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ABSTRACT

Prevotella intermedia readily colonizes healthy dental biofilm and is associated with periodontal
diseases. The viscous exopolysaccharide (EPS)-producing capability is known as a major virulence
factor of P. intermedia 17 (Pi17). However, the inter-strain difference in P. intermedia regarding
virulence-associated phenotype is not well studied. We compared in vivo virulence and whole
genome sequences using five wild-type strains: ATCC 49046 (Pi49046), ATCC 15032 (Pi15032),
ATCC 15033 (Pi15033), ATCC 25611 (Pi25611), and Pi17. Non-EPS producing Pi25611 was the least
virulent in insect and mammalian models. Unexpectedly, Pi49046 did not produce viscous EPS but
was the most virulent, followed by Pi17. Genomes of the five strains were quite similar but
revealed subtle differences such as copy number variations and single nucleotide polymorphisms.
Variations between strains were found in genes encoding glycosyltransferases and genes involved
in the acquisition of carbohydrates and iron/haem. Based on these genetic variations, further
analyses were performed. Phylogenetic and structural analyses discovered phosphoglycosyltrans-
ferases of Pi49046 and Pi17 have evolved to contain additional loops that may confer substrate
specificity. Pi17, Pi15032, and Pi15033 displayed increased growth by various carbohydrates.
Meanwhile, Pi49046 exhibited the highest activities for haemolysis and haem accumulation, as
well as co-aggregation with Porphyromonas gingivalis harbouring fimA type II, which is more tied
to periodontitis than other fimA types. Collectively, subtle genetic differences related to glycosyla-
tion and acquisition of carbohydrates and iron/haem may contribute to the diversity of virulence
and phenotypic traits among P. intermedia strains. These variations may also reflect versatile
strategies for within-host adaptation of P. intermedia.
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Introduction basis for the concept of ‘polymicrobial synergy and dysbio-

Periodontitis is an infectious-inflammatory disease  sis’, where synergistic activities of the whole community

induced by the interactions between the subgingival poly-
microbial biofilm and the host immune system. An earlier
DNA-DNA hybridization study of approximately 13,200
plaque samples reported that the ‘red complex’, consisting
of Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola, has a high correlation with clinical
measures of periodontitis [1]. Bacteria of the ‘orange com-
plex, including Fusobacterium nucleatum subspecies,
Prevotella intermedia, Prevotella nigrescens, appeared to
be more closely related to red complex members than
other color-coded (yellow, green, or purple) bacterial com-
plexes [1]. The virulence factors of the red complex have
been studied in detail. In particular, the role of P. gingivalis
acting as a keystone pathogen has been well established [2].
With advances in microbiome research applying next-gen-
eration sequencing technology, numerous additional dis-
ease-associated species were identified. This has been the

triggered by keystone pathogens disrupt host immune
defenses and cause tissue destruction [3].

Currently, taxonomic characterization of the human
microbiome (including oral microbiome) is often lim-
ited to the species-level [4]. However, significant geno-
mic and phenotypic variations at the strain-level within
a species are common. Inter-strain variations have been
well studied especially in terms of pathogenicity. For
instances, Escherichia coli and Bacteroides fragilis
include both pathogenic and commensal strains [5,6].
Similarly, not all P. gingivalis strains are equally patho-
genic and genetic variations exist within the species for
many important virulence factors [7]. Many researchers
have endeavored to find specific virulence alleles
involved in disease and generally have focused on fim-
briae, which are filamentous components on the cell
surface playing an important role in initiation as well as
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progression of periodontitis [8]. P. gingivalis has been
classified into six types based on nucleotide sequences
of fimA encoding fimbrillin (FimA), a subunit protein
of fimbriae [9,10]. The most frequently detected gen-
otype in healthy individuals is fimA type I, while Ib,
II, and IV are more associated with periodontal dis-
ease [9-11]. In particular, the fimA type II allele
seems to increase binding affinity for epithelial cell
receptors contributing to enhanced virulence [8,12].
Such diversity of the microbial world clearly shows
how insufficient it is to define the relationship
between human microbiome and host health at spe-
cies- or higher-level phylogeny.

Our current work focuses on P. intermedia species,
a Gram-negative anaerobic rod-shaped bacterium
which is a member of the orange complex. It is
known that bacterial loads of P. intermedia and P.
gingivalis in dental biofilm are strongly associated
with each other and their co-colonization is connected
to an increase in probing depth [13]. P. intermedia 17
(Pil7) initially isolated from a chronic periodontitis
lesion [14] is the most studied strain along with type
strain P. intermedia ATCC 25611 (Pi25611). It has
been reported that Pil7 produces a viscous exopoly-
saccharide (EPS), composed mainly of mannose, and
induces more severe abscesses in mice than non-EPS-
producing Pi25611 [15,16]. Moreover, P17 has been
known to be rarely internalized by human polymor-
phonuclear leukocytes. This may suggest that EPS is a
key component contributing to the virulence of Pil7
[15,16]. On the other hand, P. intermedia is also com-
monly detected in a healthy sulcus [17], an environ-
ment very different from a diseased periodontal
pocket. The ability of P. intermedia to colonize such
distinct niches may reflect inter-strain genetic diver-
sity and elaborate mechanisms for within-host adapta-
tion. However, these are not yet clearly understood
and the diversity of virulence-associated phenotypes of
P. intermedia strains is not well studied.

The purpose of this study is to evaluate the differ-
ence of wild-type P. intermedia strains focusing on
virulence-associated  phenotypes and genomic
sequences. Based on the results, we infer several
versatile strategies that P. intermedia uses to continu-
ously adapt to dynamic conditions in the oral cavity.
Here, we used Pil7 and publicly available strains
ATCC 49046 (Pi49046), ATCC 15032 (Pil5032),
ATCC 15033 (Pi15033), and type strain ATCC
25611 (Pi25611). To examine in vivo virulence, we
adopted two infection models, a mouse subcutaneous
abscess model and a wax moth larvae Galleria mello-
nella model. Both models have been widely used for
the evaluation of bacterial virulence [18,19].

Results and discussion

Inter-strain difference in EPS-forming ability and in
vivo virulence

Pil7 is known to produce viscous EPS, a key virulence
factor contributing to its survival by interfering with inter-
nalization by phagocytes [16]. Pil7 induced more severe
abscesses in mice than non-EPS-producing Pi25611 [16],
which is consistent with our results (Figures 1 and 2). We
observed that viscous materials with fine fibrous structures
formed into bundles in the cultures of Pil7, while such
viscous materials were not observed in the culture super-
natants of the other strains. Unexpectedly, Pi49046
induced the highest larval death (77%) (Figure 2(a)).
Strains Pil7, Pi15032, Pi15033, and Pi25611 killed 50%,
43%, 43%, and 10% of the infected larvae, respectively.
Inter-strain difference in the virulence in vivo was simi-
larly observed in mice. Pi49046 induced the largest
abscesses starting from day 3 (Figure 2(b)). Pil7 induced
medium-sized abscesses starting from day 5. However, the
other strains did not cause abscesses in mice. These results
allude that, beside EPS, other factors influence the in vivo
survival and virulence level of P. intermedia.

Overview of comparative genomic analysis

Despite apparent difference between strains in the viru-
lence level, the genomes of the five strains showed
approximately 94% average nucleotide identity (in for-
ward direction) (Figure 3(a)). The pangenome of five
strains (Figure 3(b)) consisted of 1,615 core gene clusters
(60.1%, exist in all strains), 585 dispensable gene clusters
(21.8%, shared partially among strains) and 486 strain-
specific gene clusters (18.1%). Pil5032 and Pil5033
shared 239 dispensable gene clusters but few strain-spe-
cific gene clusters. This indicates their close phylogenetic
relationship and also aligns with the results of our in vivo
experiments showing the same virulence level between the
two strains. Meanwhile, Pil7, Pi25611, and Pi49046 pos-
sessed 190, 147, and 140 strain-specific gene clusters,
respectively. It is noteworthy that most of the genetic
differences between the strains was copy number varia-
tions (CNVs) and single nucleotide polymorphisms
(SNPs). In total 92,010 SNPs in core genes were identified.

Genetic variations associated with
glycosyltransferases and nutrient acquisition

Both bacterial pathogens and commensals are sur-
rounded by diverse carbohydrate structures (glycans)
which mediate specific interactions with the host and
play an important role in all stages of infection [20, 21].
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Figure 1. Comparison of P. intermedia strains grown in liquid medium. In the cultures of Pi17, viscous materials with fine fibrous
structures that formed into bundles were observed. On the other hand, such viscous materials were not observed in the culture
supernatants of the other strains.The bacterial cells were grown in B-HK medium for 24 h at 37°C anaerobically (80% N,, 10% H,,

10% CO,).
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Figure 2. In vivo virulence of P. intermedia strains. (a) Galleria mellonella infection model. Larvae weighed between 170 and 220 mg
at time of inoculation. Bacterial cell suspensions (2 x 10" CFU/larva) of each strain were injected into the larvae. Survival was
monitored daily for 72 h and larval death was confirmed by the lack of touch-induced movement. Images are representative of three
independent experiments. (b) Murine skin infection model. Male BALB/c mice (4 weeks old; 5 mice per strain) were used. Bacterial
cell suspension (5 x 10° CFU/mouse) of each strain was injected into the inguinal area of each mouse to induce abscess.

Moreover, protein glycosylation contributes to attach-
ment, infectivity, phenotypic phase-variation, and anti-
genic diversity, all of which are important for
pathogenicity [22-31]. We found inter-strain differ-
ences in the genes involved in biosynthesis of glyco-
conjugates (Table 1). These include several genes
encoding glycosyltransferases which catalyze the trans-
fer of sugar moieties. Notably, Pi49046 and Pil7 shared
a unique gene encoding phosphoglycosyltransferase
(PGT, WP_061869517). We detected strain-specific
genes as well as hypervariable genes involved in the
acquisition of nutrients, such as carbohydrates (SusC,
SusD, polysaccharide export protein) and iron/haem.
Among the several hypervariable genes encoding tran-
scriptional regulators, the two-component transcrip-
tional regulators consisting of LytT and LytS was

identified in a location immediately upstream of
cysteine protease involved in haem acquisition [32].
Some genetic variations were associated with replica-
tion, recombination and repair, and defence systems
(supplementary data 1).

Based on these genetic variations, we further con-
ducted phylogenetic and structural analyses of PGTs,
and phenotypic evaluations regarding acquisition of
nutrients.

Phylogenetic and structural analyses show unique
PGTs of Pi49046 and Pi17

PGTs initiate a common step in the biosynthesis of both
essential and virulence-associated bacterial glycoconju-
gates, including glycoproteins, LPS, peptidoglycan [33].
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Figure 3. Comparative genomic analysis of five P. intermedia strains. (a) Genome sequence similarity performed by BRIG. Whole

genome pairwise alignments were performed using MUMmer.

Numbers in red and blue (in the table) represent the similarities

between two genomes in forward and reverse direction, respectively. (b) Pangenome analysis using PGAP method. Pangenome gene
clusters in intersections are shown as filled (black) circles and the number of clusters is presented in the bar plot above.

To extensively investigate the inter-strain variation of P.
intermedia PGTs, we performed phylogenetic analysis
using PGTs of 31 strains, which were downloaded
from NCBI genome database. All but one strain
(KCOM 1779) harboured two PGTs. Phylogenetic ana-
lysis separated the 61 PGTs into three distinct clades A,
B, and C (Figure 4(a—c), supplementary data 2 and 3).
Clade C consists of well-conserved PGTs across all P.
intermedia strains. The other 30 PGTs belong to either
clade A or clade B. Besides a well-conserved PGT
(clade C), Pi25611, Pil5032, and Pil5033 possess
another PGT belonging to clade A. This PGT is phy-
logenetically close to C. jejuni PglC and N. gonorrhoeae
PglB. Both PglC and PgIB belong to the second super-
family containing the minimal functional core of WbaP
and are involved in N-linked and O-linked protein
glycosylation pathways, respectively [33-35]. On the
other hand, Pi49046 and Pil7 possessed phylogeneti-
cally different PGTs (clade B). The 3D structures of
PGTs were modeled by SWISS-MODEL web server
[36] (Figure 4(d)). Besides the conserved regions
(green color), additional loop regions were found only
in Pi49046 PGT and Pil7 PGT (blue and red). We
further performed motif analysis of amino acid
sequences for the additional loop regions. Both loop
region sequences were presumed to have a [-sheet
sandwich structure similar to bacterial immunoglobu-
lin-like Ig domain 1 (PS51127, supplementary data 4).

Recent structural analyses demonstrated that vari-
able loops inserted on common core structures of gly-
cosyltransferases confer substrate (sugar) specificity
and determine the orientation of nucleophilic hydroxyl
groups [37]. Although the exact role of the additional
loops is not clear at present, it seems, at least, clear that
continuous evolution of glycosyltransferases allows
these enzymes to assemble diverse glycan structures
that are not directly copied from genomic templates
[37]. This not only applies to eukaryotic systems but
also applies to prokaryotic systems [37]. Meanwhile,
regarding the relationship between bacterial glycocon-
jugates and diseases, a previous study using pooled
sequences (not comparison between individual strain)
showed that disease-derived and health-derived P.
intermedia sequences are different with each other in
a manner that was associated with glycoconjugate
synthesis [38]. All these results suggest that these subtle
but continuous genetic variation in glycosyltransferases
(including PGTSs) may reflect a strategy by the P. inter-
media species to adapt to dynamic oral environments as
they transition from healthy to diseased states. It is also
plausible that genetic mutations in glycosyltransferases
may allow for the synthesis of strain-specific glycan and
glycan binding proteins, thus resulting in either
increased or decreased virulence. Along with the exact
function of the additional loops in PGTs, this hypoth-
esis also needs to be validated in the future studies.
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Table 1. Inter-strain genetic variations associated with glycosylation, nutrient acquisition and transcriptional regulation.

Protein ID Name Z-score D S
WP_061869095 glycosyltransferase involved in cell wall biosynthesis 2.5716 - -
WP_061868170 glycosyltransferase involved in cell wall biosynthesis - - 49046
WP_061869517 phosphoglycosyl transferase (PGT) family protein - 17/ 49046 -
WP_014710060 polysaccharide pyruvyl transferase - - 17
WP_014710061 glycosyltransferase involved in cell wall biosynthesis - - 17
WP_014710064 glycosyltransferase involved in cell wall biosynthesis - - 17
WP_076169367 glycosyltransferase involved in LPS biosynthesis - - 17
WP_014710262 glycosyltransferase involved in LPS biosynthesis 3.1702 -

WP_028906217 glycosyltransferase involved in cell wall biosynthesis - - 25611
WP_028906222 glycosyltransferase involved in cell wall biosynthesis - - 25611
WP_028906219 glycosyltransferase involved in cell wall biosynthesis - - 25611
WP_028906216 glycosyltransferase involved in cell wall biosynthesis - - 25611
WP_124140245 glycosyltransferase involved in cell wall biosynthesis - 15032/15033

WP_061868928 periplasmic protein involved in polysaccharide export 2.0949 - -
WP_061869075 SusC family 2.3970 - -
WP_061869074 SusD family 3.8120 - -
WP_061869484 haem-binding protein HmuY 2.3317 - -
WP_061868464 outer membrane receptor proteins, mostly Fe transport 4.4638 - -
WP_061868395 outer membrane receptor proteins, mostly Fe transport 4.1508 - -
WP_061868524 outer membrane receptor proteins, mostly Fe transport 2.7522 - -
WP_061868193 outer membrane receptor proteins, mostly Fe transport S 49046 -
WP_061869506 outer membrane receptor proteins, mostly Fe transport S 49046 -
WP_061869221 outer membrane receptor proteins, mostly Fe transport S 49046 -
WP_045168284 outer membrane receptor proteins, mostly Fe transport 15032/15033 -
WP_061868482 sensor histidine kinase LytS 3.0623

WP_061868483 transcriptional regulator LytT 5.5683

WP_061869463 hybrid sensor histidine kinase/response regulator 3.3029

WP_061869215 AraC family transcriptional regulator 2.9004

WP_061869012 MarR family transcriptional regulator 2.0301

WP_014709474 AraC family transcriptional regulator - 17
WP_014709590 AraC family transcriptional regulator - 17
WP_044048113 TetR/AcrR family transcriptional regulator - 17
WP_061869376 Predicted transcriptional regulator, contains HTH domain - 49046

Genes with a z-score >1.96 were considered as hypervariable genes between the strains.

S, strain-specific genes.
D, dispensable gene shared between two strains.

Inter-strain phenotypic difference in harnessing
carbohydrates

We found differences amongst strains based on their
nutrient acquisition-related genes (Table 1), including
SusC and SusD, which are known to play roles in the
binding and transport of carbohydrates. Variations in
the SusC and SusD orthologs can reflect bacterial
adaptations to diet or host-derived glycans [39].
Hence, we further evaluated the phenotypic traits of
P. intermedia in carbohydrate utilization. Consistent
with a previous report [40], glucose enhanced the
growth of Pi25611 (Figure 5). The growth promoting
effect of glucose was very high in Pi49046 and
Pi25611, but relatively low in Pil7, Pil5032, and
Pi15033. Meanwhile, the growth of Pil7, Pil5032
and Pil5033 was also significantly increased by
sucrose and raffinose, unlike Pi25611 and Pi49046.
In general, the proteolytic ability is believed to be
the most important characteristic of periodontal
pathogens. This is partly due to the abundance of
nitrogen compounds in the diseased pocket and the
cytotoxicity of metabolic end products. However,

the saccharolytic properties of periodontal patho-
gens have not attracted much attention and are
not well studied. A recent study [41] uncovered
that exogenous pyruvate can be a valuable alterna-
tive carbon and energy source of P. gingivalis which
has long been known to not utilize carbohydrates as
carbon and energy sources [40, 42]. Such metabolic
plasticity of P. gingivalis appears to be a significant
evolutionary advantage supporting the survival and
persistence of the bacterium in the oral cavity [41].
Likewise, the metabolic flexibility of P. intermedia
that allows it to utilize both nitrogenous compounds
and carbohydrates may serve as a beneficial factor
for its adaptation to the highly dynamic environment of
the oral cavity. Certain strains capable of harvesting various
types of carbohydrates may be more favorable for survival
in a healthy gingival sulcus, an environment more difficult
to acquire nitrogenous compounds than a diseased pocket.
It is interesting to speculate that survival in healthy gingival
sulcus may favor certain P. intermedia strains that may
survive in haem/iron and protein-limited conditions while
utilizing diet- or host-derived glycans. Once the strain has
successfully colonized the healthy gingival sulcus, genetic
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Figure 4. Phosphoglycosyltransferases (PGTs) of P. intermedia. (a) Phylogenetic analysis using 61 PGTs of 31 strains of P.
intermedia. All but one strain (KCOM 1779) harbour two PGTs. The two virulent strains Pi49046 and Pi17 carry PGT belonging
to clade B (green lines), while the other three strains (Pi15032, Pi15033 and Pi25611) carry PGT belonging to clade A (red
lines). (b) Multiple sequence alignment using PGTs of P. intermedia with well-known PGT subfamilies (PglC and PgIB). (c)
Phylogenetic tree based on PGT was constructed using multiple sequence alignment. (d) Structural model of PGTs. C.
concisus PGT (PDB ID 5W7 L, chain A) was used as the structural template for modelling. Additional loop regions in Pi49046
PGT and Pi17 PGT were coloured as blue and red, respectively. Structurally conserved regions were represented using green
colour. Magenta stick configuration residues (K59, D93, E94 and R112) represents the conserved active sites.

strains may allow for genetic reassortment, and subsequent
selection of new variants possessing enhanced suitability
for the changing environment [7].

variations (such as CNVs or SNPs) can be induced by
selective pressures of environmental or host adaptation.
The myriad interactions among co-colonizing species and
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Figure 5. Carbohydrate utilization of P. intermedia strains. Bacterial growth in the presence of carbohydrates is expressed as a ratio
relative to growth in the absence of carbohydrates (control). *, P <0.01, versus control. Mann-Whitney U test.

Inter-strain phenotypic difference in haemolysis,
haem accumulation, and co-aggregation with P.
gingivalis

Haem is an essential growth factor as well as virulence
regulator for both P. intermedia and P. gingivalis [43].
They produce black pigments on blood-containing
media. The black pigments accumulated on the surface
are composed of haem (Fe**-protoporphyrin IX, also
known as

haemin and Fe**-protoporphyrin IX, depending
upon the oxidation state of iron), which are derived
via lysis of erythrocytes and proteolytic breakdown of
haemoglobin [44-46]. Co-aggregation between P. gin-
givalis and P. intermedia is known to be attributable to
the acquisition of haem. P. gingivalis acquires it
through a unique system consisting of the haem-bind-
ing lipoprotein HmuY and gingipain proteases [43].
Similarly, a major extracellular cysteine protease (called
interpain A) and two HmuY proteins are involved in
haemin acquisition of P. intermedia [32]. Importantly,
the possibility of a direct collaboration between P.
gingivalis HmuY, and P. intermedia cysteine protease
has been reported [43]. This suggests that P. gingivalis
may benefit from the proteolytic activity of co-aggre-
gated P. intermediate cells during haemin acquisition

[43]. In the present study, we found inter-strain genetic
variations related to haem/iron acquisition (Table 1).
These include two-component transcriptional regulator
consisting of LytT and LytS, which are located imme-
diately upstream of gene encoding cysteine protease.
Hence, we further evaluated the strains for activities
for haemolysis, haem accumulation, and co-aggregation
with P. gingivalis.

As shown in Figure 6(a,b), Pi49046 exhibited the lar-
gest beta haemolytic area in both types of media (brain
heart infusion agar containing horse or sheep blood) and
the highest activity for haem accumulation. Pi25611 pro-
duced a larger haemolytic area in the horse blood-supple-
mented agar than sheep blood-supplemented agar, but
exhibited lower activities for haemolysis and haem accu-
mulation than Pi49046. The other three strains showed
relatively low activity for haemolysis as well as haem
accumulation. To evaluate the co-aggregation activity,
we used P. gingivalis A7A1-28 (carrying fimA type II)
and fimA II-deficient mutant [47]. As described above
(introduction), fimA type II is known to be more asso-
ciated with periodontitis than other fimA types [8,11,12].
Figure 6¢c shows Pi49046 possesses the highest co-aggre-
gation activity with P. gingivalis A7A1-28, but not with
the mutant. By contrast, the other strains showed lower
co-aggregation activity with P. gingivalis A7A1-28 than
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Figure 6. Phenotypic evaluation of nutrient acquisition. (a) Haemolytic activity. Images of beta-haemolysis zones produced after 7 days. (b)
Haem accumulating activity. The haem-accumulating activity of each strain is expressed as a ratio relative to the haem-accumulating activity
of Pi49046. (c) Co-aggregation activity with P. gingivalis A7A1-28 (carrying fimA type Il) and fimA ll-deficient mutant. Data are presented as the
natural logarithm of ODggo X (—1). *, P <0.01, versus Pi49046; T, P <0.01, versus Pi17; §, P <0.01, versus Pi25611; #, A7A1-28 (5 h) versus fimA Il-
deficient mutant. Mann-Whitney U test.

Pi49046. Interestingly, they still possessed a low degree of ~ and P. intermedia is in a strain-specific manner and
co-aggregation activity with the mutant. These results  Pi49046 has a unique surface property that interacts
demonstrate that co-aggregation between P. gingivalis  with type II fimA. Further research is needed to elucidate



which factors (for example, glycoconjugates) of P. inter-
media influence these strain-specific co-aggregation.

At present, strains isolated from deep periodontal
pockets are considered more pathogenic than strains
that colonize the dental biofilm of a healthy gingival
sulcus. Also, it seems very convincing that DNA
exchange between strains generates pools of chimeric
progeny with diverse phenotypes and subsequent com-
petition between these strains gives rise to the predo-
minance of certain strains suitable for current host
conditions [7]. During adaptation to a specific host,
some P. intermedia strains can acquire specific allele
combinations conferring advantages in both haem
acquisition and coaggregation with P. gingivalis posses-
sing type II fimA. Assuming this is correct, it is also
possible to presume that, in hosts that have allowed the
combination of these strains to dominate, dysbiosis
events are more likely to occur leading to serious dis-
ease outcomes.

Conclusions

Our current work showed that CNVs and SNPs are
considerable sources of genetic diversity of P. intermedia.
We recognize the need to link specific genetic mutations
more precisely with phenotypic outcomes through
further research. Within this limitation, we concluded
that the subtle genetic differences related to glycosyl-
transferase and harnessing of carbohydrates and haem/
iron may contribute to difference in the virulence-asso-
ciated phenotypes of P. intermedia strains. This may also
illustrate versatile strategies for within-host adaptation of
P. intermedia. Given that within-host adaptation
through genomic changes is a distinctive feature of
chronic bacterial infection, our findings underline future
extensive studies about subspecies level variations within
a species of periodontal pathogen. This is essential for
establishing the fundamental understanding of period-
ontitis from the initiation of an infection to host-depen-
dent disease outcomes. In addition, ongoing efforts for
strain-level epidemiology of the oral microbiome will
provide a practical framework for intervening in host-
microbial interactions.

Materials and methods
Bacterial strains and culture condition

Wild type P. intermedia strains (Pi25611, Pi49046,
Pi15032, and Pil5033), and P. gingivalis A7A1-28
(ATCC 53977) carrying fimA type II were selected from
our culture collections. Pil7 and fimA type II-deficient
mutant of P. gingivalis were kindly supplied by Osaka
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Dental University. The bacterial cells were grown in B-
HK medium, comprised of brucella broth (Becton,
Dickinson and Company, Sparks, MD, USA), 5mg/L
haemin, and 1 mg/L vitamin K;. To evaluate the effect
of carbohydrates on the growth of P. intermedia, the
bacterial cells were cultured for 18 h in a 3:1 mixture
medium of B-HK and Bacteroides minimal medium
(MM) [48], supplemented with 0.5% (w/v) glucose,
sucrose, or raffinose. All bacterial cells were cultured at
37°C anaerobically (80% N, 10% H,, 10% CO,).

Infection of Galleria mellonella larvae

Experiments were performed as previously described
with some modifications [49,50]. Briefly, G. mellonella
larvae were purchased from S-worm (Cheonan, South
Korea), maintained in darkness at room temperature
and used within 2 weeks. Only healthy-looking larvae
with no melanization were used in the experiments.
Larvae weighed between 170 and 220 mg at time of
inoculation. Prior to infection, an overnight culture of
each strain was inoculated into fresh medium. The
initial optical density at 600 nm (ODgq,) was adjusted
to 0.1, which was determined to be equivalent to 2 x 10°
colony forming unit (CFU)/mL by plate counting. After
8h, ODgy of all strains was between 0.6 and 1.0,
corresponding to mid-log phase of growth. Each bac-
terial culture was harvested, washed and adjusted to the
required concentration with sterile phosphate-buffered
saline (PBS). Randomly assigned sets of 20 larvae were
contained in a petri dish. Each larva was each injected
with 10puL of inoculum (2 x 10" CFU/larva) using a
hypodermic needle (30G, 25mm) and an infusion
pump (KDS100, KD Scientific, Holliston, MA, USA),
with setup speed to 1 uL/sec. Larvae injected with 10 pL
of sterile PBS were included as control group. Post-
infection, the larvae were maintained in the darkness
at 37°C, monitored for 72h, and the number of live
larvae was recorded every 24 h.

Animal studies

Bacterial virulence was examined using a murine sub-
cutaneous abscess model as previously described [16],
with some modifications. Sample size was calculated by
applying the acceptable range of degrees of freedom
between 10 and 20 [51]. Briefly, 25 male BALB/c mice
(4 weeks old) weighing 14-18 g were purchased from
Nara biotech (Seoul, South Korea) and randomized
into 5 groups (5 mice per bacterial strain). All animals
were raised in polycarbonate cages (1 group per cage)
housed in well-aerated rooms at approximately 25°C,
fed with standard rodent diet and water ad libitum. The
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inguinal region of each mouse was injected subcuta-
neously with 500 uL of bacterial suspensions (5 x 10’
CFU/mouse). Animals were monitored daily, and
changes of abscess lesions were recorded photographi-
cally for 8 consecutive days. We performed all animal
procedures according to the guidelines of the
Institutional Animal Care and Use Committee
(IACUC) at Kyung Hee University using approved
protocol (KHUASP(SE)-16-155).

Whole genome sequencing of Pi49046, Pi15032,
and Pi15033

A Wizard Genomic DNA Purification Kit (Promega,
Madison, WI, USA) was used to extract the bacterial
genomic DNA. Purified whole genomic DNA was frag-
mented and the overhangs were cleaved to create blunt
ends. A clean up step was performed using the AMPure
XP Beads, then the 3" ends of the DNA fragments were
adenylated and ligated to the index adapters.
Subsequently, these DNA fragments were separated
and extracted purified using a 2% agarose gel. After
DNA library construction by PCR using adapter speci-
fic primers, paired-end sequencing was performed on
the Ilumina Hi-Seq 2500 platform. Raw reads with low
quality were removed, then the genome assembly was
carried out using A5 assembler, as described previously
[52]. Gene annotation of the draft genome was per-
formed wusing the NCBI Prokaryotic Genome
Annotation Pipeline [53]. The genome sequences are
available at the National Center for Biotechnology
Information (NCBI) genome database under the acces-
sion NZ_LBGT00000000.1, NZ_QXEMO00000000.1, and
NZ_QXEN00000000.1. The BioProject IDs are
PRJNA281562 and PRJNA488694. Genome informa-
tion are provided in supplementary data 5.

Comparative genomic analysis

Pairwise genome sequence comparisons were per-
formed using MUMmer (version 3.23) [54]. The overall
similarities between any two genomes were calculated
by mummerplot. For exploring the genetic contents
variation, we applied pan-genomes analysis pipeline
(PGAP) [55] and gene family method with default
parameters (score: 40, evalue:1 x 107'°, identity: 0.5,
and coverage: 0.5). The orthologous clusters (or
genes) in each strain from PGAP output results were
classified as core, dispensable and strain-specific clus-
ters (or genes). To obtain the comprehensive functional
annotation and orthologous gene information, NCBI
RefSeq protein coding sequences for the five strains
were submitted to the eggNOG-mapper webservice

[56]. Functional classification based on Clusters of
orthologous groups (COG) was performed using
RPSBLAST program on COG database [57] implemen-
ted in WebMGA. The results are provided in supple-
mentary data 6.

SNP analysis and Sanger sequencing

SNPs in each core gene were identified using the
NUCmer program in the MUMmer (version 3.23).
Sequence of Pi49046 was set to the reference sequence
and the sequence from the other strains was used as a
query sequence. The number of detected SNPs in each
core gene was normalized by the total gene length. The
normalized SNP rate values of whole core genes (SNP
ratios) were tested with R package fitdistrplus. Based on
the fitted distribution, z-score of SNP ratio in each core
gene was calculated. We identified 92,010 single
nucleotide polymorphisms (SNPs) in 1,719 core genes
and any gene with a z-score of 1.96 or higher was
considered as a hypervariable gene. Five genes were
selected among the hypervariable genes, and 25 primer
pairs were constructed (supplementary data 7) for con-
firmation by conventional Sanger sequencing. We used
50 ng of template, 250 nM of primers and PrimeSTAR
Max DNA Polymerase (Takara-Bio, Otsu, Japan) for
each 20 uL reaction. Cycling conditions comprised of
an initial denaturation (94°C for 3 min), and 30 cycles
of denaturation (94°C for 30 s), annealing (60°C for 30
s) and extension (72°C for 1 min). PCR amplicons were
purified by Promega Wizard SV PCR and Gel Clean Up
kits then used for Sanger sequencing performed at
Theragen Etex Bio Institute (Suwon, South Korea).
The SNPs of the selected genes were confirmed by
Sanger sequencing (supplementary data 8).

Phylogenetic analysis of PGT

PGT protein sequences of 31 strains of P. intermedia
(Pi1l7, Pi25611, Pi49046, Pil5032, Pil5033, 17-2,
OMA14, KCOM 2033, KCOM 2836, KCOM 1949,
KCOM 2837, KCOM 2838, KCOM 1944, KCOM 1741,
KCOM 1944, KCOM 2734, DSM 20706, ZT, WW2834,
WW3855, WW414, KCOM 1653, KCOM 1101, KCOM
2069, KCOM 1779, KCOM 1945, KCOM 2698, KCOM
2833, KCOM 2832, NCTC13070, KCOM 1107) were
downloaded from NCBI genome database. The phospho-
glycosyl transferase family protein sequences from other
bacterial species downloaded from the UniProt database
[58] are: Campylobacter concisus PglC (AOAOM4SI81); C.
jejuni PglC (0O86156); Helicobacter pullorum PglC
(E1B268); Neisseria. gonorrhoeae PglB (AOA1D3HQ90);
N. meningitidis PglB (QIRR58); Pseudomonas putida



Sugar transferase (AOAOP7CW64). Multiple sequence
alignment of the phosphoglycosyl transferase family pro-
tein sequences with PGTs from P. intermedia were per-
formed using ClustalW tool. The phylogenetic tree was
built with neighbour joining method [59] and the JTT
matrix-based method was used to compute the evolution-
ary distances. The constructed tree was evaluated by boot-
strap method with 1,000 bootstrap replications.

Structural modelling and motif analysis

The structures of PGTs from the five strains of P.
intermedia were modelled by SWISS-MODEL web ser-
ver [36]. Briefly, the PGTs were aligned against
structural protein sequence databases in Protein
Data Bank (PDB). Among the template sequences
reported by the server, monotopic PGT from C.
concisus (PDB ID 5W7L) [60] was chosen to serve
as a template. The 3D structures were visualized by
PyMol software. Motif analysis for the additional
loop regions was performed using Motif Scan server
(https://myhits.sib.swiss/cgi-bin/motif_scan) and the
extracted amino acid sequences.

Evaluation of haemolysis and haem accumulating
activity

Haemolytic activity was evaluated as previously
described [61]. Briefly, brain heart infusion agar
(Becton, Dickinson and Company, Sparks, MD) con-
taining 5% either horse or sheep blood were prepared
in the absence of haemin and vitamin K;. The plates
were inoculated with each bacterial strain at approxi-
mately 10° CFU/spot. The inoculated plates were
incubated at 37°C anaerobically for 7 days. Haem-
accumulating activity of P. intermedia cells was mea-
sured as described previously [46]. The amount of
haemin accumulated on the bacterial cell was calcu-
lated as the difference between the total amount of
haemin added and the amount remaining in the
supernatant after the 2-h incubation.

Co-aggregation assays

We performed the experiments as previously described
[62] using P. gingivalis A7A1-28, fimA type II-deficient
mutant, and the five strains of P. intermedia. Briefly,
overnight cultures of each strain were harvested by
centrifugation and washed twice with the coaggregation
buffer which consisted of 10 mM Tris buffer (pH 8.0),
0.1mM CaCl,, 0.1 mM MgCl,, and 150 mM NaCL
Each bacterial suspensionwas adjusted to ODggo of
1.0. Equal volumes (3.0mL) of each bacterial

VIRULENCE (&) 1143

suspension were added to a glass bottle. All glass bottles
were stored aerobically at 37 °C. Every 1h, over a
period of 5 h, the upper phase (0.2 mL) of the bacterial
solutions was transferred to measure ODggj.
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