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Porphyromonas gingivalis is a major etiological agent in chronic and aggressive forms of
periodontal disease. The organism is an asaccharolytic anaerobe and is a constituent of
mixed species biofilms in a variety of microenvironments in the oral cavity. P gingivalis
expresses a range of virulence factors over which it exerts tight control. High-throughput
sequencing technologies provide the opportunity to relate functional genomics to basic
biology. In this study we report qualitative and quantitative RNA-Seq analysis of the tran-
scriptome of P gingivalis. We have also applied RNA-Seq to the transcriptome of a AluxS
mutant of P gingivalis deficient in Al-2-mediated bacterial communication. The transcrip-
tome analysis confirmed the expression of all predicted ORFs for strain ATCC 33277,
including 854 hypothetical proteins, and allowed the identification of hitherto unknown tran-
scriptional units. Twelve non-coding RNAs were identified, including 11 small RNAs and one
cobalamin riboswitch. Fifty-seven genes were differentially regulated in the LuxS mutant.
Addition of exogenous synthetic 4,5-dihydroxy-2,3-pentanedione (DPD, Al-2 precursor) to
the AluxS mutant culture complemented expression of a subset of genes, indicating that
LuxS is involved in both Al-2 signaling and non-signaling dependent systems in P gingivalis.
This work provides an important dataset for future study of P gingivalis pathophysiology
and further defines the LuxS regulon in this oral pathogen.
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INTRODUCTION

Porphyromonas gingivalis, a Gram-negative anaerobe, is a major
pathogen in periodontal disease, one of the most common bacte-
rial infections of humans in developed countries (Sabbah et al,,
2010). Moreover, emerging evidence indicates an association
between periodontal infections and serious systemic conditions
such as coronary artery disease and preterm delivery of low birth
weight infants (Bahekar et al., 2007; Humphrey et al., 2008; Katz
etal.,2009). The pathogenicity of P. gingivalis is multifactorial and
is associated with adhesins such as fimbriae that mediate attach-
ment to surfaces and invasion of epithelial cells; proteases such as
the gingipains that degrade the structural components of the peri-
odontium and immune effector molecules; and toxic metabolites
that can induce apoptotic and necrotic cell death (Lamont and
Jenkinson, 1998).

A major ecological niche of P. gingivalis is the subgingival
crevice or periodontal pocket (Lamont and Jenkinson, 1998), and
this region experiences fluctuation in oxygen levels, temperature,
pH, and nutrient availability. P. gingivalis can sense and respond at
the transcriptional level to these environmental cues (Diaz et al.,
2006; Okano et al., 2006; Duran-Pinedo et al., 2007; Meuric et al.,
2008; Johnson et al., 2011), although the mechanistic basis of gene
regulation has not been fully defined.

Porphyromonas gingivalis can accumulate into complex multi-
species consortia with other organisms (Kuboniwa and Lamont,
2010) resulting in the differential expression of a large percentage

of its genome and proteome (Kuboniwa et al., 2009; Redanz
et al., 2011). P. gingivalis and its community partner S. gordonii
participate in inter-species communication based on the soluble
mediator AI-2 (Chung et al., 2001; McNab et al., 2003), produced
by the action of the AI-2 synthase, LuxS (Schauder et al., 2001).
LuxS deficient mutants of P. gingivalis and S. gordonii co-adhere
normally but do not accrete into microcolonies, indicating that
AI-2 is required for P. gingivalis-S. gordonii community devel-
opment (McNab et al., 2003). In P. gingivalis, LuxS regulates the
expression of a number of genes involved in the uptake of hemin
and inorganic iron, including hmuR, fetB, feoBI, and ftn, which are
negatively regulated, and #Ir and kgp which are positively regulated
(James et al., 2006). Expression of the [uxS gene is controlled by a
phospho-dependent signaling pathway that converges on the tran-
scriptional regulator CdhR (Maeda et al., 2008). Moreover, AI-2
also participates in a positive feedback loop that suppresses CdhR
expression (Chawla et al., 2010). A microarray analysis of P. gingi-
valis has shown that LuxS is involved in the control of resistance
to stress (Yuan et al., 2005); however, little else is known regarding
the broader LuxS regulon.

High-throughput sequencing of cDNAs (deep sequencing) is
a powerful technique for quantitative transcriptional profiling.
As deep sequencing can detect and quantify RNA present in low
levels, the technique is more sensitive than microarrays. A num-
ber of bacteria have been analyzed at the transcriptional level by
deep sequencing approaches (Oliver et al., 2009; Perkins et al.,
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2009; Yoder-Himes et al., 2009; Beck et al., 2011; Isabella and
Clark, 2011) and the methodology has provided novel insights
into pathogenic regulons, as well as identifying small non-coding
RNAs. To analyze the P. gingivalis transcriptome and elucidate
the P. gingivalis LuxS/AI-2 regulatory circuit in more detail, we
employed transcriptome Sequencing by Oligonucleotide Ligation
and Detection (SOLiD) deep sequencing. We applied RNA-Seq in
a semi-targeted fashion as an alternative to a quantitative microar-
ray experiment. We quantitated differences in gene expression in a
luxS mutant, identified novel regions under control of this system
and showed that loss of LuxS affects both AI-2 dependent signal-
ing and non-signal dependent systems in P. gingivalis. In addition,
we acquired more qualitative information about the transcrip-
tome that would not have been possible using a targeted array
approach. We have identified many putative novel small non-
coding RNAs (sRNAs), and we have validated the expression of
previously hypothetical genes.

RESULTS AND DISCUSSION

SEQUENCING THE P. GINGIVALIS TRANSCRIPTOME

In order to characterize the P. gingivalis transcriptome by SOLiD
based RNA-Seq, RNA was prepared from three biological repli-
cate cultures of ATCC 33277 and its AluxS mutant. We previ-
ously showed that AI-2 synthesis in P. gingivalis peaks in early
exponential phase (James et al., 2006), therefore cultures were
grown to early exponential phase (ODggp 0.5). Reads from the
RNA-Seq data were mapped to the annotated P. gingivalis ATCC
33277 genome (NCBI GI:188593544), and gene expression was
quantified as reads per kilobase of coding sequence per million
reads sequenced (RPKM). Expression data for each replicate were

plotted against each other (Figure 1). The replicates were in good
agreement with each other, with correlations ranging from 0.8
to 0.95. The number of 50 bp reads in the samples ranged from
44 to 76 million. On average, BWA software (see Materials and
Methods) was able to assign 43.5% of the color space reads to
the P. gingivalis chromosome. The majority of mapped reads were
attributed to ribosomal RNA with the mean across conditions
of 80%.

The average per base coverage is shown in Table S1 in Sup-
plementary Material. The coverage of protein-coding regions for
each sample was strongly correlated to rRNA removal efficacy
and the size of the read pool. In each sample, the transcrip-
tome penetration was such that all non-hypothetical ORFs were
detected. When the replicates for each condition were pooled,
every predicted ORF (Naito et al., 2008) was detected. The entire
comparative gene expression profiles for WT and JuxS mutant are
shown in Figure S1 in Supplementary Material. Transcript abun-
dance for WT samples sorted by RPKM ratio is shown in Table
S2 in Supplementary Material. Genes for three hypothetical pro-
teins, PGN_0215, PGN_2047, and PGN_0483 had exceptionally
high reads compared to other genes. Interestingly, these genes are
located in front of 16S ribosomal RNA, PGN_r0001, PGN_r0010,
and PGN_r0004, respectively, and may be co-transcribed, suggest-
ing that these gene products might be important for ribosome
function. Another 16S ribosomal RNA gene, PGN_r0009 has no
such hypothetical gene, indicating a specific role for these hypo-
thetical proteins. Predictably, genes for outer membrane proteins,
ribosome proteins, and cysteine proteinases had high reads. Genes
encoding the major (fimA) and minor (mfal) fimbriae also had
high numbers of reads mapped.
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FIGURE 1 | Replicate comparison of per-locus RPKM for coding vs. WT3, (D) AluxS1 vs. AluxS2, (E) AluxS 1 vs. AluxS 3, (F) AluxS2 vs.
sequences. For a pair of replicates, each locus has one point with the log, AluxS3. Red colored data points indicate ORFs that demonstrated
RPKM in one replicate plotted against the log, RPKM of a second. The statistically significant relative abundance differences between WT and
diagonal line shows identity. (A) WT1 vs. WT2, (B) WT1 vs. WT3, (C) WT2 AluxS.
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HYPOTHETICAL PROTEINS

We identified 854 hypothetical genes, which were expressed with at
least average read counts of 10 in either the WT or AluxS mutant
samples (Table S3 in Supplementary Material). In both strains,
three genes, PGN_2047, PGN_0215, and PGN_0438, which are
fully conserved at the amino acid level, had large numbers of reads
mapped. The corresponding predicted proteins are annotated
as cytoplasmic proteins with unknown function. Moreover, the
nucleotide sequences 3’ of the 43rd nt are identical to the sequence
spanning the region 5 upstream to the first 32 nucleotides of
PGN_r0009 16S rRNA. Hypotheticals PGN_0217, PGN_0440,
PGN_2049, and PGN_1398, also fully conserved at the amino
acid level, were highly expressed in both strains. These results
suggest that several of the relatively smaller proteins might have
physiologically important functions as yet to be determined.

IDENTIFICATION OF SMALL (s)RNAs

Small RNAs (sRNA) are widespread in bacteria and the signifi-
cance of sSRNAs in gene regulation is increasingly recognized (Storz
et al., 2011). Several potential sSRNAs in P. gingivalis strain W83
have been identified by transcriptome analysis but the 5" and 3’
ends have not been determined experimentally (Hovik etal.,2012).
Analysis of the SOLID data (see Materials and Methods) revealed
over 2000 intergenic transcripts that will include sRNAs (Table
S4 in Supplementary Material). To identify sRNAs and define
their 5" and 3/, we employed a modified rapid amplification of
cDNA ends (RACE) technique. Firstly we validated the modified
RACE technique in P. gingivalis by detection of Bacteroidales-1,
which has been identified by bioinformatic approaches as an RNA
structural motif (rfam #; RF01693) conserved in Bacteroidales,
including P. gingivalis (Weinberg et al., 2010). This RNA motif is
predicted to be 170 bases long and is coded on the reverse strand
in an intergenic region (IGR) located between PGN_0141 and
PGN_0142. Our deep sequencing results confirmed the expression

of this region at average reading of 999 and 3115 in the WT and
AluxS strains, respectively (Table S4 in Supplementary Mater-
ial, ID158). Self-ligated, circularized total RNAs from WT were
reverse-transcribed to cDNA, two sets of primers in the same IGR
region were then used for nested PCR and the fragments were
sequenced. This modified RACE technique successfully detected a
173 base Bacteroidales-1 sSRNA on the negative strand from 146754
to 146582. Next we focused on IGRs that showed reading counts
higher than 1000 in the WT, did not appear as UTR of orthologs in
the P. gingivalis strain W83!, and were not adjacent to rRNA genes.
Thirteen IGRs were examined by RACE and 11 sRNAs were iden-
tified with lengths between 50 and 783 bases in 10 IGRs (Table 1),
none of which are listed in rfam database. Two stable fragments
were identified that started from the same position in IGR0247
and ended at 268 and 218 bases, suggesting SRNA processing or
read-through. The fragments in IGR0960 and IGR1662 located as
part of the 3’-UTR but could be processed to the stable SRNA frag-
ment since these two mRNA have unusually long 3’-UTR regions
reading to 300 and 700 bases beyond the translational stop, respec-
tively. The forward strand in IGR0960 also encodes tRNA-Arg-4.
tRNA-Lys-1 in IGR1524 has been predicted to be 73 and 76 bases
long in the rfam database web site and the Oralgen database web
site, respectively, however a 221 base fragment including the 76
bases segment was detected by RACE.

COBALAMIN RIBOSWITCH

Riboswitches are regulatory elements that modulate expression
of the downstream gene or operon (Breaker, 2011). We identi-
fied a potential cobalamin-type riboswitch sequence cbl-1 (BLAST
e-value of 9.714e~2!) that was located between PGN_0703 and
PGN_0704 and is predicted to be transcribed in the same direc-
tion as PGN_0704. PGN_0704 encodes a BtuB homolog, an outer

Uhttp://bioinformatics.forsyth.org/mtd/

Table 1| List of sSRNAs identified by RACE.

ID in SOLID'  Start? Stop Length Coding® IGR # 5 Gene Coding 3’ Gene Coding Notes
(bases)
ID158 146754 146582 173 R IGR0O121 PGN_0141 F PGN_0142 F RF01693 (Bacteroidales-1)
D266 254941 255103 163 F IGR0204 PGN_0235 F PGN_0236 F
ID317 307824 308091 268 F IGR0247 PGN_0286 R mfal F
ID317 307824 308042 218 F IGR0247 PGN_0286 R mfal F
ID319 3115632 311483 50 R IGR0249 PGN_0288 F PGN_0289 F
1D869 821427 820645 783 R IGR0648 PGN_0748 F PGN_0749 F
ID1321 1229785 1229553 233 R IGR0960 PGN_1103 F PGN_1104 R tRNA-Arg-4 on F-strand
ID1520 1410117 1409844 274 R IGR1099 PGN_1262 R PGN_1263 R
1D2004 1865668 1865314 355 R IGR1456 PGN_1669 R PGN_1670 F
1D2089 1953887 1954115 229 F IGR1520 PGN_1739 F PGN_1740 R
1D2261 2123160 2123379 220 N/D IGR1662  hagB F PGN_1905 R
1D2381 2238240 2238533 294 F IGR1746 PGN_1999 R PGN_2000 R
1D2096 1957637 1957857 221 F IGR1524  PGN_1744 R PGN_1745 F tRNA-Lys-1 on F-strand

"From Table S4 in Supplementary Material.
2Designation from http://www.oralgen.lanl.gov
SF, forward; R, reverse; N/D, not determined Figure.
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membrane cobalamin receptor protein for which the riboswitch
mechanism has been well characterized in other organisms (Nahvi
et al., 2004). Since riboswitches are long 5" non-coding regu-
latory regions of the downstream coding region, we examined
co-transcription of cbl-1 with PGN_0704, by reverse transcrip-
tion PCR (RT-PCR) using specific primer sets binding to the
riboswitch region and the downstream protein-coding region.
RT-PCR showed cbl-1 was co-transcribed with downstream cod-
ing regions (Figure 2B). Hereafter PGN_0704 is designated as
btuB, and the transcriptional start site for btuB was determined by
5'-RACE. The potential 5’-end position from three independent
cbl-1-btuB 5'-RACE clones was found at 430 nt upstream from
ATG translational start site of btuB (Figure 2A).

The structure of riboswitches can be modulated upon binding
to a chemical, usually one of metabolites of the pathway encoded
by the downstream genes. The cobalamin transporter BtuB is part
of the vitamin B12 synthetic pathway, and in E. coli and Salmonella
one of the metabolites of this pathway, Coenzyme B12, binds to
the riboswitch region of btuB mRNA (Ravnum and Andersson,
1997; Nahvi et al., 2004). Subsequent structural changes lead to
susceptibility to cleavage causing transcriptional arrest, and/or to
inhibition of binding to the ribosome. Hence, we examined the
stability of cbl-1-btuB at the transcriptional and the translational
levels in P. gingivalis. To assess the effects of Coenzyme B12, cells
were grown in the presence or absence of 100 wM Coenzyme B12.
qRT-PCR using the same primer sets as for RT-PCR was carried
out to show the relative amount of cbl-1 riboswitch transcripts
compared to those of the btuB coding region (Figures 2C-E). qRT-
PCR for the cbl-1 region showed the highest levels were at early
log phase with a gradual decrease to almost 60% during culture to
ODgpp 1 (Figure 2C). This signature as well as copy numbers at
each sampling point were not significantly changed by the addi-
tion of Coenzyme B12. btuB transcripts levels were the highest
at early log phase and then similarly decreased in the absence of
Coenzyme B12 (Figure 2D). However, culture in the presence of
Coenzyme B12 resulted in a significant decrease in the level of bruB
mRNA (Figure 2D). The ratios of cbl-1 to btuB were similar in the
absence of Coenzyme B12, but significantly higher in the presence
of Coenzyme B12 through the growth phase (Figure 2E). These
results indicate that under Coenzyme B12 limitation, transcription
of the cbl-1-btuB region is most active at early log phase (ODgpog
0.3) followed by a gradual transcriptional stalling over the growth
curve. In contrast, in the presence of Coenzyme B12, although pro-
moter activity of cbl-1-btuB regulon is unchanged, transcription
of the btuB coding region stalls more frequently upon Coenzyme
B12 binding to cbl-1 riboswitch region.

To verify btuB expression at the translational level, BtuB protein
was C-terminally tagged with FLAG. Western blotting of whole
cell lysates with anti-FLAG monoclonal antibody demonstrated
reduced BtuB protein levels in the presence of Coenzyme B12
(Figure 3A). Levels of FLAG-tagged BtuB decreased to almost
undetectable at OD 1.0. Western blotting with antibodies to the
Mfal fimbrial protein of P. gingivalis was performed as a load-
ing control (data not shown). FLAG/Mfal ratios (Figure 3B)
confirmed the inhibition of BtuB expression in the presence of
Coenzyme B12, and the decrease in BtuB as the cells progress
through the growth curve. These results corroborate the concept

that cbl-1 upstream of btuB acts as a conventional cobalamin-type
riboswitch in P. gingivalis.

EFFECT OF Jux S MUTATION ON THE P. GINGIVALIS TRANSCRIPTOME
LuxS AI-2 synthase is responsible for the production of the AI-2
family of signaling molecules, and the enzyme is a component of
the activated methyl cycle (Schauder et al., 2001); however, the
LuxS regulon in P. gingivalis has not been fully defined. Compar-
ative transcriptome analysis of WT and AluxS strains identified
57 ORFs as differentially expressed with a p-value cutoff of 0.05
(Figure S2 in Supplementary Material). The differentially regu-
lated ORFs are depicted by red dots in Figure 1 from which it is
clear that they are well reproduced by the replicates for each condi-
tion with inter-replicate correlations better than all ORFs, ranging
from 0.86 to 0.98. Of these 57, 17 were annotated as hypothetical
proteins, and 15 of these were flagged as possessing signal peptides
by JGI’s annotation pipeline (Markowitz et al., 2008), with 10 as
transmembrane domain containing proteins.

Nearly half of the differentially abundant ORFs identified were
found in clusters of two or more neighbor or near-neighbor
ORFs in the genome that were similarly differentially abun-
dant. The largest such cluster spanned six ORFs from PGN_0553
to PGN_0558, encompassing the hmu hemin uptake operon,
which was up-regulated in the AluxS mutant strain. This is con-
sistent with earlier work showing that transcription of hmuR
(PGN_0557) is elevated in the same AluxS mutant strain as
compared to WT (James et al., 2006). Also up-regulated in the
AluxS mutant were the potential operons spanning PGN_1791
to PGN_1790, and PGN_1472 to PGN_1468. The former region
encodes a flavodoxin FIdA and a hypothetical protein, respectively.
The later region comprises genes involved in diverse functions
such as tRNA-guanine transglycosylase, probable YjgP/YjgQ fam-
ily permease, ssrA RNA binding protein, along with dpp and lipoyl
synthase.

In the P. gingivalis chromosome, luxS (PGN_1474) is encoded
on the negative strand, preceded and co-transcribed with pfs which
encodes an enzyme that synthesizes the substrate for LuxS. mRNA
for pfs was differentially abundant, over threefold higher in the
mutant. This result suggests the existence of a regulatory feedback
mechanism that senses the degree of production of AI-2 and acts
to maintain optimal levels.

Down-regulated genes contained insertion sequences: ISPg4
(one), and hypothetical proteins (10). In addition, PGN_0481 and
PGN_0482, encoding a hypothetical protein and an immunoreac-
tive protein respectively, and PGN_1403 to PGN_1401, involved
in arginine and proline metabolic pathways, were down-regulated.

No systematic bias in COG (Tatusov et al., 2000), pfam (Finn
et al., 2010), or KEGG (Kanehisa and Goto, 2000) classifications
was observed for the differentially abundant ORFs. We mapped
all of the detected ORFs onto the KEGG pathway maps. The
depictions of these pathways can be found in the Supplementary
Material (Figures S3A—C in Supplementary Material) with genes
shown inred and green (up and down in the AJuxS mutant relative
to WT, respectively) and the statistical significance as enzyme back-
ground (dark to light, increasing). The streptomycin biosynthesis
pathway (KEGG pathway pgn00521, Figure S3A in Supplementary
Material) had several enzyme transcripts that were more abundant
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Based on 5'-RACE, the transcriptional start site for cbl-7-btuB mRNA
was mapped to a G (in bold italic and labeled +1) 430 bp upstream of
the ATG start codon of btuB. Primers in the cbl-1 region used for
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copy number. Results in (C-E) are means with standard deviation of
three biological replicates (n=9).
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FIGURE 3 | BtuB regulation by the ¢bl-1 riboswitch. (A) Western blot of
lysates of P gingivalis expressing BtuB::FLAGx3 protein, probed with
anti-FLAG antibody. OD: optical density at 600 nm; CoB12: culture with
100 wM Coenzyme B12. Molecular mass markers are shown in kDa. (B)
Ratio (green bars) of BtuB::FLAGxX3 protein levels to Mfa loading control
using Image lab software (Bio-Rad) from western blot results with
anti-FLAG (blue bars) and anti-Mfa (red bars) antibodies. For normalization,
protein levels at OD = 0.3 were taken as 1.0.

in the AluxS mutant, although not all were statistically signif-
icant. One product of this pathway is L-rhamnose (pgn00520),
a saccharide that has been shown to be important for virulence
in some oral bacteria (Henderson et al., 2009). P. gingivalis has
been reported as streptomycin-resistant (Loos et al., 1990). How-
ever, since P. gingivalis does not have key enzymes downstream
from dTDP-L-rhamnose in the pathway, the cell does not pro-
duce streptomycin. Deletion of dTDP-L-rhamnose biosynthesis
genes in the rml operon (PGN_0546 to PGN_0549) is lethal in
P. gingivalis (Shibata et al., 1999). dTDP-L-rhamnose is a compo-
nent of lipopolysaccharide (LPS) in P. gingivalis, and thus another
role of LuxS may be to regulate LPS biogenesis. In the lipoic
pathway (pgn00785, Figure S3B in Supplementary Material), the
transcript for LipA (Lipoic acid synthase, PGN_1468) which is
important for biosynthesis of cofactors, prosthetic groups, and
carriers including lipoate (Kondo et al., 2010), was observed to
be more abundant in the AluxS mutant. However, most of the
KEGG pathway reconstructions had limited numbers of changed
transcripts and exhibited mixed abundance change trends, e.g.,
pgn00550, the peptidoglycan synthesis pathway (Figure S3C in
Supplementary Material). The lack of clear trends may be a con-
sequence, at least in part, of the dual function of LuxS in signaling
and metabolism (see below).

VERIFICATION OF DIFFERENTIALLY EXPRESSED GENES AND
COMPLEMENTATION BY DPD

To corroborate the sequencing results, expression of a subset of
genes was determined by qRT-PCR analysis (Figure 4). RNA sam-
ples were prepared from WT and AluxS cultures grown in the
same conditions as those for the deep sequencing and converted

15

10

PGN_0482 PGN_1403

[N

PGN_1791

Fold differences in gene expression (luxS/WT)

-10

-156

FIGURE 4 | Corroboration of differential gene expression by qRT-PCR.
mMRNA from WT and A/uxS strains was examined by gRT-PCR. 16S rRNA
was used for sample normalization. Asterisk denotes a significant
difference at p <0.0001 (unpaired t-test) in levels of MRNA in isogenic
AluxS mutant strain in comparison with WT. Data are shown as means with
standard deviations of three biological replicates (n=9).

to ¢cDNA for qRT-PCR. Although the magnitude of fold dif-
ferences was different between the two techniques, the up- or
down-regulated profiles for the genes tested were concordant.

In order to distinguish between differential regulation due
to a defect in AI-2 signaling or disruption of the methyl cycle,
exogenous 4,5-dihydroxy-2,3-pentanedione (DPD, AI-2 precur-
sor) was introduced into the mutant culture, and complementa-
tion of the phenotype examined (Figure 5). WT and [uxS mutant
strains at ODggo = 0.3 were cultured anaerobically in the pres-
ence or absence of 4 WM DPD and total RNAs were purified for
qRT-PCR. Expression levels of PGN_0482 and PGN_1403 in the
luxS mutant were not restored by exogenous DPD, suggesting
that regulation of these genes is independent of AI-2 signal-
ing (Figures 5A,B). In contrast, expression levels of PGN_1791
and hmuR in the luxS mutant were significantly (p =0.0001 and
p=0.0012, respectively) reduced by culture with DPD for 60 min
(Figures 5C,D). These results indicate that LuxS has both an AI-2
signaling function, and a metabolic function through the activated
methyl cycle, with independent regulons. Similar AI-2 dependent
and independent functions for LuxS have also been shown in Strep-
tococcus suis (Cao et al., 2011) and the potential dual role of LuxS
may partially explain why no common theme has emerged for the
larger LuxS regulon across bacterial species, and indeed different
bacteria may utilize LuxS for different functions (Fong et al., 2003;
Zhu et al., 2003; Vendeville et al., 2005; Doherty et al., 2006; Lebeer
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FIGURE 5 | Exogenous DPD complementation of the AluxS phenotype.
Levels of differentially expressed genes PGN_0482 (A), PGN_1403 (B),
PGN_1791 (C), and hmuR (D), in the AluxS mutant strain were examined by
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gRT-PCR following incubation with 4 wM of synthetic DPD for the indicated
times. Results are representative of three independent assays. p-values were
calculated by unpaired t-test. Error bars represent standard deviations (n=3).

etal.,2007; Siller etal.,2008; Learman et al., 2009). In P, gingivalis,a
mutation in the JuxS gene affects hemin and iron acquisition, pro-
tease activity, and also impacts stress response pathways (Burgess
etal., 2002; Yuan et al., 2005; James et al., 2006). Moreover, hemin
levelsin P. gingivalis can affect virulence (Marsh et al., 1994; Genco,
1995; Genco et al., 1995) and resistance to oxidative stress (Diaz
and Rogers, 2004), and the HmuR protein is required for maximal
community formation by P. gingivalis with F. nucleatum and S.
gordonii (Kuboniwa et al., 2009). Hence AI-2 signaling has the
potential to impact a number of important pathogenic properties
of P. gingivalis.

The non-signal effects of LuxS mutation may be related to dis-
ruption of the activated methyl cycle. As previously described
(James et al., 2006), the AluxS mutant was generated by inser-
tion of P™F::ermF fragment into the luxS coding region and it is
unlikely that the gene disruption would have a positive polar effect
(i.e., up-regulation) on neighboring gene transcription, especially
on the region upstream of the insertion site. Given that the AluxS
strain lacks the ability to catalyze the reaction to convert the
LuxS substrate, SRH, to homocysteine and DPD, we predict that
SRH would accumulate in the cell. Since Pfs is required for the
conversion of S-adenosyl homocysteine, SAH, to SRH, this also
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strengthens the case for increased intracellular SRH. Elevated lev-
els of SRH within the cell could be beneficial if there were a means
by which SRH could be spontaneously converted to homocysteine
and DPD, in the absence of the active LuxS enzyme. In this man-
ner elevated amounts of SRH might partially compensate for the
defect in LuxS by providing a minimum amount of homocysteine
to run the methyl cycle. This could explain why cell-free media
from a P. gingivalis W83 luxS mutant still possesses the ability to
induce low levels of bioluminescence (Yuan et al., 2005). Some
bacterial species with a mutation in JuxS show growth defects,
whereas the P. gingivalis [uxS mutant strain does not exhibit a sim-
ilar growth defect. This also supports the notion that the methyl
cycle in the mutant strain only suffers a minimal defect in the
absence of functional LuxS. To recycle SAH, there exists another
pathway to convert SAH to homocysteine using SAH-hydrolase
(SahH; Sun et al., 2004). In this pathway, SAH is converted to
adenosine and homocysteine without generation of DPD. While
several closely related bacteria belonging to the bacteroidia class
have been found to possess SahH, P. gingivalis does not harbor this
enzyme. It seems that the Pfs-LuxS pathway is the only method of
SAH detoxification in P. gingivalis.

CONCLUSION

The deep sequencing data provided insights into global regulation
in P. gingivalis. A small percentage of the total transcriptome was
regulated by LuxS, nonetheless the sequencing and analyses were
sufficiently sensitive for detection of these differentially abundant
transcripts. As the total data set of comparisons is orders of mag-
nitude greater, this demonstrates the utility of RNA-Seq for the
study of systems, like this one, where very subtle changes in tran-
script abundance on a global scale can have biologically important
effects on pathogenic potential or specific regulatory or metabolic
pathways. Furthermore, the results validated the involvement of
LuxS in regulation of the hmu hemin uptake operon described
previously, giving additional weight to the newly recognized com-
ponents of the LuxS regulon. Several novel sSRNAs were identified
in P. gingivalis which are likely to be important components of
gene regulatory pathways.

MATERIALS AND METHODS

BACTERIAL STRAINS AND RNA PREPARATION FOR SEQUENCING
Wild-type (WT) P. gingivalis ATCC 33277 and isogenic AluxS
(James et al., 2006) were used in this study. Bacteria were cultured
in trypticase soy broth (TSB) supplemented with yeast extract
(1mgml™!), hemin (5pgml™!), and menadione (1 pgml™),
anaerobically, at 37°C. Overnight cultures were diluted in TSB
to ODggo 0.25 and grown to ODggo 0.5. Three biological repli-
cates were prepared for each strain. RNA was isolated by Tri-
zol according to the manufacturer’s instructions (Invitrogen).
RNA was treated with Turbo-DNA free (Ambion) at 37 C for
1h, and then purified by an RNeasy mini kit (Qiagen). 16S
and 23S rRNAs were removed by a MICROB Express Bacterial
mRNA Enrichment Kit according to the manufacturer’s instruc-
tions (Ambion). Double-stranded cDNAs were synthesized by a
SuperScript Double-stranded cDNA synthesis kit according to the
manufacturer’s instructions (Invitrogen).

A fragment DNA library was prepared according to the SOLiD
v3 plus procedure (Applied Biosystems). Briefly, cDNA was
sheared to 100-110bp fragments using a Covaris S2 sonication
system. The fragmented DNA was subsequently blunted using
end-polishing enzymes, and short oligonucleotide adaptors P1
and P2 were ligated to the ends of the end-repaired purified DNA.
The oligonucleotide adaptors provide priming sequence for both
amplification and sequencing of sample-library DNA fragments.
Adaptor-ligated, purified, and size selected 150-200 bp DNA frag-
ments were nick translated and amplified by library PCR primers 1
and 2 using Platinum PCR amplification mix. The sample-library
was quantitated by a NanoDrop spectrophotometer. The quality
of the libraries and fragment distribution was verified using an
Agilent Bioanalyzer. The appropriate amount of dsDNA library
was immobilized onto SOLiD P1 DNA beads. The bead-bound
library was then clonally amplified by emPCR according to the
manufacturer’s protocol.

SOLiD SEQUENCING AND ANALYSIS

After amplification, beads containing clonally amplified template
DNA were P2-enriched and extended with a bead linker by ter-
minal transferase. The quantity of the beads was determined
using a NanoDrop ND1000 spectrophotometer. Approximately
96 M beads of each enriched library were deposited on slides and
sequenced using “sequencing by ligation” chemistry and 50 bp pro-
tocol on a SOLID v3 plus sequencer (Applied Biosystems, CA,
USA) at the Interdisciplinary Centre of Biotechnology, University
of Florida. Results were obtained as good and best beads as color
space FASTA files. Each library was sequenced using 1/4th region
of the slide. Figure S4 in Supplementary Material shows an exam-
ple of the raw reads for all replicates, prior to normalization, for
the luxS transcript (PGN_1474).

RNA-SEQ ALIGNMENT AND COVERAGE

The 50 base unpaired SOLiD short reads were aligned in color
space to the P. gingivalis genome scaffold using BWA version
0.5.8 using default parameters (Li and Durbin, 2009) This process
began by combining the separate color space read and quality files
from the sequencer into a single color space FASTQ file with the
“solid2fastq.pl” script distributed with BWA. Next, the P. gingivalis
scaffold was indexed by BWA, and the alignments were generated.
The SAMtools software was used to generate a “pileup” file from
the BWA output (Li et al., 2009). Finally, the pileup data were
loaded in a MySQL database and the reads mapped per ORE. Sta-
tistics were generated by a standard SQL “SUM over GROUP BY”
operation.

Differential abundance analyses were computed using R version
2.11.1 (R Development Core Team, 2010). In order to normal-
ize the samples prior to differential analysis, we applied “quantile
normalization,” to assure the reads mapped per ORF distribu-
tion had the same empirical distribution across all replicates and
experiments (Bolstad et al., 2003). The quantile normalization
was performed with the “normalizeBetweenArrays” function of
LIMMA (Smyth et al., 2003). In addition, we calculated RPKMs
from the normalized reads mapped per ORF as follows: the quan-
tile normalized number of reads mapped was divided by the size
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of each gene in kb and the count of the millions of reads mapped
in the quantile normalized sample (Mortazavi et al., 2008).

To evaluate the significance of differential abundance between
experiments we used a t-test with the Welch approximation to
account for unequal variances. The p-values derived from the
t-statistics were corrected for multiple hypothesis testing using
the R package “fdrtool” (Strimmer, 2008). This package calculates
Storey’s g-values (Storey, 2003) and Efron’s local false discovery
rate (Ifdr; Efron et al., 2001) from a set of p-values.

The sequence data have been deposited in the GEO repository?,
accession numbers GSM844728—GSM844733.

QUANTITATIVE REAL-TIME PCR

Total RNA was isolated from three independent cultures at ODggg
0.5. RNA was converted to cDNA with an iScript cDNA synthe-
sis kit (Bio-Rad). qRT-PCR was performed by StepOne plus by
the AACt method using 16S rRNA as an internal control. Three
experimental replicates were analyzed for each biological sample.
Primers used are listed in Table S5 in Supplementary Material. Data
analysis was performed using both DataAssist v3.0 and StepOne
software v2.2.2 from Applied Biosystems.

AluxS COMPLEMENTATION BY SYNTHETIC DPD

Overnight cultures of WT and AluxS strains were diluted in TSB
and the cells were grown to ODgpp = 0.3 to avoid accumulation of
endogenous AI-2. The cells were washed once in PBS and resus-
pended in TSB supplemented with 4 wuM synthetic DPD (OMM
Scientific). The cells were further cultured anaerobically and sam-
ples collected after 5, 30, and 60 min. Total RNAs were purified for
qRT-PCR.

sRNA IDENTIFICATION
Reads mapped per base “pileup” created with SAMtools from the
BWA alignments was used to create a list of all possible inter-
genic non-coding RNAs as follows. A loop over the base pair
positions in the genome was used to scan for continuous stretches
of sequence with the running average number of reads mapped
greater than a minimum determined by the size of each dataset.
In addition, the stretches had to be within 500 bp upstream of a
coding region and 100 bp downstream. All loci within 1 kb of each
potential ncRNA were flagged for further manual investigation.
The potential ncRNAs were assigned unique identifiers based on
their position in the genome. For each ncRNA stretch, the RPKM
was computed as abundance, and log ratios between conditions
were calculated in the same manner as for the ORFs.

sRNAs showing RPKM reading greater than 1000 were chosen
for further analysis. Modified RACE for simultaneous identifica-
tion of 5'- and 3’-end was performed (Britton et al., 2007). Total
RNAs were purified from the cells grown in the same condition
as for SOLID analysis. Five pg of total RNAs were treated with
20 U of Tobacco Acid Pyrophosphatase (TAP; Epicenture Biotech-
nologies) in 1xTAP buffer at 37 C for 1 h. Two jLg of TAP-treated
RNA were self-ligated by 40 U of RNA ligase I (New England Bio-
labs) at 17 C overnight. Reverse transcription was performed by

Zhttp://www.ncbi.nlm.nih.gov/geo

using either random primer or IGR-specific forward or reverse
primer with the High Capacity cDNA reverse transcription kit
(Life Technologies). Nested PCR was carried out by using two sets
of PCR primers (Table S5 in Supplementary Material) with GoTaq
Green master mix (Promega). Fragments specifically amplified
from TAP-treated RNA were TA-cloned into the TOPO-pCR2.1
vector for sequencing (Life technologies).

5 RACE

Total RNA was isolated using Trizol from WT culture grown to
ODgqo 0.5 followed by RNeasy mini kit including DNase I treat-
ment to remove genomic DNA. The transcriptional start site was
determined by 5-RACE using the FirstChoice RLM-RACE kit
(Ambion). Primers used for nested PCR are listed in Table S5 in
Supplementary Material. The fragments were ligated into pCR2.1
TOPO vector (Invitrogen) and the ligated DNA was transformed
into E. coli Topl0 (Invitrogen). The inserts were confirmed by
colony PCR using M13 primers and sequenced by the University
of Louisville sequencing facility.

TRANSCRIPTIONAL AND TRANSLATIONAL ANALYSIS OF htuB
C-terminally in-frame FLAG-tagged btuB (PGN_0704) was con-
structed in P. gingivalis. For efficient exposure of the FLAG tag
sequence from the BtuB protein structure, a linker sequence
(GAGAGA) was introduced in between BtuB and three tandem
repeats of FLAG sequences (FLAGx3). FLAGx3-tag and ermF alle-
les were amplified using genomic DNA from a laboratory stock
strain as a template to make GAGAGA::FLAGx3::ermF. 700 bases
of upstream and downstream of the 3’ end of btuB coding region
were amplified using P. gingivalis genomic DNA. The resulting
three fragments were fused by PCR and electroporated into elec-
trocompetent cells. Transformants were selected for ermF inser-
tion on blood agar plates containing 5 pug/ml erythromycin and
150 pg/ml gentamicin. The insertion was confirmed by both PCR
and sequencing of the recombined region.

To examine the regulation of BtuB, the P. gingivalis strain har-
boring BtuB::FLAGx3 was inoculated at ODgg 0.2 and incubated
anaerobically in the presence or absence of 100 uM of Coen-
zyme Bi, (Sigma-Aldrich). Total RNA samples and whole cell
lysates were prepared at ODggy 0.3, 0.5, 0.7, and 1.0. qRT-PCR
was performed to examine the transcriptional level of both the
5’ leader region and the coding region of bruB. For quantifying
translational levels of BtuB, lysates from equal cell numbers were
Western blotted and probed with anti-FLAG monoclonal anti-
body (Sigma-Aldrich) or anti-Mfa antibody (Park et al., 2005)
followed by probing with HRP conjugated secondary antibody
(Cell signaling). Signal was illuminated by the Pierce ECL kit
(Thermo) and the bands were quantified by Image lab software
on a ChemiDoc™XRS + system (Bio-Rad).
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Table S1 | RNA-Seq coverage statistics by RPKM.

Table S2 | Transcript abundance in WT samples sorted by RPKM.

Table S3 | Hypothetical proteins expressed in either WT or AluxS strain.

Table S4 | Intergenic transcripts sorted by WT reads (large to small).

Table S5 | Primers used in this study.

Figure S1| RNA-Seq results of all P. gingivalis genes. Relative gene
expression levels of three replicates each for the WT and AluxS mutant strains
summiarized in log, ratio with p-value. Yellow bars extending to the left or right
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