


is annotated as a lantibiotic transporter system, and there are other genes in the locus
that are highly similar to modification enzymes and immunity proteins. However, no
bacteriocin/lantibiotic prepeptide genes were identified in these referred strains. Re-
markably, a previous study (42) has shown that this locus in S. pneumoniae is, in fact,
located in an integrative and conjugative element (ICE), representing mobile genetic
entities that can be disseminated between bacteria through conjugative transfer. This
ICE-derived genomic island was described as the pneumococcal pathogenicity island 1
(PPI-1), which includes virulence genes such as the PezAT toxin-antitoxin (TA) system,
the iron uptake locus piaABCD, and others (43–45). Croucher et al. (42) addressed the
role of conjugative elements in S. pneumoniae strain ATCC 700669, a member of the
serotype 23F ST81 lineage, and showed that the potentially complete lantibiotic locus
is present in some strains, while in others only the transporter and the immunity
proteins are found (Fig. 9). Moreover, this gene cluster was found to be a two-peptide
lantibiotic similar to mersacidin and lichenicidin. As such, it contains genes for two
lantibiotic prepeptides, two modification enzymes (LanM), a transporter with a protease

FIG 8 Competitive index values for S. mitisT, S. pneumoniae D39, and its isogenic Δrgg strains. Cocultures
of pairs of strains were created by 1:1 inoculation in C�Y and incubated for 4 h at 37°C and 5% CO2 prior
to plating. CFU were counted in plain and selective plates to estimate each strain and to calculate the
ratio just after inoculation and at the end of the incubation period. The ratio in the y axis was calculated
by dividing the final ratio of S. mitis (blue) to S. pneumoniae (red) at the end of incubation by the initial
ratio at the start of the experiment – the ratio of 1 represents no difference in the competition. CI
performed in C�Y with the addition of 1 �M of sSHP from S. mitis (SHP0094) for activation of the systems.
ANOVA, followed by Tukey’s post hoc test, was performed (*, P � 0.05; ***, P � 0.001). At least three
independent biological experiments were conducted.

FIG 9 A segment of the locus downstream of shp is conserved in S. mitis compared to S. pneumoniae. A black background pattern
shows the conserved areas in S. pneumoniae and S. mitis, whereas red areas highlight segments involved in lantibiotic production and
immunity that were likely lost in S. mitis type strain. “shp*” indicates an interruption in the mature sequence of the peptide (DIIII).

Junges et al. Applied and Environmental Microbiology

January 2019 Volume 85 Issue 2 e02297-18 aem.asm.org 12

 on O
ctober 19, 2019 by guest

http://aem
.asm

.org/
D

ow
nloaded from

 



domain (LanT), and three genes coding for immunity proteins (LanEFG) (46). Similar
lantibiotics have been shown be produced by other species and can inhibit a wide
range of gram-positive organisms, including methicillin-resistant Staphylococcus aureus
(47). The presence of putative relaxases, integrases, mobilization and plasmid replica-
tion genes, and ribosomal protein ORFs in the vicinity of the Rgg/SHP locus in S. mitis
also supports the presence of an ICE in this locus (48).

A high variation in the PPI-1 has been observed across different serotypes and
strains (44, 49). In particular, Harvey et al. compared serotype 1 nonvirulent and virulent
isolates to identify factors that could alter the outcome of infection (49). Accordingly,
in the PPI-1 region, the locus immediately downstream of the Rgg regulator is part of
an accessory region that presents high variability across different strains. More impor-
tantly, the partial lantibiotic gene cluster found in strain ATCC 700669 was highlighted
as a replacement for a region associated with high virulence in other isolates (49). It is
important to note, however, that while strains such as ATCC 700669 present a partial
lantibiotic locus, the genes encoding immunity are maintained, which could be advan-
tageous when competing for resources, in particular against strains producing the
referred lantibiotic (42, 49). However, addressing the question of whether the full
lantibiotic locus found in strain SP23-BS72 provides a competitive advantage against
susceptible strains and species can lead to a better understanding of the ecological
relationship among different strains of the pathogen. In other members of the mitis
group of streptococci, as shown in this study, the substantial variation of the Rgg locus
and putative regulons is also observed, particularly in S. mitis. The current hypothesis
indicates that this genetic island originated as an ICE insertion that has either degen-
erated or recombined in many strains of S. pneumoniae (42), which may also hold true
for S. mitis given that only a section of the gene cluster is present in the oral
commensal. Interestingly, the mature shp gene is present in S. pneumoniae SP23-BS72
and S. mitis type strain, but it is interrupted at position 6 (DIIII) in S. pneumoniae ATCC
700669 (28). This indicates that both S. pneumoniae ATCC 700669 and the S. mitis type
strain have likely lost part of the gene cluster in independent events. In the S.
pneumoniae strain SP23-BS72, the rgg gene is 95.7% identical to strain D39 (SPD_0939).
Further, the locus between rgg and shp containing the promoter sites is also remarkably
similar, showing 88.5% identity. This includes the sequences of SHP, which in its full
23-amino-acid sequence presents only one divergent residue at position 12, and the
predicted mature 8-amino-acid sequence is identical between SP23-BS72 and D39.
Fundamentally, the identification of the target locus in an ICE sheds light into the
reason for lack of conservation of the Rgg/SHP system in members of the mitis group
compared to other streptococci, such as S. agalactiae and S. pyogenes (21, 24).

Previous studies show cross-communication between streptococcal species through
Rgg/SHP systems (29, 30). Bidirectional signaling is found to activate promoter tran-
scription in S. pyogenes, S. agalactiae, and S. dysgalactiae. Further, cross-communication
regulates biofilm formation in S. pyogenes (21, 29). Remarkably, interaction is also
observed between different groups of Rgg/SHP systems as a group II reporter system
in S. mutans UA159 responded to both its peptide ETIIIIGGG and the DIIIIVGG peptide,
found in the genomes of S. pyogenes and S. pneumoniae D39 (30). In this study, it was
found that the peptides DIIIIVGG and DILIIVGG from S. pneumoniae, S. agalactiae, and
S. pyogenes stimulate the activation of the system in S. mitis, while no response to
peptides from other groups was observed. This is in line with the findings from
Fleuchot et al. that showed cross-communication response in the S. mutans system,
which produces ETIIIIGGG, but not in S. agalactiae, which produces DILIIVGG (30).
Moreover, this study showed data for cross-communication in the presence of the
synthetic peptide and during coculture, which strongly suggests that both S. mitisT and
S. pneumoniae D39 produce the peptide in an active form. The finding that not all
strains of S. pneumoniae and S. mitis present the complete peptide gene suggests that
cross-communication may play a role in coordinating transcriptional responses in a
bacterial community.

The direct target of the complex Rgg-SHP in S. mitis type strain was found to be the
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two genes immediately downstream of shp. Not all genes that are putatively required
for this potential lantibiotic-producing cluster are present in the genome of S. mitis type
strain, which indicates it might not be functional. However, despite ATPases being
often encoded together with their coupled transporters, it is suggested that an
“orphan” ATPase could energize multiple sugar uptake ABC transporters in S. pneu-
moniae (50). As such, while this study found no evident effect of the system on the
stress response and biology of S. mitisT in the presence of ciprofloxacin, erythromycin,
ampicillin, or nisin, the possibility of this gene being involved in other transport
pathways should not be ruled out. In addition, through unknown mechanisms, the
partial lantibiotic biosynthesis locus in S. pneumoniae ATCC 700669 and others is
associated with nonvirulent behavior (49), suggesting that this locus might indeed be
involved in other pathways. Regardless, even if the system in S. mitisT may only present
a role in self-regulation, the production of SHP in itself could have implications in
cross-communication and potentially during competition.

Since Rgg/SHP systems have been shown to coordinate different genes and func-
tions in a variety of streptococcal species, it is puzzling that these signal peptides
cross-communicate among different species and strains to coordinate different behav-
iors. These systems are likely part of complex networks that rearrange and recombine
more often compared to other parts of the genome, potentially adjusting and adapting
to selective environmental pressures. To place bacteriocin and lantibiotic production
under the control of quorum-sensing systems is not unusual in streptococci, as exem-
plified by the widely studied competence system in S. pneumoniae that relies on a tight
connection between the stimulation of competence and bacteriocin production (51,
52). In addition, other lantibiotic biosynthesis gene clusters have been shown to be
regulated by quorum sensing both in S. pneumoniae with the TprA/PhrA system (27, 53)
and in other bacteria, which includes the lantibiotics nisin by Lactococcus lactis and
subtilin by Bacillus subtilis (54). Interestingly, S. mitis type strain presents the TprA gene,
but the PhrA and the lantibiotic biosynthesis cluster downstream are not conserved,
which could indicate that the fitness cost for maintaining the lantibiotic-producing
machinery is not optimal. To coordinate the expression of such compounds by cell density
might be useful since it increases the chance of horizontal gene transfer in a given
population (42). Overall, quorum-sensing signals often regulate mechanisms that provide
fitness advantages in response to environmental conditions such as nutrient availability and
cell density (8, 12, 55). S. mitis has likely evolved with diverse mechanisms that allow it to
successfully colonize hostile environments, such as the oral cavity. Fundamentally, the
understanding of the complex pathways coordinated by cell-to-cell communication might
provide important insights regarding the host-microbiome relationship.

MATERIALS AND METHODS
Bacterial strains and media. All used strains and primers are listed in Table 3. Strains were cultured

in tryptone soya broth (TSB; Oxoid, Hampshire, UK) or C�Y (56). For storage, media were supplemented
with 30% glycerol. Agar plates were prepared with blood agar base 2 (Oxoid, Hampshire, England)
supplemented with defibrinated sheep blood (5%) (TCS Biosciences, Ltd., Buckingham, United Kingdom).
For mutant selection and recovery, antibiotics were used at the following concentrations: kanamycin,
500 �g/ml; erythromycin, 10 �g/ml; and spectinomycin, 500 �g/ml. Preculture stocks were prepared as
described previously (57). All peptides utilized in the assays were obtained from GenScript (GenScript,
Piscataway, NJ) as custom synthetic peptides and stored as sterile 10 mM solutions at �20°C (Table 3).

qRT-PCR. For qRT-PCR, precultures were diluted 1:10 and were allowed to grow in TSB or C�Y under
the specific conditions of each experiment. At specific time points, cells were harvested at 8,000 � g and
4°C for 8 min. RNA was extracted with a High-Pure RNA isolation kit (Roche), and cDNA was generated
using a first-strand cDNA synthesis kit (Thermo Scientific; Fermentas). The primers used are listed in Table
4. For qRT-PCR, Maxima SYBR Green/ROX qPCR Master Mix (Thermo Scientific) was utilized according to
the manufacturer’s protocol.

RNA sequencing. Cultures of S. mitis type strain were grown in TSB or C�Y at 37°C and 5% CO2 for
20 min. The culture was then divided in two, and sSHP (DIIIVGG) was added to half of the sample.
Cultures were grown at 37°C and 5% CO2 for 2 h, and pellets were harvested and stored at �80°C. RNA
extraction, enrichment, cDNA synthesis and labeling were performed as recently described (28, 58).
Sequencing was performed with Illumina HiSeq at the Norwegian Sequencing Centre (http://www
.sequencing.uio.no). Analyses and mapping followed previously described protocols (58, 59). Briefly,
from the FASTQ file generated from each samples, Bowtie was used to map the nucleotide reads to
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the genome of S. mitis type strain under GenBank accession number NZ_AEDX00000000.1. To map
each read to the correct strand, SAMtools software was used, and visualization was graphed in the
JBrowse viewer. Differential expression analyses in untreated and treated samples were determined
based on the read profiles using a Perl script. The DESeq package from Bioconductor was used to assess
the differential levels when comparing samples. Significance was set at P � 0.05. The transcriptome
sequencing (RNA-Seq) raw data can be accessed at BioProject accession number PRJNA488478 in the
NCBI BioProject database.

Contruction of mutants. Primers used for construction of mutants are listed in Table 5. Mutants
MI070 and MI075 were constructed by a PCR mutagenesis method described previously (60). Briefly, the
flanking regions of the knockout gene were amplified and ligated with a kanamycin resistance cassette.

TABLE 3 List of strains and peptides used

Strain or peptide Description or sequencea

Source or
referenceb

Strains
CCUG31611T Streptococcus mitis type strain CCUG
NCTC7466 Streptococcus pneumoniae D39 NCTC
NCTC10319 Streptococcus pneumoniae R36A NCTC
MI048 CCUG31611T, but pldh-luc; Spcr This study
MI070 CCUG31611T, but Δrgg::Kan; Kanr This study
MI075 CCUG31611T, but ΔSM12261_0093::Kan; Kanr This study
MI083 CCUG31611T, but pshp-luc; Spcr This study
MI091 CCUG31611T, but Δshp 62
MI093 MI091, but pshp-luc; Spcr This study
MI097 CCUG31611T, but ΔoppD This study
MI099 MI093, but Δrgg; Spcr Kanr This study
MI100 MI093, but ΔoppD; Spcr This study
SP068 NCTC7466, but Δrgg 28

Peptides
S. mitis NH2-DIIIVGG-OH GenScript
S. pneumoniae and S. pyogenes NH2-DIIIIVGG-OH GenScript
S. pyogenes and S. agalactiae NH2-DILIIVGG-OH GenScript
S. pneumoniae NH2-EIIIILPFLTNL-OH GenScript
S. mutans NH2-ETIIIIGGG-OH GenScript
S. salivarius NH2-PYFTGCL-OH GenScript

aKanr, kanamycin resistance; Spcr, spectinomycin resistance.
bCCUG, Culture Collection, University of Gothenburg; NCTC, National Collection of Type Cultures (Central
Public Health Laboratory, London, England).

TABLE 4 Primers used for qRT-PCR

Primer Sequence (5=–3=) Gene

FP369 GCCGTTCGTGGTATGAGTCG S. mitis gyrA
FP370 GGTCGCAACTGTGCGCTTAC S. mitis gyrA
FP1010 TTTCATCGTGTCCTCCAACCA S. mitis shp
FP1011 TGTCGGTGGATAAAATGTTTAGGTG S. mitis shp
FP760 TTGCACCAAGTTAGCGAATG S. mitis rgg
FP761 GATTTGAACGGGGAGAATCA S. mitis rgg
FP1012 TCCTGTGGAACTACTCCTAAATTTTGAC SM12261_0093
FP1013 CAACCGGGGTCAGGAAAAAG SM12261_0093
FP1918 GGGGAAAACTCTTTGCACTGG SM12261_0516
FP1919 GGCAGTCAGGAGAATGCTAATGG SM12261_0516
FP1920 AGGATATTTTGCAAGGCATTTCG SM12261_0515
FP1921 TCGATTTTCCAGCACCATTTG SM12261_0515
FP1922 CTCACTGCCCTAGTAGCCAGCTT SM12261_0514
FP1923 GAGCAGAGCTACTTGACTCCGTCTT SM12261_0514
FP367 ACCGAGGCACGTATGAGCAA S. pneumoniae gyrA
FP368 AGACCAAGGGTTCCCGTTCA S. pneumoniae gyrA
FP1014 ACCGATTTTGTTTTTGGTAATGGA S. pneumoniae shp
FP1015 TGTACACCTAAGCATTTTATCCACCA S. pneumoniae shp
FP1697 CATTTAGTTTGGGAACACGAGGAA SPD_0944
FP1698 ATTCCAACCGCCTTCTCCAAT SPD_0944
FP1699 TGGATGGTCTTGGGGAGTTTC SPD_0947
FP1700 AAAAGCCCACACTGCAAAAGG SPD_0947
FP1701 TGCCAGTTGGGTCTGGATTTT SPD_0950
FP1702 CATACCTCTTCAATAGCGTGCTGAAT SPD_0950
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For the construction of a luciferase reporter (61), the promoter region of shp was amplified with the
primers FP853 and FP854. After restriction with NheI and BamHI, the amplicon was ligated to pFW5-luc
(spectinomycin resistance [Spcr]) and cloned into Escherichia coli as previously described (61, 62). Further,
the correct plasmid was purified and transformed into the S. mitisT, being incorporated in the chromo-
some by single crossover recombination. To avoid transcriptional changes in the tightly regulated locus
of the Rgg/SHP system, the pshp-luc segment was amplified and inserted into an area of the S. mitis
genome that showed no transcription and no predicted ORF, upstream of genes SM12261_0592 and
SM12261_0593. In addition, we observed no phenotype for any of the mutants with this construct. The
shp gene was deleted to minimize the background expression levels of the system, resulting in mutant

TABLE 5 Primers used for mutant construction

Primer Sequence (5=–3=)a Location Template Description

FP001 AGGCGCGCCGTTTGATTTTTAATG Kanr gene pSF151 Kan marker
FP068 AGGCCGGCCTAGGTACTAAAACAATTCATCCAGTA Kanr gene pSF151 Kan marker
FP817 TGCCAGTGCTATCCATTGTC Flanking rgg Type strain Construction of mutant

MI070 (Kanr)
FP818 AGGCGCGCCTGATTCTCCCCGTTCAAATC Flanking rgg Type strain Construction of mutant

MI070 (Kanr)
FP819 AGGCCGGCCAAAAGCACAGTACCAAGAGCA Flanking rgg Type strain Construction of mutant

MI070 (Kanr)
FP820 CGTTCGTGAATTTGAAGTGG Flanking rgg Type strain Construction of mutant

MI070 (Kanr)
FP835 GCAATTGATTGCCAATTGTGT Flanking SM12261_0093 Type strain Construction of mutant

MI075 (Kanr)
FP836 AGGCGCGCCGGTTGACCGACTAGTGCAA Flanking SM12261_0093 Type strain Construction of mutant

MI075 (Kanr)
FP83a AGGCCGGCCAATGGCTCTTGGTGGAGAGT Flanking SM12261_0093 Type strain Construction of mutant

MI075 (Kanr)
FP834 TGCTCAAGGCGTTATCTGTG Flanking SM12261_0093 Type strain Construction of mutant

MI075 (Kanr)
FP853 ATACAAGCTAGCTTCGCAGGATTGCACTTAAA Flanking shp Type strain Construction of MI083 (Spcr)
FP854 ACGCAGGATCCTCTTCATATTTAGACTTCCTTTCA Flanking shp Type strain Construction of MI083 (Spcr)
FP1262 ATTGATGATGTCCCCCAAAA Flanking pshp-luc SM12261_0592

and SM12261_0593
Type strain Construction of MI093 (Spcr)

FP1263 TCATTCTAATTGGTAAGCGCGTATTAAAGAAGAAAGTTAAT Flanking pshp-luc SM12261_0592
and SM12261_0593

Type strain Construction of MI093 (Spcr)

FP1266 GTTGGGAAAACGGGAAAATTTAGACAAGATAAAAAAACCTC Flanking pshp-luc SM12261_0592
and SM12261_0593

Type strain Construction of MI093 (Spcr)

FP1267 AAAAACGGCACGAAAACATC Flanking pshp-luc SM12261_0592
and SM12261_0593

Type strain Construction of MI093 (Spcr)

FP1264 ATTAACTTTCTTCTTTAATACGCGCTTACCAATTAGAATGA Flanking pshp-luc SM12261_0592
and SM12261_0593

MI083 Construction of MI093 (Spcr)

FP1265 GAGGTTTTTTTATCTTGTCTAAATTTTCCCGTTTTCCCAAC Flanking pshp-luc SM12261_0592
and SM12261_0593

MI083 Construction of MI093 (Spcr)

FP1268 TGTCAATCGTAAACGCACCT Nested PCR Amplicon
FP1269 GAGAATGCGGCTCTTCATTT Nested PCR Amplicon
FP1408 GATGGAACCCGGACTATCAA Flanking oppD Type strain Construction of MI097

(markerless)
FP1409 TCATGGAGATTTGCAATCACACGCGAGCAGTCAAAATTACA Flanking oppD Type strain Construction of MI097

(markerless)
FP1410 TGTAATTTTGACTGCTCGCGTGTGATTGCAAATCTCCATGA Flanking oppD Type strain Construction of MI097

(markerless)
FP1411 TTGGCTTTTGTTTGCATTTG Flanking oppD Type strain Construction of MI097

(markerless)
FP1412 GCACAAGCTTGGTTGACTGA Nested PCR Amplicon Construction of MI097

(markerless)
FP1413 TCATCAAACTCTCGATGATCTCTC Nested PCR Amplicon Construction of MI097

(markerless)
FP1414 CCAATTACCGTGCCAAGTTT Screening Mutant Construction of MI097

(markerless)
FP1415 TGATGGCACGACCAATAGTT Screening Mutant Construction of MI097

(markerless)
FP1416 TTGGGATTCCAGATGCAGAT Screening Mutant Construction of MI097

(markerless)
FP1417 CAACAGTCGCACGTTCATTC Screening Mutant Construction of MI097

(markerless)
aUnderlined letters represent restriction sites: AscI, AGGCGCGCC; FseI, AGGCCGGCC; NheI, GCTAGC; BamHI, GGATCC.
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MI093. The construction of the markerless deletion of shp (MI091) has been recently described (62).
MI097 was constructed similarly. Mutants MI099 and MI100 were obtained by natural transformation of
MI093 with amplicons constructed from MI070 and MI097.

Reporter assays. Precultures of the strains were diluted 1:10 in TSB or C�Y in the presence or
absence of different concentrations of sSHP. Aliquots of 200 �l were then distributed among the wells
of 96-well microtiter plates (Nunc Thermo Scientific). Blanks containing pure medium were used. A 10-�l
volume of a 1 mM D-luciferin solution (Synchem, Felsberg-Altenberg, Germany) was added to each well,
and cultures were incubated at 37°C. For cross-communication experiments, strains were added 1:1 in
C�Y with 1% mannose and 0.02% glucose, followed by incubation for 5 h at 37°C in a plate reader. At
the selected time points, cultures were plated for CFU count. Relative luminescence units (RLU), and the
optical densities at 600 nm (OD600s) were measured at various time intervals during growth in a
microplate reader (Synergy HT; BioTek, Winooski, VT). The luminescence sensitivity was set to high, and
for data analysis the background values were subtracted.

Surface polysaccharide assessment. The degree of surface polysaccharide production was deter-
mined by measuring the zone of exclusion with FITC-dextran (2,000 kDa; Sigma) as described previously
(28, 37, 39).

Growth under normal and antibiotic stress conditions. Growth under normal and antibiotic stress
assays were performed in 96-well plates with 2-fold serial dilutions of antibiotics: ciprofloxacin, 1 to
16 �g/ml; ampicillin, 0.05 to 0.8 �g/ml; erythromycin, 0.05 to 0.8 �g/ml; and nisin, 12.5 to 200 �g/ml. All
experiments included a control without antibiotics in addition to a blank medium control. Bacterial
cultures were prepared by inoculating colonies from an overnight agar plate in TSB until they reached
an OD600 of �0.1. The bacterial culture of the type strain was divided into three parts: the first part with
sSHP added, second with a negative-control peptide, and the third part received no treatment. The
MI070 culture was not supplemented with any peptides. The bacterial culture (2� concentration) was
aliquoted into the 96-well plate and mixed with the antibiotic solution (2�). At least three independent
biological experiments were performed. The OD600 was measured at the start of the experiment; the
plate was covered with a Top Seal lid to avoid evaporation, and the OD600 was measured again at 20 h.
The plate was incubated in 37°C and 5% CO2. Inhibition of growth was defined as no increase in the
OD600 from the starting point at 0.1 over the 20 h of the experiment.

CI. Competitive index (CI) was conducted as described previously (28, 63). Briefly, 5 � 106 CFU of each
strain was added in a 50 �l volume to a total of 1 ml of C�Y medium that was then incubated for 4 h
at 37°C and 5% CO2. After inoculation and at the end of incubation, the cultures were plated onto regular
and selective media for calculation of the ratio. Different combinations of two competitors from the S.
mitis type strain, S. pneumoniae D39, and their isogenic Δrgg mutants were assessed as described in the
figure legends. To allow for one strain to be detectable in selective media, MI048, a pldh-luc reporter
strain containing an Spcr cassette, was used in place of the S. mitis type strain. The CI was calculated by
dividing the outcome ratio by the inoculum ratio.

Statistical analysis. To compare two groups, a Student t test was used. For three or more groups,
one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test was used. Significance was set
at a P value of �0.05. Details of the statistical analyses conducted with the transcriptomic data are
available in the RNA sequencing section of Materials and Methods.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
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