN) per ml was added to
the medium. GBS strain A909 is a type Ia capsular polysaccharide clinical isolate
(21). Strain A909AcpsE was generously provided by Larry Madoff. The cpsE gene
(glucosyl transferase) was deleted, rendering the strain capsule deficient (L.
Madoff, personal communication). Escherichia coli strains were grown in Luria-
Bertani broth (LB; Difco Laboratories) with aeration. For antibiotic selection,
300 pg of ERY per ml, 10 pg of chloramphenicol per ml, or 40 ng of KAN per
ml was added to the medium.

DNA methods and sequencing analysis. Chromosomal DNA from GBS was
isolated by the method of Framson et al. (9). Digestion and modification of
plasmid and chromosomal DNA were performed using standard protocols (4).
Southern hybridization analysis of GBS chromosomal DNA was performed as
described previously (4). Plasmid DNA from GBS strains was isolated using a Hi
Speed Plasmid Midi or Miniprep kit (Qiagen) according to the manufacturer’s
directions, except that GBS were first converted to spheroplasts by digestion with
endo-N-acetylmuramidase (mutanolysin; 0.5 U/ul) (Sigma) at 37°C for 40 min
).

DNA sequencing was performed using a Perkin-Elmer Ready Reaction se-
quencing kit (Perkin-Elmer Cetus) according to the manufacturer’s directions.
Sequences were analyzed using BLAST analysis (3) and aligned using Se-
quencher version 3.1 (Gene Codes Corporation, Framingham, Mass.).

Construction of an rpoE allelic exchange mutant. The GBS rpoE gene and
approximately 2 kb of flanking DNA were amplified by high-fidelity PCR (Fail-
safe; Epicentre Technologies) using A909 chromosomal DNA as a template and
primers RopA3 (5'-GAATTTAGTGTTGCCAAAGG-3') and RopA3R (5'-CA
CTATAAATCTTACCCGTTG-3') using the protocol supplied by the manufac-
turer. The resulting PCR product was ligated to EcoRV-digested pDC123, a
streptococcal/E. coli shuttle vector (6) to which T-overhangs had been added
using Tag polymerase and dTTP as described previously (4). E. coli MC1061
clones containing the resulting recombinant plasmid pAJ020 were identified on
agar containing 10 pg of chloramphenicol per ml and 50 pg of 5-bromo-4-chloro-
3-indolylphosphate per ml. The rpoE gene in pAJ020 was replaced with a Smal
restriction enzyme site by inside-out PCR using primers AJRDFS (5'-GCCCC
GGGGACTATCATTTTGTTTAGC-3") and AJRDRS (5'-GCCCCGGGGGA
AGAAGAGGAAGAAGAGG-3'), which read outward from the 5’ and 3’ ends
of rpoE. A 2.2-kb BamHI restriction fragment of pCIV2 containing the omega
(£2) Km gene was ligated to the Smal-cut PCR product, generating pAJ024.

pAJ024 was digested with Xbal and Xhol restriction enzymes to release a
2.5-kb insert containing the (OKm cassette and adjacent flanking DNA. The
fragment was cloned into pHY304 (generously provided by H. H. Yim), a
temperature-sensitive shuttle vector suitable for obtaining double-crossover mu-
tants in GBS (38), generating pAJ042. pAJ042 was electroporated into strain
A909, and transformants were selected at 30°C on Todd-Hewitt agar (THA)
containing KAN. Allelic exchange of the rpoE gene on the wild-type chromo-
somal copy with the (QKm cassette was achieved in a single-step process. A909
containing pAJ042 was grown at 30°C for 6 h in THB containing KAN. The
culture was pelleted, washed in THB prewarmed to 37°C, diluted 1/20 into fresh

THB prewarmed to 37°C, and then grown to saturation. This step was repeated
a second time, and the culture was plated on THA containing KAN. Individual
Km" colonies were replica plated onto THA containing ERY to allow differen-
tiation between single- and double-crossover events.

Km" Em® clones were screened by PCR to confirm allelic replacement of the
rpoE gene with the OKm cassette. Southern blotting analysis of chromosomal
DNA was used to further confirm the allelic exchange. Chromosomal DNA
isolated from potential allelic exchange mutants was digested with EcoRI, re-
solved on a 0.8% agarose gel, and transferred to a MagnaGraph membrane
(Osmonics). A probe consisting of the insert from pAJ020 (3" end of ropA, rpoE,
and 5" end of pyrG) was generated by PCR and labeled with the digoxigenin
(DIG) Chem-Link Labeling and Detection set (Roche). Hybridization, washing,
and detection were performed according to the manufacturer’s directions.

Transcriptional analysis. RNA was isolated from GBS strains grown to log-
arithmic phase in THB as previously described (39) using a FastPrep FP101 bead
beater (Bio 101). RNA dot blots were generated by applying serial dilutions of
total cellular RNA to a MagnaGraph membrane using a Minifold I dot blot
vacuum apparatus (Schleicher & Schuell) according to the manufacturer’s rec-
ommendations. RNA probes were generated using PCR products to which the
T7 promoter sequence (5'-TAATACGACTCACTATA-3") had been added as
templates, and the DIG RNA Labeling kit (SP6/T7) (Roche) was used according
to the manufacturer’s instructions.

Reverse transcription-PCR (RT-PCR) was used to confirm that transcription
of adjacent genes was not disrupted in the allelic exchange mutant. RNA was
reverse transcribed using Omniscript reverse transcriptase (Qiagen) and random
hexamers (Amersham Pharmacia Biotech) according to the manufacturer’s di-
rections and then amplified by PCR using primers RopA3 (5'-GAATTTAGTG
TTGCCAAAGG-3') and RopA4 (5'-TGCTTCAAAGCCTTCTGCAGC-3') to
amplify a portion of ropA, primers RPOEF (5'-GATGATTGAAGTTGCTCG
CGC-3") and RPOER (5'-CCTCTTCTTCCTCTTCTTCC-3") to amplify a por-
tion of rpoE, and primers CTPF2 (5'-GGTGGTGTGGTCTCTTCT-3’) and
CTPR2 (5'-CATCTGAATCTGTAGTTG-3') to amplify a portion of pyrG.

Growth and phenotypic plate assays. Growth of isogenic strains was assessed
in THB and CDM by monitoring the optical density at 600 nm of cultures grown
statically at 37°C in 5% CO,. The ability of the isogenic strains to grow in human
plasma was also assessed. Whole-blood samples were collected from laboratory
volunteers in accordance with the guidelines of the Children’s Hospital and
Regional Medical Center Institutional Review Board. Heparin was added to 10
U/ml of blood and plasma obtained by centrifugation. As GBS do not achieve an
optical density great enough to monitor by spectrophotometric methods, growth
over a 4-h period was determined by plating serial dilutions of the cultures grown
in plasma at 37°C for viable colony counts.

Production of hemolysin, CAMP factor, hyaluronidase, and DNase activity by
isogenic strains was assessed by standard plate assays (23, 33).

Quantitation of capsular sialic acid. Capsular sialic acid recovered after acid
hydrolysis of equivalent numbers of whole cells grown to mid-logarithmic phase
in THB was quantitated by high-performance liquid chromatography (HPLC) as
described previously (4) as a measure of the amount of capsule produced by
isogenic GBS strains. Sialic acid recovered after hydrolysis for 1 h with 4 N acetic
acid was derivatized with fluorescent 1,2-diamino-4,5-methylene-dioxybenzene
(DMB) and quantified compared to a standard curve using pure sialic acid
(Sigma) similarly derivatized with DMB. Samples were injected into a Bio-logic
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FIG. 1. (A) Schematic representation of the GBS rpoE region. The relative positions of the GBS rpoE homolog and flanking genes are
represented by arrows. The positions of the Tn9/7 insertion, putative promoters (arrow), and transcriptional terminators (£2) are also indicated.
(B) Amino acid sequence alignment of delta proteins using CLUSTAL W (11) and BoxShade. Residues conserved in all five proteins are shown
on a black background, and residues identical in three or more of the proteins are shown on a dark gray background. Similar residues are shown
on a light gray background. Gaps introduced to maximize alignment are indicated by periods in the Bsu to Uu sequences. Species abbreviations:
Bsu, B. subtilis; Bha, Bacillus halodurans; Mpn, M. pneumoniae; Mge, M. genitalium; Uu, Ureaplasma urealyticum.

Duoflow HPLC (Bio-Rad Laboratories) equipped with a fluorescence detector
(model RF-530; Shimadzu Scientific Instruments, Columbia, Md.) and an ASI
S-pm-particle-size C,g column (0.4 by 30 cm; Analytical Sciences, Incorporated,
Santa Clara, Calif.). The samples were eluted isocratically at 0.9 ml/min, and the
derivatized sialic acid was detected using an excitation wavelength of 373 nm,
emission wavelength of 448 nm, and a range setting of 16.

Bactericidal assays. Sensitivity to phagocytosis was assessed using standard
Lancefield whole-blood bactericidal assays (17, 27). Mid-logarithmic phase cul-
tures grown in THB were washed in phosphate-buffered saline and incubated
with a sample of whole blood or plasma from a nonimmune donor. The amount
of killing in whole blood was calculated for a 3-h incubation period at 37°C
relative to the growth of each strain in plasma obtained from the same donor.

Animal infection studies. Time-mated, barrier-sustained, female Sprague-
Dawley rats delivered by cesarian section were obtained from Charles River
Laboratories. Lethal dose assays using the neonatal rat sepsis model of GBS
infection were performed as previously described (13). All procedures were
performed in accordance with the Children’s Hospital and Regional Medical
Center Institutional Animal Care and Use Committee Guidelines.

Nucleotide sequence accession number. The sequence of the GBS rpoE gene
was deposited in GenBank under accession number AY216696.

RESULTS

Genotypic analysis of the rpoE region. To initiate character-
ization of GBS AJ8D3, the rpoE STM mutant, chromosomal
DNA flanking the left terminal repeat of Tn977stm was cloned
to identify the gene disrupted by the transposon insertion as
previously described (13). Initial sequence analysis indicated
that the transposon was located immediately 5’ to the rpoE

gene predicted to encode the delta subunit of RNAP. The
transposon insertion mapped within the predicted promoter
region of rpoE identified by sequence analysis and a World
Wide Web-based Neural Network Promoter Prediction pro-
gram (http://www fruitfly.org/seq_tools/promoter.html). By se-
quence analysis, a ribosome-binding site was identified 5’ to
rpoE, and a potential transcriptional terminator was identified
3’ to rpoE, suggesting that the gene was transcribed indepen-
dently.

Genomic DNA and arbitrary-primed PCR products (26)
were sequenced to further characterize the GBS chromosomal
DNA adjacent to the transposon insertion site and to identify
other open reading frames in this region. The rpoE chromo-
somal region is depicted in Fig. 1A. A ropA homolog predicted
to encode trigger factor, a putative chaperone found in many
gram-positive bacterial species, is located 5’ of rpoE. The pyrG
gene, encoding CTP synthase, is located downstream of rpoE.
The arrangement of these three genes in GBS is identical to
that described for group A streptococci (20).

Predicted protein structure. The GBS delta subunit is pre-
dicted to be a 191-amino-acid protein. The tool used to predict
pI and molecular mass in the Expert Protein Analysis System
(http://us.expasy.org/tools/pi_tool.html) predicts a molecular
mass of 22 kDa and a pI of 3.7 for the GBS delta protein. The
GBS delta subunit was aligned with those of other organisms
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FIG. 2. RT-PCR analysis of GBS strains A909 and AJ200. cDNA
was PCR amplified with primers specific for rpoE (A), ropA (B), and
pyrG (C). The position of the expected product is indicated with an
arrow. Lanes 1 and 2, A909; lanes 3 and 4, AJ200; lane 5, no-template
control; lane 6, DNA control; lane 7, DNA standards. Reverse tran-
scriptase was omitted from samples in lanes 1 and 3, which serve as a
control for DNA contamination in the RNA samples.

using CLUSTAL W (11). As shown in Fig. 1B, the GBS pep-
tide, including an acidic carboxy terminus preceded by a basic
region, exhibits considerable homology with those of other
organisms. The highest homology in the proteins is seen be-
tween residues 60 to 90, which is thought to be the core RNAP
binding region. The acidic C-terminal domains of the delta
protein are predicted to function as an unstructured polyan-
ionic polymer that mimics single-stranded RNA (18). As ex-
pected, the carboxy-terminal amino acids of the GBS delta
subunit are highly enriched for aspartate residues (n = 19) and
glutamate residues (n = 26).

Construction of an allelic exchange mutant and expression
analysis. To confirm that the transposon insertion in the pu-
tative promoter region of rpoE was responsible for the atten-
uated virulence of the mutant, the rpoE gene in the wild-type
strain A909 was deleted by allelic exchange as described in
Materials and Methods. Southern blot analysis and PCR were
performed to confirm that the rpoE gene had been replaced
with the OKm cassette (data not shown).

RT-PCR analysis of isogenic strains was performed to assess
expression of genes in the rpoE region. As seen in Fig. 2A,
rpoE was not transcribed in the allelic exchange mutant AJ200
but was transcribed in wild-type strain A909, as expected.
Transcription of both ropA and pyrG in AJ200 was unaffected
and was similar to that observed in A909 (Fig. 2B and C).
These data confirm that allelic replacement of 7poE does not
result in polar effects on transcription of adjacent genes. These
observations were confirmed by RNA dot blot analysis (data
not shown).

Virulence of allelic exchange mutants. The virulence of
strain AJ200 was compared to the virulence of strain A909 and
the original transposon mutant, AJ8D3, in our neonatal rat
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TABLE 2. Lethal dose values for isogenic strains in a neonatal rat
sepsis model of infection

Strain LD,
Expt 1 Expt 2
A909 (wild type) 2.1 x10° 3.9 x 10°
AJ200 (A909ArpoE) 2.1 x 107 1.6 x 107
AJ8D3 (A909 Tn917::rpoE) 1.3 x 107 1.7 X 10°

“ LDs, were calculated by the method of Reed and Muench (29). Each strain
was tested on five pups per group.

sepsis model of GBS infection. Two separate lethal dose ex-
periments were performed. As seen in Table 2, AJ200 dis-
played attenuated virulence similar to that of AJSD3. Both
mutants had 50% lethal doses (LDss) 1.5 to 2 log units greater
than the LDs, of A909. These data confirmed that the atten-
uated virulence observed for AJ8D3 and AJ200 was due to
disruption of rpoE expression.

Phenotypic characterization of allelic exchange mutants. To
ensure that the virulence defect observed for strain AJ200 was
independent of growth and production of known virulence
factors, we compared the phenotypes of strains AJ200 to A909.
Significant growth defects causing attenuated virulence were
ruled out by comparing the growth curve of AJ200 with that of
parent strain A909. In rich medium (THB), AJ200 exhibited a
30- to 60-min delay in entering logarithmic-phase growth com-
pared to A909; this delay was reproduced in experiments (Fig.
3A). Once AJ200 entered logarithmic-phase growth, it dis-
played a growth rate identical to that of the wild-type strain.
Hence, it is unlikely that the extended lag phase in THB is
responsible for the virulence defect observed for AJ200, as
logarithmic-phase bacteria were used for all virulence assays.
Additionally, the final culture density achieved by AJ200 was
equivalent to that of A909. In CDM (37), the growth rates of
the two strains were essentially identical (Fig. 3B). Each
growth experiment was repeated multiple times, and identical
results were obtained.

In an attempt to simulate growth in vivo, we compared the
growth rates of the isogenic strains in human plasma from a
nonimmune donor. As seen in Fig. 3C, the strains grew equally
well in plasma, suggesting that a growth defect in plasma was
not responsible for the attenuated virulence of AJ200. This
experiment was repeated three times with plasma from inde-
pendent donors.

The type-specific capsule of GBS has been extensively stud-
ied and is an important determinant for both virulence and
protective immunity (for a review, see reference 24). Previous
studies have shown that significant alterations in the amount of
capsular polysaccharide affect GBS virulence (30, 36). We
compared the amount of capsule on the surfaces of strains
AJ200 and A909 by quantitating sialic acid recovered after acid
hydrolysis of equivalent numbers of whole cells by HPLC. We
were unable to detect significant differences in the amounts of
capsular polysaccharide produced by the two strains: A909
produced 240 * 111 pmol of sialic acid/g (dry wt), and AJ200
produced 173 * 65 pmol of sialic acid/g (dry wt) (P > 0.05 by
Student’s ¢ test). In contrast, we recovered 14 = 6 wmol of
sialic acid/g (dry wt) from the acapsular control strain
A909AcpsE. Thus, we concluded that no changes in expression
of capsule had occurred, at least when strains were grown and
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FIG. 3. (A and B) Growth of isogenic strains in THB (A) and CDM
(B). Growth was measured by optical density at 600 nm (ODyg).
(C) Viable cell counts (CFU = standard deviation) of isogenic strains
grown in nonimmune human plasma. Data were collected from cul-
tures grown in triplicate. [1, AJ200; <, A909.

processed under the conditions that would account for the
attenuated virulence of AJ200.

GBS express a number of other potential virulence factors
that we examined. Production of hemolysin, CAMP factor,
hyaluronidase, and DNase activity by strains AJ200 and A909
were determined by standard plate assays and compared, and
no differences were observed.

Resistance to phagocytic killing. As the rpoE mutant was
initially identified on the basis of attenuation in a sepsis model
of GBS infection, the ability of the mutants to survive in blood

VIRULENCE OF GBS REQUIRES THE DELTA SUBUNIT OF RNAP 4015

3.59

g 2.0

&

g 1.5
1.0 1
0.5-‘.
0.0-

A909 AJ200 AJ8D3 A909AcpsE

FIG. 4. Whole-blood bactericidal assay. Isogenic GBS strains were
incubated in whole blood from a nonimmune donor for 3 h at 37°C.
Results are presented as log kill = standard deviation.

from a nonimmune individual was compared with the wild-type
strain A909. In this bactericidal assay, all streptococcal strains
survive and grow in plasma, while only strains resistant to
phagocytosis survive in whole human blood (17). Strain
A909AcpsE was used as a positive control, as the absence of
capsule renders GBS highly sensitive to killing in whole blood
(22). In an immune host, the classical complement pathway
promotes or mediates killing of GBS when serotype-specific
anticapsule antibody is present (8). By determining survival of
GBS in whole blood from a nonimmune individual, the con-
tribution of the classical complement pathway is minimized
(22). Hence, these bactericidal assays evaluated the contribu-
tion of the rpoE gene to resistance to alternate complement
pathway-mediated killing. The log kill in whole blood was
calculated relative to the growth of each strain in plasma ob-
tained from the same donor (both log kill and growth were
studied over the 3-h incubation period). All strains survived
and grew in plasma, as expected. As seen in Fig. 4, AJ200 and
AJ8D3 were significantly more sensitive to killing in whole
blood than the parent strain (P = 0.007 for A909 versus AJ200
values and P = 0.001 A909 versus AJ8D3 values by Student’s
t test). The control strain A909AcpsE demonstrated a reduc-
tion in CFU of more than 3 log units during incubation in
whole blood. These results provide evidence that disruption of
rpoE expression affects the organism’s ability to inhibit the
alternate pathway of complement activation, rendering it sus-
ceptible to phagocytic killing and therefore less virulent.

DISCUSSION

In gram-positive bacterial species, RNAP is found in asso-
ciation with an additional protein factor known as the delta
subunit, encoded by the rpoE gene. On the basis of the results
of in vitro assays, the delta protein is thought to enhance the
specificity of transcription by a variety of different RNAP ho-
loenzyme forms (1, 12, 16, 28). Despite the fact that rpoE is
ubiquitous in gram-positive bacteria and the availability of
rpoE mutants in Bacillus species and S. aureus, a physiological
role for the delta protein has not been defined.

We identified the delta subunit as a potential virulence fac-
tor during screening for genes required for development of
GBS-induced sepsis in neonatal rats. The data presented here
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confirm that the rpoE gene is required for virulence of GBS.
Interestingly, 7poE mutants were also found to be sensitive to
phagocytic killing in whole-blood bactericidal assays, a pheno-
type that may explain the attenuated virulence of rpoE mutants.

The delta subunit of RNAP is thought to play a role in
maintaining transcriptional fidelity by enhancing promoter se-
lectivity. This may occur by preferential destabilization of
RNAP complexes at weak promoter sites and nonpromoter
DNA. In the presence of delta protein, the close association
between RNAP and promoter DNA is reduced at weak pro-
moter sites, and RNAP is released (18). This ability may be
explained by the unique structure of delta peptides, which has
been best characterized in B. subtilis. The tertiary structure of
B. subtilis delta protein consists of an amino-terminal half that
is folded as an o/f structure and a carboxy-terminal half that
has no tertiary structure in solution. The carboxy-terminal re-
gion is highly acidic and is essential for displacing RNA bound
to RNAP. The results of structural and functional analyses of
the delta protein suggest that the carboxy-terminal region is
essentially an unstructured polyanion that mimics nucleic acid.
This may account for how the delta protein displaces RNAP
from nonpromoter and weak promoter sites (18). Lopez de
Saro and coworkers (18) reported that B. subtilis delta protein
acted like other polyanionic polymers (such as heparin, single-
stranded DNA, and amino acid copolymers) and was able to
bind to both the template and product-binding sites of RNAP.
The delta subunit was able to displace RNA from preformed
RNAP-RNA complexes, and efficient displacement required
both the amino-terminal (core binding) domain and the poly-
anionic carboxy-terminal portion. Homologs of the delta pro-
tein are present in Mycoplasma genitalium, Mycoplasma pneu-
moniae, Enterococcus faecalis, and Streptococcus pyogenes.
These homologs exhibit statistically significant similarity to the
amino-terminal domain of delta protein and are typically as-
sociated with an acidic carboxy-terminal domain (18). Our
recent database searches also found putative homologs in
Streptococcus mutans, Bacillus anthracis, Streptococcus pneu-
moniae, and Bacillus stearothermophilus. Previous work has
revealed functionally equivalent proteins in other Bacillus spe-
cies (2), and a similarly sized protein was found to copurify
with RNAP from S. aureus (7). On the basis of CLUSTAL W
alignments (11), the GBS delta protein is predicted to be
highly homologous to other described delta proteins.

The delta subunit of RNAP has no known counterpart in
gram-negative bacterial species. The primary sigma factor in E.
coli, ¢7°, has two properties: promoter recognition and inhibi-
tion of nonspecific complex formation. Since RNAP in gram-
positive bacterial species contain a primary o factor of ~43
kDa (o) and a delta subunit of ~21 kDa, it has been specu-
lated that together these two proteins may contain the activi-
ties found in the single 70-kDa o subunit of E. coli (10, 18).
Alignment of the B. subtilis o and E. coli ¢’° proteins reveals
extensive homology with the exception of a 245-amino-acid
insertion in ¢’ (18). This insertion contains an 80-residue
acidic region (predicted net charge of —30) with an amino acid
composition similar to that of the carboxy terminus of the delta
protein. This region may have functional similarity to the delta
protein (15, 18).

Our studies revealed that the GBS rpoE deletion mutant
displayed an extended lag phase in complex laboratory media,
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but not in CDM or plasma. These data suggest that a growth
defect in plasma is not responsible for the attenuated virulence
of the mutant. The significance of this growth defect in com-
plex media is not clear at present, but this finding is in agree-
ment with observations made for B. subtilis rpoE mutants. A B.
subtilis rpoE mutant was reported to exhibit a reproducible
extended lag phase. The mutant was otherwise phenotypically
identical to the wild-type strain (19).

Disruption of rpoE expression rendered GBS more sensitive
to phagocytic killing than the wild-type strain as measured by
in vitro bactericidal assays. Mutants were otherwise identical to
the parent strain, including production of wild-type levels of
surface capsular polysaccharide, the major antiopsonin of
GBS, which prevents phagocytosis by inhibiting the alternative
complement pathway (22). These data suggest that rpoE affects
the organism’s sensitivity to phagocytic killing independent of
the capsular polysaccharide.

While a role for mpoE in virulence has not been demon-
strated prior to these studies, some insights into the function of
rpoE may be gleaned from phenotypic characterization of rpoE
mutants derived from other gram-positive bacterial species.
Several groups have suggested that the delta subunit may be
important for long-term survival or during growth phase tran-
sitions. Watson et al. (34) screened transposon insertion librar-
ies for mutants defective in starvation-induced stationary-
phase survival or recovery and identified a S. aureus rpoE
mutant. Mutants were identified by using a screen based on
their inability to remain culturable on CDM with limiting
amounts of amino acids at 25°C for 21 days. This rpoE mutant
exhibited a stationary-phase survival defect as well as an in-
creased sensitivity to acid treatment. However, the mutant did
not display a survival defect under phosphate or carbon star-
vation or display an increased sensitivity to oxidative stress
(34). Expression analysis of an rpoE::lacZ transcriptional fu-
sion revealed increased expression during mid-exponential
phase, suggesting that the rpoE homolog plays a regulatory
role in stationary phase (34).

GBS encounter dramatic environmental changes during the
course of an infection, which we anticipate require changes in
growth phase and gene expression in order to adapt and sur-
vive. Thus, we hypothesize that the delta peptide is required
for GBS to persist in the host and adjust to environmental
changes within various host compartments encountered during
infection. Further studies are under way to investigate the
effects of rpoE on gene expression in GBS.

Regulation of rpoE expression has not been well character-
ized. In B. subtilis, delta factor was found to be abundant in the
cell during all stages of growth and was found at concentrations
of approximately 10* copies/cell (19). Recently, Lopez de Saro
et al. (19) reported that overexpression of rpoE from a plasmid
did not alter patterns of gene expression in B. subtilis cells, but
these studies were far from conclusive. The rpoE gene in B.
subtilis is constitutively expressed from a single o**-dependent
promoter, and no evidence of autoregulation was detected
(19). Expression of rpoE in B. subtilis was demonstrated to be
maximal at the transition between logarithmic and stationary
phase (19).

Collectively, our studies demonstrate that the rpoE gene
promotes resistance of GBS to phagocytic killing, a phenotype
that may explain the attenuated virulence observed for rpoE
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mutants in animal models of infection. We anticipate that the
effect of rpoE on sensitivity to phagocytosis is likely to be
indirect through regulation of expression of other genes re-
quired for virulence. Transcriptional fidelity mediated by the
delta subunit of RNAP may in fact be important for tight
control of virulence gene expression in a host environment,
allowing GBS to survive within various host compartments,
such as blood.

Our findings are evidence for a novel role for the delta
protein, a subunit of RNAP found ubiquitously in gram-posi-
tive bacteria. We have previously reported that like other
streptococci, GBS use multiple mechanisms to evade phago-
cytosis and immune clearance (14). The addition of rpoE to the
list of genes involved in the pathogenesis of GBS infection,
perhaps by contributing to resistance to phagocytosis, empha-
sizes that evasion of immune clearance by GBS is a multifac-
torial process worthy of additional study.
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