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Black-pigmented, gram-negative anaerobes have been 
found to be associated with periodontal disease since 
they were first isolated in 19281. Given that these anaer-
obes share similar biochemical features and form black 
colonies on blood agar, they were named as Bacteroides 
melaninogenica prior to the 1990s. With advances in 
DNA sequencing, the underlying diversity within some 
of these black-pigmented anaerobes previously char-
acterised as a single bacterial species became appar-
ent. Through a systematic analysis using biochemical, 
physio logical and immunological approaches, in addi-
tion to molecular DNA technologies, what was previously 

1 Third Clinical Division, Peking University School and Hospital of 
Stomatology & National Clinical Research Center for Oral Diseases & 
National Engineering Laboratory for Digital and Material Technology 
of Stomatology & Beijing Key Laboratory of Digital Stomatology, 
Beijing, P.R. China.

2 Central Laboratory, Peking University School and Hospital of 
Stomatology & National Clinical Research Center for Oral Diseases & 
National Engineering Laboratory for Digital and Material Technology 
of Stomatology & Beijing Key Laboratory of Digital Stomatology, 
Beijing, P.R. China.

3 Department of Orthodontics, Peking University School and Hospital of 
Stomatology & National Clinical Research Center for Oral Diseases & 
National Engineering Laboratory for Digital and Material Technology 
of Stomatology & Beijing Key Laboratory of Digital Stomatology, 
Beijing, P.R. China.

Corresponding author: Dr Feng CHEN, Central Laboratory, Peking Univer-
sity School and Hospital of Stomatology, 22 Zhongguancun South Avenue, 
Haidian District, Beijing 100081, P.R. China. Tel: 86-10-82195773; Fax: 86-10-
82195773. Email: chenfeng2011@hsc.pku.edu.cn 

Evolutionary and Pan-genome Analysis of Three Important 
Black-pigmented Periodontal Pathogens
Pei Qi MENG1, Qian ZHANG2, Yun DING1, Jiu Xiang LIN3, Feng CHEN2

Objective: To analyse the pan-genome of three black-pigmented periodontal pathogens: Por-
phyromonas gingivalis, Prevotella intermedia and Prevotella nigrescens.
Methods: Pan-genome analyses of 66, 33 and 5 publicly available whole-genome sequences of 
P. gingivalis, P. intermedia and P. nigrescens, respectively, were performed using Pan-genome 
Analysis Pipeline software (version 1.2.1; Beijing Institute of Genomics, Chinese Academy 
of Sciences, Beijing, PR China). Phylogenetic trees were constructed based on the entire pan-
genome and single nucleotide polymorphisms within the core genome. The distribution and 
abundance of virulence genes in the core and dispensable genomes were also compared in the 
three species.
Results: All three species possess an open pan-genome. The core genome of P. gingivalis, P. inter-
media and P. nigrescens included 1001, 1514 and 1745 orthologous groups, respectively, which 
were mainly related to basic cellular functions such as metabolism. The dispensable genome of 
P. gingivalis, P. intermedia and P. nigrescens was composed of 2814, 2689 and 906 orthologous 
groups, respectively, and it was enriched in genes involved in pathogenicity or with unknown 
functions. Phylogenetic trees presented a clear separation of P. gingivalis, P. intermedia and P. 
nigrescens, verifying the reclassification of the black-pigmented species. Furthermore, the three 
species shared almost the same virulence factors involved in adhesion, proteolysis and evasion 
of host defences. Some of these virulence genes were conserved across species whereas others 
belonged to the dispensable genome, which might be acquired through horizontal gene transfer.
Conclusion: This study highlighted the usefulness of pan-genome analysis to infer evolution-
ary cues for black-pigmented species, indicating their homology and phylogenomic diversity.
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a single entity is now appreciated to contain two differ-
ent genera, porphyromonas and prevotella2. Of the many 
species of porphyromonas and prevotella, Porphyromonas 
gingivalis (P. gingivalis) and Prevotella intermedia (P. inter-
media) are considered major pathogens in periodontal 
infections in humans. Meanwhile, the heterogeneity 
within P. intermedia species has led to further biochemi-
cal and chemical studies, which have revealed two sero-
types within the P. intermedia species. The newly discov-
ered P. intermedia, which had another species identified 
within this assumed homogenous species, is what we 
now know as Prevotella nigrescens (P. nigrescens)3. P. nigre-
scens, which is also considered a periodontal pathogen, 
causes periodontitis by colonising on the tooth surface 
and triggering an overly aggressive immune response, 
resulting in inflammation of oral tissue. 

In the last few decades, the development of high-
throughput sequencing technology and bioinformatics 
has increased the availability of sequenced bacterial 
genomes. The first published whole-genome sequence 
of P. gingivalis and P. intermedia was P. gingivalis W834 
and P. intermedia 175, respectively. Since then, several 
whole-genome sequences covering various species of 
porphyromonas and prevotella genera have become avail-
able in the public domain. Analyses of the available 
genome data have the potential to provide insights into 
the evolution and phylogeny of these closely correlated 
black-pigmented strains.

The accumulation of genome sequences introduced 
the concept of a “pan-genome”6. The pan-genome is 
defined as the set of all the genes presented in an ana-
lysed dataset and comprises both core and dispensable 
genomes7. The core genome refers to the set of genes 
shared by almost all the genomes of the analysed data-
set, whereas the dispensable genome describes the 
genes shared within only one or some genomes. Since 
the original proposal of the pan-genome, this concept 
has been widely used to account for the genomic diver-
sity present within a given phylogenetic clade, includ-
ing the heterogeneous genus lactobacillus8,9, clostrid-
ium10, and the species escherichia coli11, pseudomonas 
aeruginosa12 and streptococcus agalactiae6.

However, despite the availability of several whole-
genome sequences of black-pigmented species in 
public databases, no studies on the pan-genomics 
of these species are available. Although a few recent 
studies investigated the genomics of P. gingivalis and 
P. intermedia13-16, none performed comprehensive pan-
genome analyses on these species. Thus, in the present 
study, the authors performed a large-scale, comparative 
genome and pan-genome analysis of black-pigmented 
species (P. gingivalis, P. intermedia and P. nigrescens) 

using the publicly available whole-genome sequences 
of these species. Such genome-based analysis provides 
a detailed overview of the gene content of the core 
genome and pan-genome, and offers insight into phy-
logenomic relationships of these closely related clinic-
ally important species.

Materials and methods

Genome sequences

All the publicly available genome sequences of P. gingi-
valis, P. intermedia and P. nigrescens were obtained from 
the genome database of National Center for Biotechnol-
ogy Information (NCBI). A total of 104 genome (draft 
and complete) sequences, including 66 P. gingivalis, 
33 P. intermedia and 5 P. nigrescens genome sequences, 
which were submitted to the database prior to 12 Octo-
ber 2020, were used in this study. In addition, 19 genome 
sequences from bacteria in the bacteroides genus that 
were isolated from the human oral cavity were also 
downloaded and used as an outgroup for comparison in 
our analyses. All the sequences were from humans orig-
inating from diverse countries (USA, UK, South Korea, 
China, Japan, Sudan, Germany, Norway, Chile, Canada, 
Romania, Russia, Denmark and Hungary).

Clustering and functional annotation of the core and 
dispensable genomes

The annotated protein sequences of 104 genomes were 
grouped into homogenous clusters using OrthoMCL 
(University of Pennsylvania, Philadelphia, PA, USA)17 
based on sequence similarity. The BLAST reciprocal best 
hit algorithm18 was applied with the criterion of e-value 
< 1e , identity > 40% and length coverage of a gene > 
50%, and Markov cluster algorithms19 were employed 
with an inflation index of 1.5 to complete cluster analy-
ses.

The functional category of each homogenous cluster 
was determined by performing BLASTp20 against the 
Cluster of Orthologous Groups (COG) database (http://
www.ncbi.nih.gov/COG/) with a criterion of e-value 
< 1e  and identity > 40%. To elucidate whether the 
core genome was enriched in a particular function, 
the proportions of the COG categories in the core and 
dispensable genomes were compared. An enrichment 
analysis was performed with a chi-square test using 
SPSS version 20 (IBM, Armonk, NY, USA) to give statis-
tical significance to the difference. P < 0.05 was consid-
ered significant.
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Statistical estimation of core genome and pan-
genome size

Analyses of the pan-genome and core genome were 
undertaken using PGAP (version 1.2.1) software plat-
form21 for P. gingivalis, P. intermedia and P. nigrescens. 
The pan-genome and core genome were calculated as 
described previously22 in an additive and reductive man-
ner. Considering that core genes may be missed dur-
ing genome sequencing and assembly, a correction step 
was introduced for the calculation of core genome size, 
in which any one gene that was absent in only one of 
the draft genomes was still regarded as a core gene23. 
The number of total genes/core genes provided by each 
added new genome depends on the selection of pre-
viously added genomes. For a given number of given 
strains (N), the number of all possible combinations is C 
(Ntotal, N). Ntotal represents the total number of genomes 
for a species. In this study, Ntotal is 66, 33, and 5 for P. 
gingivalis, P. intermedia and P. nigrescens, respectively. If 
the value of C (Ntotal, N) was greater than 8000, only 8000 
random combinations were used. If fewer, all possible 
combinations were used. The final size of the pan- or 
core genomes was the mean value of all used combina-
tions.

To perform statistical extrapolation to estimate the 
theoretical pan-genome and core genome size, a non-
linear least-squares curve was used to fit the observed 
core genome and pan-genome sizes as a function of 
the number of analysed genomes. For the core genome 
extrapolation, an exponential decay function was used6 

 

was used, where n is the number of genomes used, a 
and b are fitting parameters and c is the growth expo-
nent that indicates the speed at which the pan-genome 
is growing24.

 

Results were compared among P. gingivalis, 
P. intermedia and P. nigrescens. For visual compari-
son, genome development trend maps were generated 
using OriginLab software (https://www.originlab.com/) 
(Northampton, MA, USA).

Phylogenetic analysis

For phylogenetic analyses, the PGAP pipeline used both 
the pan-genome profile and single nucleotide polymor-
phisms (SNPs) information in the core genome. Every 
set of orthologous genes found in all of the genomes 
were aligned separately using the multiple alignment 
tool MUSCLE (University of California, Berkeley, CA, 
USA)25. SNPs were extracted from these alignments and 
concatenated to form a multiple sequence alignment. 
Based on the whole pan-genome and SNPs within the 
core genome, phylogenetic trees were constructed using 
various methods, including an unweighted pair-group 
method with arithmetic means (UPGMA), neighbour-
joining (NJ) and maximum likelihood (ML).
Additionally, a phylogenetic tree was constructed based 
on the 16S ribosome RNA (16S rRNA) gene, which is the 
most widely used gene marker in bacterial phylogenetic 
analysis for its functionally conserved feature. The 16S 
rRNA sequences with a length between 1,400 and 1,700 
nt and an RNAmmer score above 1,700 were identified 
using RNAmmer (University of Oslo, Oslo, Norway)26. 
MEGA-7.0 software (King Abdulaziz University, Jeddah, 
Saudi Arabia)27 was used to align the 16S rRNA sequenc-
es and construct an NJ tree with the Kimura 2-parameter 
model. Bootstrap values of each branch were calculated 
500 times. All the trees were visualised using Evolview28 
(Beijing Institute of Genomics, Chinese Academy of Sci-
ences, Beijing, PR China) (http://www.evolgenius.info/
evolview.html).

To further reaffirm that the genomes of each strain 
did indeed belong to the assigned species, average 
nucleotide identity (ANI) values were calculated for 
all strains using the popular JSpecies package (Institut 
Mediterrani d'Estudis Avançats, Esporles, Spain)29. The 
ANI-based all-vs-all matrix was presented in a heatmap 
using HemI software (Huazhong University of Science 
and Technology, Wuhan, PR China)30 (http://hemi.bio-
cuckoo.org/down.php).

Analysis of virulence factors

To explore the distribution of virulence factors in the 
black-pigmented bacterial species, we reviewed the 
available literature and summarised the virulence fac-
tors of P. gingivalis, P. intermedia and P. nigrescens from 
previous publications15,31-36. The genome annotation 
reports for each strain were downloaded from the NCBI 
database (ftp://ftp.ncbi.nih.gov/genomes/all/), and the 
authors searched for the relevant genes associated with 
these virulence factors. The distribution and abundance 
of virulence genes in 66 P. gingivalis, 33 P. intermedia and 
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5 P. nigrescens genomes were displayed as a heatmap 
using HemI software. The abundance of virulence genes 
in the core and dispensable genomes was also compared 
in P. gingivalis, P. intermedia and P. nigrescens.

Results and discussion

Distribution of homogenous clusters

Detailed information regarding the 66 P. gingivalis, 33 
P. intermedia and 5 P. nigrescens strains is shown in Sup-
plementary Table S1 (provided on request). The genome 
size of P. nigrescens (mean 2.85 Mb and median 2.84 Mb) 
and P. intermedia (mean 2.79 Mb and median 2.78 Mb) 
is larger than that of P. gingivalis (mean 2.32 Mb and 
median 2.33 Mb). The genomes also vary substantially 
with regard to their number of genes. The number of 
genes was lowest for P. gingivalis with a mean of 2073, 
followed by 2324 for P. intermedia and 2407 for P. nigres-
cens; however, all three species have a relatively consist-
ent genomic guanine and cytosine (GC) content, with 
P. gingivalis having the highest (range 48.1% to 49.1%), 
followed by P. intermedia (range 43.2% to 43.9%) and P. 
nigrescens (range 42.5% to 42.8%). By comparing the pro-
teins annotated in the genomes of three species, 3815, 
4203 and 2651 homologous clusters were identified in 
P. gingivalis, P. intermedia and P. nigrescens, respectively. 
Among these, 1001, 1514 and 1745 clusters comprised 
the core genome, while the remaining 2814, 2689 and 906 
clusters comprised the dispensable genome (Table 1).

To identify functional differences between genes in 
the core and dispensable genomes, genes were clas-
sified according to their predicted function based on 
COG categories. The abundance of each COG category 
was plotted and compared in Figs 1a, 1c and 1e. In all 
three species, the highest numbers of genes in the 
core genome were related to translation, ribosomal 
structure and biogenesis (J). This was consistent with 
some species, such as streptococcus pneumoniae37 and 
the genus clostridium10, while other species, such as 
staphylococcus aureus, salmonella enterica, escherichia 
coli, pseudomonas aeruginosa and acinetobacter bauman-
nii, showed amino acid transport and metabolism (E) 
as the most abundant category in their core genome37.

With the exception of the categories P (inorganic ion 
transport and metabolism) and Q (secondary metabo-
lites biosynthesis, transport and catabolism) in P. nigre-
scens, the enriched genes in the core genome were 
involved in almost all the COG categories of metabo-
lism, including energy production and conversion (C), 
carbohydrate transport and metabolism (G), amino acid 

transport and metabolism (E), nucleotide transport and 
metabolism (F), coenzyme transport and metabolism 
(H), and lipid transport and metabolism (I); however, 
the enriched genes in the dispensable genome were 
included in poorly characterised categories, such as 
genes with unknown functions (S) in P. gingivalis, and 
only general function prediction (R) in P. intermedia 
and P. nigrescens. Similar enrichment in genes with no 
assigned function was reported previously in the dis-
pensable genome of other organisms6,38,39, and these 
genes may represent new virulent factors or interac-
tion features of the oral microbiome. For all three 
species, statistically significant differences between 
the core and dispensable genome were also found 
in COG categories J (translation, ribosomal structure 
and biogenesis), M (cell wall/membrane/envelope bio-
genesis), O (posttranslational modification, protein 
turnover, chaperones), V (defence mechanisms) and X 
(mobilome: prophages, transposons). The core genome 
was enriched in the former three categories, whereas 
the dispensable genome was enriched in the latter two. 
In addition, we only observed in P. nigrescens that genes 
involved in cell cycle control, cell division and chromo-
some partitioning (D) comprised a significantly higher 
proportion of the core genome compared to the dispen-
sable genome. Thus, genes involved in basic functions 
in life maintenance of the organism were likely to be 
more abundant in the core genome, whereas those 
related to pathogenicity or unknown functions were 
more likely to be enriched in the dispensable genome.

To compare the evolutionary pressure of genes in the 
core genome and dispensable genome, we calculated 
the ratio of non-synonymous to synonymous substitu-
tions (dn/ds) for P. gingivalis, P. intermedia and P. nigre-
scens. The dn/ds ratio is commonly regarded as one of 
the most popular and reliable measures of the strength 
and mode of natural selection acting on protein coding 
sequences, with dn/ds > 1 indicating positive (adaptive 
or diversifying) selection, dn/ds = 1 indicating neutral 
evolution and dn/ds < 1 indicating negative (purifying) 
selection40. In the present study, the mean value of dn/
ds was 1.22, 1.43 and 1.24 for the dispensable genome of 
P. gingivalis, P. intermedia and P. nigrescens, respective-
ly, which was significantly higher than that of the core 
genome (P < 0.001), whose dn/ds value was below 1 in 
all three species (Figs 1b, 1d and 1f). It can be inferred 
that core genes are more conserved since they are 
involved in basic functions of life maintenance, where-
as in the dispensable genome, the non-synonymous 
rate is significantly higher than that of the synonymous 
rate, leading to adaptive protein evolution to survive 
sudden environmental changes.
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Functional analysis. 
Comparison of the abundance 
for each COG category and dn/
ds values of homogenous clus-
ters in the core and dispensa-
ble genome in P. gingivalis (a 
and b), P. intermedia (c and d) 
and P. nigrescens (e and f). The 
asterisks indicate those that are 
significantly different (*P < 0.05, 
**P < 0.01, ***P < 0.001). For all 
three species, the enriched 
genes in the core genome were 
involved in almost all the COG 
categories of metabolism. 
The dispensable genome was 
enriched in the genes related 
to defence (category V) and 
mobilome (category X) (a, c and 
e). The mean value of dn/ds for 
the core genome was below 1 in 
all three species, which was sig-
nificantly lower than that of the 
dispensable genome (b, d and 
f). See Supplementary Table S3 
(provided on request) for COG 
codes.

P. gingivalis, P. intermedia and P. nigrescens.

Number of clusters of ortholo-
gous genes

P. gingivalis P. intermedia P. nigrescens

Mean number of genes 3,815 4,203 2,651
Core 1,001 (26%) 1,514 (36%) 1,745 (66%)
Dispensable 2,814 (74%) 2,689 (64%) 906 (34%)
Strain-specific 759 (20%) 815 (19%) 488 (18%)

Pan-genome and core genome analysis

The pan-genome and core genome development plots 
of P. gingivalis, P. intermedia and P. nigrescens are shown 
in Fig 2. All three species were found to possess an open 

pan-genome that continues to increase in the number of 
genes as new genomes are added (Figs 2a, 2c and 2e). On 
average, with each new genome sequenced, there were 
additions of 31, 68 and 145 genes to the pan-genome of 
P. gingivalis, P. intermedia and P. nigrescens, respectively. 
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The significant difference should be due to the variation 
in the number of sequenced genomes. Since the num-
ber of P. nigrescens genomes is much smaller, it is antici-
pated that with the addition of further genomes, more 
new genes are likely to be added to the pool.

Aside from these black-pigmented species, an open 
pan-genome is also found in streptococcus agalacti-
ae6, escherichia coli11, streptococcus pneumoniae37 and 
streptococcus mutans22. These bacterial species exhibit 
high genome expansion plasticity through the lat-
eral exchange of genetic material to adapt to variable 
envir onments. On the contrary, some bacteria display 
a closed pan-genome, such as staphylococcus aureus41, 
staphylococcus lugdunensis42, salmonella enterica43 and 
yersinia pestis44. For these species, any acquisition of 

foreign genes seems to be largely restricted to bacterio-
phages and plasmids.

The core genome of the three species also displayed 
a similar evolution. The core genome size decreased at a 
slower rate with the addition of each new sequence, and 
then remained relatively constant even as more genomes 
were added (Figs 2b, 2d and 2f). The extrapolated core 
genome sizes were 980 (95% confidence interval 979–980 
genes), 1543 (95% confidence interval 1542–1543 genes) 
and 1746 (95% confidence interval 1736–1756 genes) 
genes for P. gingivalis, P. intermedia and P. nigrescens, 
respectively (Supplementary data 1, Table S1, provided 
on request). This suggested that all three species are 
defined by a limited number of core genes and display a 
degree of variability in dispensable genes.

genome development plot pro-
jections for P. gingivalis (a and 
b), P. intermedia (c and d) and 
P. nigrescens (e and f). In the 
six panels, each black point 
represents the size of the pan-
genome or core genome cal-
culated from random combin-
ations and iterations of strains 
as genomes are included in 
the analysis. For pan-genome 
development plot extrapola-
tion: the red curve shows the 
fitted exponential Heaps’ law 
function, and the green and 
blue curves indicate the upper 
and lower boundary of the 95% 
confidence interval. For all three 
species, the extrapolated curves 
continue to increase, indicat-
ing that they all have an open 
pan-genome. For core genome 
development plot extrapolation: 
the red curve shows the fitted 
exponential decay function, and 
the green and blue curves indi-
cate the upper and lower bound-
ary of the 95% confidence inter-
val. The size of the core genome 
decreases at a slower rate with 
the addition of each strain 
genome, and remains rela-
tively constant even as more 
genomes are added.
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Phylogenetic analysis

The phylogenetic tree is a common methodology to infer 
the evolutionary relationship between different spe-
cies. To confirm the close phylogenesis of P. gingivalis, 
P. intermedia and P. nigrescens, we constructed phylo-
genetic trees for the three species together based on the 
pan-genome profile (Figs 3a and b), SNP information for 
the core genome (Fig 3c) and 16S rRNA gene (Fig 3d). We 
compared these trees and found that although they were 
not completely identical, they exhibited considerably 
similar topology. All the trees showed a clear separation 
in P. gingivalis, P. intermedia, P. nigrescens and species 
of Bacteroides. They all formed monophyletic branches, 
and strains of the same species were closest to each 
other. It is worth noting that there is a close evolution-
ary relationship between P. intermedia and P. nigrescens 
as they originate from the same branch in all the phylo-
genetic trees. Among the four trees based on different 
genome information with diverse algorithms, the pan-

genome tree using the unweighted pair group method 
with arithmetic mean (UPGMA) exhibited a higher reso-
lution at the species level, with some already known 
closely related isolates located in the adjacent branches, 
such as P. intermedia ATCC 25611-1, P. intermedia ATCC 
25611-2 and P. intermedia ATCC 25611-3. This verified 
not only the superiority of the UPGMA algorithm in con-
structing phylogenetic trees for closely related species, 
but also the advantage of the pan-genome in phyloge-
netic analysis, especially for species with incomplete or 
unavailable 16S rRNA gene sequences.

To reveal the influences of geographic locations on 
the evolution of P. gingivalis, P. intermedia and P. nigre-
scens, we referred to the NCBI websites and previously 
published studies for the geographic locations of each 
taxon and combined the geographic locations with 
the phylogenetic tree. The geographic locations of 
the analysed taxa included the USA, UK, South Korea, 
China, Japan, Sudan, Germany, Norway, Chile, Canada, 
Romania, Russia, Denmark and Hungary, although this 

trees illustrating the genetic 
relationships between strains 
of black-pigmented species. 

The tree was built based on 
-

MA method. (b) The tree was 
built based on the pan-genome 
using the neighbour-joining 
method. (c) The tree was built 

genome using the maximum 
likelihood method. (d) The tree 
was built based on the 16S rRNA 
gene using the maximum likeli-
hood method. For each tree, 
the leaf colour of light green, 
pink, light blue and yellow rep-
resents P. gingivalis, P. interme-
dia,  and species 
of Bacteroides, respectively. All 
the trees show that P. gingivalis, 
P. intermedia, P. nigrescens and 
species of Bacteroides form 
four clearly separated clusters 
within the phylogenetic trees, 
and there is a closer relation-
ship between P. intermedia and 
P. nigrescens.
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information was missing for a few taxa. The strains with 
different geographic locations are scattered throughout 
different branches on the phylogenetic trees, which 
suggested that adapting to different countries did not 
play an essential role in the evolutionary history of the 
black-pigmented bacteria.

Furthermore, the average nucleotide identity (ANI) 
value, which is a widely accepted genome-based method 
for species delineation, was calculated for all the 
strains and represented as a heatmap (Supplementary 
Figure, provided on request). The heatmap shows the 
degree of similarity between strains based on the ANI 
values of the whole-genome sequences. In agreement 
with phylogenetic analysis, the resulting ANI values 
of P. gingivalis, P. intermedia and P. nigrescens were 
distributed between 97.49% and 99.99%, 95.16% and 
99.99%, 96.93% and 99.91% (Supplementary data 2, 
Excel S1, provide on request), respectively, meeting 
the cut-off criteria of 95% identity as suggested pre-
viously29. The ANI values between the three species 
and Bacteroides were distributed between 63.76% and 
71.78% (Supplementary data 2, Excel S1), which is 
much lower than the cut-off of 95% similarity, further 
confirming the previously modified nomenclature for 
these closely related black-pigmented bacteria. It is 
worth noting that the ANI values of P. intermedia and P. 
nigrescens were distributed between 84.12% and 85.92% 
(Supplementary data 2, Excel S1), which was much 
higher than that of other different species, further vali-
dating their close evolutionary relationship.

Distribution of virulence factors

We reviewed the literature and found that P. gingivalis, 
P. intermedia and P. nigrescens possess a range of viru-
lence factors involved in adhesion, proteolysis and 
evasion of host defences2,32-34. The three species share 
almost the same virulence factors, including capsule, 
lipopolysaccharide (LPS) and hemagglutinin32-34. Some 
virulence factors are conserved in all three species, 
such as rubrerythrin (Fig 4a), which is a non-heme iron 
protein that protects many air-sensitive bacteria against 
oxidative stress45. Genes coding for serine phosphatase 
(SerB), which has been shown to inhibit the biosynthe-
sis of cytokines in gingival epithelial cells33, were also 
conserved in P. gingivalis, P. intermedia and P. nigrescens 
(Fig 4a). For most virulence factors, the level of con-
servation varies with the aspect of pathogenicity. The 
involved genes have a relatively conserved part and a 
strain-specific part (Fig 4a).

To invade periodontal tissues, the periodontal patho-
gens need to adhere to the surface of the tooth or 

mucosa, which is facilitated by a repertoire of adhesins, 
including fimbriae and hemagglutinin46. Fimbriae are 
thin, filamentous, cell-surface protrusions that facili-
tate adherence of the periodontal pathogens to salivary 
proteins, extracellular matrix and bacteria of either the 
same or other species. Through the fimbriae, they can 
attach to the early colonising bacteria and participate 
in the developing biofilm structure. Hemagglutinin is a 
type of non-fimbrial adhesin that agglutinates erythro-
cytes and promotes adherence to host tissue, including 
endothelial cells. In P. gingivalis strains, some fim-
briae and hemagglutinin genes are conserved, whereas 
others only exist in certain strains. In P. nigrescens, 
genes coding for fimbriae and hemagglutinin belong to 
the dispensable genome and the core genome, respect-
ively (Fig 4a).

Apart from adhesins, LPS is also a key virulence 
factor in the development of periodontitis. LPS is a 
major component of the outer cell membrane of gram-
negative bacteria, including periodontal pathogens P. 
gingivalis, P. intermedia and P. nigrescens. It is recognised 
by the host and potently activates host inflammatory 
and innate defence responses34. LPS has been demon-
strated to be a stimulator of proinflammatory respons-
es and bone resorption in animal models of periodon-
titis47,48. In P. gingivalis, both gene copies coding for 
LPS belong to the core genome. Notably, one of them 
has the conservation value of 65 and is only absent in 
P. gingivalis Ando strain (Fig 4b). Since the genome of 
P. gingivalis Ando is not completely assembled (scaf-
fold level), some genes might have been missed during 
sequencing and assembly of the draft genome. Thus, 
this gene is still regarded as conserved. In P. intermedia 
and P. nigrescens, there are also two gene copies coding 
for LPS shared by all the strains, while other genes are 
only found in one or several strains (Supplementary 
data 3, Excel S2, provided on request).

Like LPS, the capsule is an outer envelope struc-
ture that lies outside bacterial cells. Many bacterial 
strains have been found to possess capsules, such as 
Streptococcus pneumonia, whose capsule was verified 
as an important virulence factor in the early 20th 
century49. Similar to its functions in other bacteria, 
the capsule of P. gingivalis protects the bacteria from 
host immune clearance. It has been reported that 
encapsulated strains of P. gingivalis are more resist-
ant to phagocytosis by polymorphonuclear leukocytes 
than non-encapsulated strains50. In this study, all three 
genes coding for capsule biosynthesis proteins are 
conserved in P. gingivalis, whereas in P. intermedia and 
P. nigrescens, genes coding for the capsule belong to the 
dispensable genome. Interestingly, higher conservation 
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levels of the capsule were found in P. intermedia. Both 
gene copies coding for the capsule are only absent in 
P. intermedia 17-2 strain (Fig 4b), which is a complete 
genome, whereas in P. nigrescens, the single gene coding 
for the capsule is specific to P. nigrescens KCOM (Fig 4b). 
It seems that both genes coding for LPS and capsule 
were conserved in P. gingivalis but showed lower con-
servation levels in P. intermedia and P. nigrescens, which 
is consistent with previous studies reporting that LPS 
and capsule are only found in certain strains of P. inter-
media and P. nigrescens, especially those isolated from 
periodontitis patients15.

Another major virulence factor in black-pigmented 
periodontal pathogens are proteases. The most impor-
tant proteases in P. gingivalis are gingipains, which 
account for 85% of the extracellular proteolytic activi-
ties of P. gingivalis51. Aside from their role in degrading 
host tissue, gingipains are also involved in enhancing 
the interactions of P. gingivalis with other periodontal 
pathogens to facilitate bacterial survival and biofilm 
formation52. Based on their specificity, gingipains can 
be divided into two groups: arginine-specific (Rgp) and 
lysine-specific (Kgp). Rgp is further subdivided into 
RgpA and RgpB based on structure. All the genes coding 

factors. (a) The overall num-
ber of putative virulence genes 
and their core and dispensable 
fractions are indicated for each 
virulence gene. Both SerB and 
rubrerythrin are conserved in 
all three species, whereas for 
most virulence factors, there 
is a conserved part and a dis-
pensable part. (b) Heatmap 
illustrating the distribution and 
abundance of putative virulence 
genes across important black-
pigmented strains. The gene 
copy number of each virulence 
gene is indicated by the colour 
key ranging from blue (absent) 
to red. Strains are graphed top 
to bottom in the same order as 
they appear in the phylogeny 
based on the pan-genome using 

arrows highlight the represent-
ative strains. In P. intermedia, 
genes coding for the capsule 
show a high conservation level. 
Both of the two gene copies 
are only absent in P. intermedia 
17-2, whereas in P. nigrescens, 
the single gene coding for the 
capsule is specific to P. nigres-
cens KCOM. In P. gingivalis, one 

only absent in P. gingivalis Ando, 
whose genome is not complete-
ly assembled (scaffold level). 
Thus, we still regard this gene 
as conserved.
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for RgpA, RgpB and Kgp are single-copy and belong to 
the dispensable genome (Figs 4a and b). Interestingly, 
genes coding for RgpA and Kgp are attributed to the 
same homogenous cluster in this study (Supplementary 
data 3, Excel S2, provided on request), indicating their 
sequence similarity. This is consistent with a previous 
report that found RgpA and Kgp have a similar struc-
ture and close molecular weights35, whereas RgpB has 
a smaller molecular weight and lacks the C-terminal 
hemagglutinin domain compared with RgpA and Kgp53.

Although gingipains are specific to P. gingivalis, 
another proteolytic enzyme belonging to the caseino-
lytic protease (Clp) family is ubiquitous among various 
organisms54. The Clp family has several members, 
including ClpB, ClpC, ClpP and ClpX, all of which play 
an important role in colonisation and survival in the 
oral cavity. It has been reported that ClpC, ClpP and 
ClpX are necessary for P. gingivalis to enter host epi-
thelial cells, and the absence of these proteases can 
result in diminished tolerance to high temperature in 
P. gingivalis. ClpB does not play a role in entry, but is 
required for intracellular replication and survival in 
P. gingivalis55. In this study, all three species had an 
intact repertoire of the four gene copies coding for 
ClpB, ClpC, ClpP and ClpX in the core genome (Fig 4a 
and Supplementary data 3, Excel S2), which is consist-
ent with a previous study that reported that Clp proteas-
es were highly conserved54, indicating the importance 
of the Clp family in P. gingivalis, P. intermedia and P. 
nigrescens.

Conclusion

Pan-genome analysis at the intraspecies level of three 
clinically important, black-pigmented periodontal 
pathogens was performed. We identified an open pan-
genome structure for all three species. Phylogenic ana-
lysis presented a clear separation of P. gingivalis, P. inter-
media, P. nigrescens and species of Bacteroides, verifying 
the reclassification of these black-pigmented species. 
All three species were found to share almost the same 
virulence factors involved in adhesion, proteolysis and 
evasion of host defences. Genes coding for these viru-
lence factors are flexible, displaying both strain speci-
ficity and universality. Various conservation levels of 
virulence genes indicated that the different strains of 
P. gingivalis, P. intermedia and P. nigrescens inherited a 
basic package of genes that enables them to adapt to the 
complicated oral environment and cause disease; how-
ever, this basic gene package diverged under different 
conditions and the genes of different functions evolved 
at different rates. The dataset setup in this study can 

act as a powerful framework for the addition of further 
sequenced strains, enabling the refinement of the pan-
genome. The tools and approaches used could also be 
applied as a pan-genomics framework to other species 
in future studies.
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