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ABSTRACT

Background: Periodontopathic bacteria Porphyromonas gingivalis in humans
Porphyromonas gulae in animals are phylogenetically close and commonly have FimA and
Mfal fimbriae. However, little is known about how fimA and mfal are phylogenetically
different between P. gingivalis and P. gulae. Here, we examined phylogenetic diversity in
their fim and mfa gene clusters.

Methods: Twenty P. gulae strains were isolated from the periodontal pocket of 20 dogs. For
their genomic information, along with 64 P. gingivalis and 11 P. gulae genomes, phylogenetic
relationship between the genotypes of fimA and mfal was examined. Variability of amino
acid sequences was examined in the three-dimensional structure of FimA. The distance
between strains was calculated for fim and mfa genes.

Results: Some fimA genotypes in P. gulae were close to particular types in P. gingivalis. Two
types of mfal were classified as 70-kDa and 53-kDa protein-coding mfal. The variable amino
acid positions were primarily at the outer part of FimA. The genes encoding the structural
proteins and the main component were similarly distant from the reference strain in
P. gingivalis, but not in P. gulae.

Conclusions: The differences in the gene clusters between P. gingivalis and P. gulae may
result in their host specificity.
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Introduction Porphyromonas gulae, on the other hand, is

The genus Porphyromonas contains Gram-negative a species that is phylogenetically close to

anaerobic bacilli, and was formerly classified in the
genus Bacteroides [1]. Species in the genus
Porphyromonas are prevalent in the oral cavity of
mammals [2-5]. Among them, Porphyromonas gingi-
valis is most widely known as a periodontopathic
bacterium in humans [6]. Compared to other
human oral bacteria, P. gingivalis has been extensively
studied and characterized because it is one of the few
oral bacteria that can be isolated and cultured, and
produces various virulent factors such as proteases
[6]. P. gingivalis is classified as a member of the red
complex species, which are highly detectable in deep
periodontal pockets [7]. In recent, P. gingivalis was
called a keystone species, which has substantial effects
on a bacterial community despite its low abundance
[8], and is therefore still influential in the etiology of
periodontitis.

P. gingivalis and exists in animals such as dogs,
cats, and monkeys [9]. In the etiology of dog per-
iodontitis, P. gulae has similar characteristics as
those of P. gingivalis in being highly detectable at
the periodontitis sites [10] and in modulating the
host immune system [11]. P. gulae and P. gingivalis
are highly similar in the nucleotide sequence of
16 S rRNA gene, but their genomes are homolo-
gous in only nearly one-half of the entire length
[9]. Despite the difference in nearly one-half of
their genomes, P. gulae and P. gingivalis are highly
close in the genus Porphyromonas, which was
demonstrated by the examination of core genome-
based phylogenetic relationships between various
Porphyromonas species [12]. Although the host
specificity of P. gulae and P. gingivalis may result
from genomic differences between them, little is
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known about how host specificity and genomic
differences are linked.

P. gulae and P. gingivalis both have fimbriae on
the cell surface. Fimbriae of P. gingivalis are the
virulence factor for adhering to a host cell and
tissue as the first step of colonization [6]. In
P. gingivalis, fimbriae are classified as FimA fim-
briae and Mfal fimbriae [13]. FimA is assembled
into the polymer with the expression of accessory
proteins FImBCDE [14]. The genes encoding FimA
and accessory proteins are located in tandem to
form the fim gene cluster [14]. Mfal fimbriae are
similarly expressed by the mfa gene cluster, includ-
ing mfal for the major subunit of Mfal fimbriae
and mfa2345 for accessory proteins [15]. In addi-
tion to the gene cluster, FimA assembly is also
regulated in trans by the genes fimSR. FimSR
form a two-component system and are encoded
distant from the gene cluster [16,17].

The genotypes of fimA have been used for easily
classifying P. gingivalis strains. Six genotypes of
fimA (i.e., types I, Ib, II, III, IV, and V) have been
classified, and are associated with the virulence of
P. gingivalis [18]. By contrast, the genotypes of
Mfal fimbriae were unknown until the 53-kDa pro-
tein was revealed as a variant of the Mfal protein
[19]. Two genotypes of mfal are currently to be
considered, as 70-kDa protein-coding mfal and 53-
kDa protein-coding mfal [19]. On the other hand,
fimA in P. gulae strains were first classified as types
A and B, independently of the P. gingivalis geno-
types [20], and type C fimA was then identified
[21]. However, the mfal-based genotyping is
impractical for P. gulae; therefore, the distribution
of the mfal genotypes among P. gulae strains
remains unknown. Moreover, the phylogenetic
diversity of fim- and mfa-related genes, other than
fimA and mfal, has not been described.

Antigenicity in bacteria is diversified by mutations
in the genes encoding surface proteins [22]. The anti-
genicity of fimbriae between P. gingivalis and P. gulae
may differ immunogenetically and in the style of host
immunity evasion, and thus may cause a difference in
the host specificity between the two species. We then
hypothesized that the fimbrial gene clusters of
P. gingivalis and P. gulae would be a genomic spot
where the genetic differences would be detectable
between the two species. In this study, we investigated
how the fimA and mfal genotypes were distributed
among strains. We also examined the relationship
between strains in the nucleotide sequence similarity
of fim- and mfa-related genes. We newly obtained
P. gulae strains and their draft genome sequences to
compare their fimbrial gene clusters with the genomic
information of P. gingivalis and P. gulae in the public
database.

Materials and methods
Sample collection

Twenty dogs with periodontitis were recruited for
this study at the Fujita Animal Hospital (Saitama,
Japan) from 2008 to 2010. All owners provided
informed consent for participation. Under general
anesthesia, a sterile paper point was inserted into
the periodontal pocket for 20 seconds and was
then transferred to an anaerobic transport med-
ium [23]. The sample was transported to the
laboratory in Tokyo Medical and Dental
University (Tokyo, Japan) and stored at —80°C
until use. This study was approved by the Dental
Research Ethics Committee of Tokyo Medical and
Dental University (Tokyo, Japan; approval num-
ber 572).

Bacterial strains and culture conditions

Each sample was placed onto a trypticase soy agar
plate containing 30 g/L trypticase soy broth
(Becton-Dickinson, Franklin Lakes, NJ, USA), 5%
defibrinated horse blood (Nippon Bio-Test
Laboratories, Tokyo, Japan), 1 mg/mL yeast extract
(Nacalai Tesque, Kyoto, Japan), 5 pug/mL hemin
(Sigma-Aldrich, St. Louis, MO, USA), and 0.5 ug/
mL menadione (Nacalai Tesque). The plate was
anaerobically incubated at 37°C in 10% CO,, 10%
H,, and 80% N,. To obtain a strain of P. gulae from
each sample, a black-pigmented colony was selected
on the plate and taxonomically identified using 16S
rRNA gene sequencing with the ABI 3100 genetic
analyzer (Applied Biosystems, Foster City, CA,
USA). The P. gulae strains were 20 in total and
were named by connecting ‘FJ” and distinct numbers
(Table 1).

Determination of the draft genome sequences

Genomic DNA was extracted from the 20 P. gulae
strains, and their draft genome sequences were deter-
mined and annotated, as described previously [24]. The
sequence reads were deposited in the DNA Data Bank
of Japan under the accession number DRA006235. The
complete or draft genome sequences of 64 P. gingivalis
strains, 11 P. gulae strains, and P. asaccharolytica DSM
20707 were downloaded from the GenBank, and anno-
tated with the same conditions used for the aforemen-
tioned 20 genomes. The number of genomes used in
this study was 64 for P. gingivalis and 31 for P. gulae in
total (Table 1). The genome of P. asaccharolytica DSM
20707 was used as an outgroup, as described in the next
section.



Table 1. Strains of P. gingivalis and P. gulae used in this
study.

Species Strain Data source
Porphyromonas gingivalis ATCC 33277 NC_010729
Porphyromonas gingivalis ATCC 53977 DRX019659
Porphyromonas gingivalis W50 AJZS01
Porphyromonas gingivalis ws3 NC_002950
Porphyromonas gingivalis D3 DRX019660
Porphyromonas gingivalis D4 DRX019661
Porphyromonas gingivalis D5 DRX019662
Porphyromonas gingivalis D8 DRX019663
Porphyromonas gingivalis D9 DRX019664
Porphyromonas gingivalis D12 DRX019665
Porphyromonas gingivalis D26 DRX019666
Porphyromonas gingivalis D14 DRX019667
Porphyromonas gingivalis D15 DRX019668
Porphyromonas gingivalis D16 DRX019669
Porphyromonas gingivalis D17 DRX019670
Porphyromonas gingivalis D18 DRX019671
Porphyromonas gingivalis D19 DRX019672
Porphyromonas gingivalis D22 DRX019673
Porphyromonas gingivalis D23 DRX019674
Porphyromonas gingivalis D28 DRX019675
Porphyromonas gingivalis D29 DRX019676
Porphyromonas gingivalis D45 DRX019677
Porphyromonas gingivalis D32 DRX019678
Porphyromonas gingivalis D33 DRX019679
Porphyromonas gingivalis D34 DRX019680
Porphyromonas gingivalis D39 DRX019681
Porphyromonas gingivalis D40 DRX019682
Porphyromonas gingivalis D41 DRX019683
Porphyromonas gingivalis PC9 DRX019684
Porphyromonas gingivalis PC13 DRX019685
Porphyromonas gingivalis FK2 DRX019686
Porphyromonas gingivalis KS14 DRX019687
Porphyromonas gingivalis L1 DRX019688
Porphyromonas gingivalis us4 DRX019689
Porphyromonas gingivalis TDC59 DRX019690
Porphyromonas gingivalis TDC60 NC_015571
Porphyromonas gingivalis TDC117 DRX019691
Porphyromonas gingivalis TDC129 DRX019692
Porphyromonas gingivalis TDC222 DRX019693
Porphyromonas gingivalis TDC225 DRX019694
Porphyromonas gingivalis TDC243 DRX019695
Porphyromonas gingivalis TDC260 DRX019696
Porphyromonas gingivalis TDC275 DRX019697
Porphyromonas gingivalis TDC280 DRX019698
Porphyromonas gingivalis HG184 DRX019699
Porphyromonas gingivalis HG564 DRX019700
Porphyromonas gingivalis HG1025 DRX019701
Porphyromonas gingivalis HW24D1 DRX019702
Porphyromonas gingivalis ESO101 DRX019703
Porphyromonas gingivalis ESO132 DRX019704
Porphyromonas gingivalis 0S30-2 DRX019705
Porphyromonas gingivalis 0S54-1 DRX019706
Porphyromonas gingivalis 0561 DRX019707
Porphyromonas gingivalis OMZ314 DRX019708
Porphyromonas gingivalis Co5 DRX019709
Porphyromonas gingivalis JCVI-SC001 APMBO1
Porphyromonas gingivalis F0185 AWVCO1
Porphyromonas gingivalis F0566 AWVDO1
Porphyromonas gingivalis F0568 AWUUO1
Porphyromonas gingivalis F0569 AWUVO1
Porphyromonas gingivalis F0570 AWUWO1
Porphyromonas gingivalis W4087 AWVEQ1
Porphyromonas gingivalis HG66 CP007756
Porphyromonas gingivalis SJD2 ASYLO1
Porphyromonas gulae FJ3 DRX099791
Porphyromonas gulae FJ11 DRX099792
Porphyromonas gulae FJ19 DRX099793
Porphyromonas gulae FJ26 DRX099794
Porphyromonas gulae FJ36 DRX099795
Porphyromonas gulae FJ37 DRX099796
Porphyromonas gulae FJ38 DRX099797
Porphyromonas gulae FJ40 DRX099798
Porphyromonas gulae Fl44 DRX099799
Porphyromonas gulae FJ45 DRX099800
Porphyromonas gulae Fla6 DRX099801
Porphyromonas gulae FJ50 DRX099802
(Continued)
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Table 1. (Continued).

Species Strain Data source
Porphyromonas gulae FJ55 DRX099803
Porphyromonas gulae FJ60 DRX099804
Porphyromonas gulae FJ70 DRX099805
Porphyromonas gulae FJ81 DRX099806
Porphyromonas gulae FJ85 DRX099807
Porphyromonas gulae FJ100 DRX099808
Porphyromonas gulae FJ115 DRX099809
Porphyromonas gulae FJ128 DRX099810
Porphyromonas gulae DSM 15663 ARINO1
Porphyromonas gulae COT-052_OH1355 JRAGO1
Porphyromonas gulae COT-052_0H3498 JRAFO1
Porphyromonas gulae COT-052_OH3856 JRATO1
Porphyromonas gulae COT-052_0H2179 JRAJO1
Porphyromonas gulae COT-052_0OH3439 JRAKO1
Porphyromonas gulae COT-052_0H1451 JRAIO1
Porphyromonas gulae COT-052_OH4119 JRALO1
Porphyromonas gulae COT-052_0H3471 JRAQO1
Porphyromonas gulae OH3161B JQJEO1
Porphyromonas gulae COT-052_0H2857 JRFDO1

Construction of a genome-based phylogenetic
tree

With respect to the similarity of nucleotide and
amino acid sequences, the protein-coding sequences
(CDSs) were compared between genomes by using
PGAP v1.02 with default parameters [25]. Then, the
CDSs that were located at the single genomic region
and common among all genomes were identified. In
each common CDS, the amino acid sequences were
aligned by using MAFFT v7.245 [26], and were
examined using the Phi test in SplitsTree v4.11.3 to
remove possible rearrangement regions inside the
CDS [27,28]. After concatenating the amino acid
sequences of all common CDSs, a phylogenetic tree
was constructed with the maximum likelihood
method under 100-times bootstrap iteration by
using RAxML v82.4 [29]. The Jones-Taylor-
Thornton substitution model was used [30], as sug-
gested by ModelGenerator v851 [31]. The tree was
visualized by using Dendroscope v3.2.8 [32].

Determination of the fimA and mfa1 genotypes

The CDSs of fimA and mfal were identified in the
64 P. gingivalis genomes and 31 P. gulae genomes.
In addition to these data, the nucleotide sequences
of fimA in other 34 P. gulae strains, previously
determined for their genotyping [21,33],
downloaded from GenBank as a reference for the
fimA genotypes of P. gulae (Table 2). The nucleo-
tide sequences of these fimA CDSs were aligned by
using MAFFT. A tree based on fimA was then
constructed under the General Time Reversible
model and 1,000-times bootstrap iteration by
using RAxML, and was visualized by using
Dendroscope. The tree based on the nucleotide
sequences of the mfal CDSs was constructed and
visualized in the same manner as for the tree based
on fimA.

were
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Table 2. Known fimA genotypes of P. gulae strains/isolates as
a reference.

Strain/isolate

fimA genotype Data source

ATCC 51700 A AB297918
D024 A AB663087
D025 A AB663088
D028 A AB663089
D034 A AB663090
D035 A AB663091
D036 A AB663092
D042 A AB663093
D043 A AB663094
D060 A AB663095
D066 A AB663096
D067 A AB663097
D068 A AB663098
D040 B AB663099
D044 B AB663100
D052 B AB663101
D053 B AB663102
D077 B AB663103
D049 C AB679295
C03Db8 A LC372924
C04Db3 A LC372925
C05Db10 A LC372926
C20Db1 A LC372927
C28Db2 A LC372928
C29Db1 A LC372929
YC9%b A LC372930
YC18a A LC372931
YC21a A LC372932
YC35p3 A LC372933
C03Db9 B LC372934
C13Db2 B LC372935
YC34p1 B LC372936
YC35a B LC372937
C26Db4 C LC372938

For the P. gingivalis and P. gulae strains that were
previously unclassified by the fimA and/or mfal gen-
otypes, the genotypes were determined, based on the
phylogenetic relationship with other strains in the
trees. In this study, the 70-kDa and 53-kDa protein-
coding mfal were called ‘type 70’ and ‘type 53,
respectively. The amino acid sequences of FimA and
Mfal were aligned within each genotype by using
MAFFT and were visualized by using WebLogo v3
[34]. The amino acid sequence of P. gingivalis W83
FimA was downloaded from the Research
Collaboratory for Structural Bioinformatics Protein
Data Bank, and its crystal structure was visualized
by using PyMOL v2.3.2 (http://www.pymol.org) to
indicate conserved amino acid positions where only
a single amino acid was observed among genotypes.

Calculation of pairwise distance from fim and
mfa CDSs

The following CDSs were identified in the 64
P. gingivalis genomes and 31 P. gulae genomes: the
CDSs in the fim gene cluster (fimABCDE) and mfa
gene cluster (mfal2345), and the CDSs of the two-
component system for regulating FimA fimbriation
(fimSR). In each of these CDSs, the nucleotide
sequences were aligned by using MAFFT, and the
K80 pairwise distance from P. gingivalis ATCC

33277 was calculated by using R v3.5.2. The distance
matrix was visualized as a heat map by using R.

Results

Phylogenetic relationship based on the fimA
and mfa1l nucleotide sequences

In the phylogenetic tree based on fimA, types I, I, III
were distant from types IV and V (Figure 1). Type Ib
could not be distinguished from type I; we therefore
did not distinguish between types I and Ib, and con-
sidered both of them as type I in this study. Types A,
B, and C for P. gulae strains were close to types I, III,
and IV, respectively, for P. gingivalis. On the other
hand, the phylogenetic tree, based on mfal, had
whole branches that were nearly five times longer
than those of the tree based on fimA (Figure 1).
Type 70 was considerably far from type 53, and
P. gulae and P. gingivalis strains were mixed in the
tree topology of each type. Based on the phylogenetic
relationship, the fimA and mfal genotypes were
determined (Table 1), whereas the fimA genotype of
Co5 and the mfal genotypes of D34 and FJ81 were
not classifiable because the corresponding CDSs
could not be identified in these strains, possibly due
to the limitation of data assembly.

Diversity in amino acid sequences of FimA and
Mfa1

In each fimA and mfal genotype, the amino acid
sequences of their encoding proteins were highly
conserved although the variation in amino acids at
a position within the genotype was observed through-
out (Figure 2). Most of the positions variable within
the genotype seemed common among genotypes. The
number of conserved positions, at which a single
amino acid was exclusively observed among geno-
types, was 143 in total 418 positions (34.2%) in
FimA and 87 in total 607 positions (14.3%) in Mfal.
The N-terminal end of FimA and Mfal were highly
conserved among genotypes. In the crystal structure
of FimA, the conserved positions were primarily
located at the inner part of the protein (Figure 3),
indicating that the positions variable among geno-
types were primarily located at the outer part of
FimA.

Genome-based phylogeny and the fimA and
mfal genotypes

In the phylogenetic tree based on 336 common CDSs,
31 P. gulae strains were clearly separated from 64
P. gingivalis strains (Figure 4). When the fimA and
mfal genotypes were considered in the phylogeny,
the genotypes did not have a clear relationship with


http://www.pymol.org

JOURNAL OF ORAL MICROBIOLOGY e 5

v

A

&'
1T
B
b P. gingivalis
70 53
05,

hN

Figure 1. Phylogenetic trees, based on the fimA and mfal nucleotide sequences. (a) The tree based on fimA is shown. Types |, I,
I, IV, and V for P. gingivalis, and types A, B, and C for P. gulae are indicated by different colors. (B) The tree based on mfal is
shown. Type 70 and type 53 are indicated by different colors. For each type, P. gingivalis and P. gulae are indicated by dark
colors and light colors, respectively. The scale bar in each tree represents substitutions per nucleotide site.

the tree topology. In P. gingivalis, fimA type II was
distributed among the strains, and was mixed with
other types such as types I, III, and IV, in the tree
topology. Types 70 and 53 of mfal were also mixed
throughout the P. gingivalis strains. These situations
were similarly observed in P. gulae. A remarkable
finding was that P. gulae FJ70 did not have any
fimA genotypes for P. gulae but did had type II
fimA for P. gingivalis.

The distribution of fimA and mfal genotypes was
reflected in the K80 distances in fimA and mfal
(Figure 4). In the heat map, strains with fimA types
I and A had mostly white boxes for fimA, whereas the
fimA boxes for types IV, V, and C were darkened.
The mfal boxes were light for type 70 and darkened
for type 53, although the boxes for type 70 showed
a diversity in gradation, based on the distance from
ATCC 33277.

Distances based on the nucleotide sequences of
the fim and mfa CDSs

In P. gingivalis, the three CDSs fimX, pgmA, and fimB
were nearly identical in their nucleotide sequences
among the strains (Figure 4). These CDSs in
P. gulae were rather distant from P. gingivalis but
were nearly identical among the P. gulae strains.
Similar situations were observed for fimSR, although
the P. gulae strains were divided into two groups,
based on their distances from ATCC 33277. One of
these two groups contained six strains (i.e., FJ55,
FJ38, FJ19, COT-052_OH3439, FJ46, and FJ115),
whereas the other group contained the remaining
P. gulae strains. The two groups were separated by

the genome-based phylogeny and by their distances
from ATCC 33277, based on fim-related CDSs.

The distances based on three fimA-related CDSs
(i.e., fimCDE) appeared to be associated with the
fimA-based distances in most P. gingivalis strains
(Figure 4). P. gingivalis SJD2 was exceptionally far
from ATCC 33277 when using fimCDE-based dis-
tances, and nearly identical to ATCC 33277 when
using fimA-based distances. By contrast, the fimCDE-
based distances in P. gulae showed a rather opposite
relationship to the fimA-based distance. P. gulae
strains with a low distance of fimCDE from ATCC
33277 (i.e., the aforementioned group consisting of
six strains) were far from ATCC 33277 in the fimA-
based distance. On the other hand, the mfa234-based
distances were associated with the mfal-based dis-
tance in P. gingivalis and in P. gulae. Possibly because
of insufficient assembly of genomes, the CDSs encod-
ing mfa5 could not be identified in 40 of 64
P. gingivalis strains and in 27 of 31 P. gulae strains.

Discussion

The relationship between the fimA genotypes and the
observable phenotypes of P. gingivalis was reported
nearly two decades ago. P. gingivalis strains with type
IT or IV were virulent, whereas strains with type I or
IIT were mostly avirulent [35]. In particular, type II
FimA was known to be highly virulent, compared to
the other types with regard to adhesion to and inva-
sion into host cells [36] and causing subcutaneous
abscess in mice [37]. The fimA genotypes and phe-
notypes of P. gulae were also associated with each
other, as shown in mouse abscess models; the P. gulae
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a I MKKTKEFLL GLAALAMTACNKDNEAEPVTEGNATISVVLKTSNSNRAF ~ GVGD DESKVAKLTVMVYNGEQQEAIKSAENA  TKVEDIKCSAGQ
I MKKTKFEFLL GLAALAMTACNKDNEAEPVTEGNATISVVLKTSNENRAF G VGQE ' | DESKVAKLTVMVYNGEQQEAIKSAENA  TKVEDPIKCSAGQ
A MKKTKFFLLGLAALAMTACNKDNEAEPYVEGNATISVVLKTSNPNRAF ~ GVAD DEAKVAKLTVMVYNGEQQEAIESAENA ~ TKIENIKCGAGS
i MKKTKFFLL GLAALAMTACNKDNEAEPVTEGNATISVVLKTSNPNRAF ~ GNAG DEAKVAKLTVMVYKGEQQEAIKSAENA  TKVENIKCSAGQ
B MKKTKFFLL GLAALAMTACNKDNEAEPTIVEGNATISVVLKTSNPNRAF ~ GVAD DEAKVAKLTVMVYNGEQQEAIKSAENA  TKVENIKCGAGS
v MKKTKFFLL GLAALAMTACNKDNEAEPVVETRATVSFIIK SGESRAV ~ GDZL  4DAKITKLTAMVYAGQVQEGIKTVEEAZGVLKVEGIPCKSGAN
¢ MKKTKFFLLGLAALAMTACNKDNEAEPIVETDATVSFIIK SGEGRAV  GDGL ADAKITKLTAMVYAGQIQEGIKTVEEAGGVLKVEGIQCKSGAN
v MKKTKFFLL GLAALAMTACNKDNEAEPTVETDATVSFTIIKAGSPQRETEPNSLLD ~ SDAKITKLTAMVYAGQVQEGIKTVEDADNVLKVEGIKCKSGAN

| | | | | | | | |
I RTLVVMANTG AMEL VGKTLAEVKALTTEL TAENQEAAGLIMTAEPKTIVLKAGKNYIGY  SGIGEGNHIEND PLKIKRVHARMAFTEIKVQ
I RTLVVMANTG AMELXGKTLAEVKALTTEL TAENQEAAGLIMTAEPYEYTL YVAGNNYYGY — RGSREGNRTSQRTPLETKRVHARMAFTEIKVQ
A RTLVVMANTG TMDLTGKTLADVKALTTEL TAENQEAAGLIMTAEPKATVLKAGKNYIGY  NGAGEGNHIEND PLEIKRVHARMAFTEIKVQ
i RTLVVMANTG GMELAGKTLAEVKALTTEL TEGNQEAAGLIMTAEPVEVTLVAGNNYYGY ~ DGSQGGNQISQDTPLEIKRVHARIAFTKIEVT
B RTLVVMANTG GMELAGKTLAEVKALTTEL TAENQEATGLIMTAEPVDVTLVAGNNYYGY ~ DGTQGGNQISQGTPLEIKRVHARIAFTKIEVK
v RVLVVVANHN YEL TGKSLNEVEAL TTSL TAENGNAKNLIMTGKSAAFTIKPGSNHYGYP  SGTASDNLVSAGTPLAVTRVHAGISFAGVEVN
¢ RVLVIVANHD YDLVGKSLDQVEAL TTSL TAENQNAQNL IMTGKSAAFTIKPGSNHYGYP ~ DGTASDNL VSAGAPLAVTRVHAGISFAGVEVN

v KVLVVVANYDKNAGGDAIDFTGKTLDQVKAMTIQL TQDNQSAKFLIMTGESNAFTIKPGTNYYGYPAGTGT TADNLIETGNALKVTRVHAAMSIQNVTVT

| | | | | | | | | |
I MSAAYDNIYTEVPEK TIYGLIAKKQSNLFGAILXNADANYLTGSLTTENGAYT?P INY ANVPWLSRRYYA  PXADAPQGFYVLENDYSANSG
I MS2SYONKYNFAPEN  IYALVAKKESNLFGASLANSDDAYLTGSLTNFNGAYS P ANY THVDWLGRDYTE! | | PSNNAPQGFYVLESTYAQNAG
A MSAAYDNIYTFAPEK IYGLIAKKQSNLFGATLVNADANYLTGSLTTENGAYT P ANY ANVPWLSRNYVA  PTANAPQGFYVLENDYSANGG
I MSQSYANKYNFAPEN  IYALVAKKK SNLFGASLANNDDAYLTGSLTTFNGAYT P ANY THVDWLGRDFTE  PSNNAPQGFYVLESTYAQNAG
B MSDSYVNKYNFTPEN TYALVAKKK SNLEGTSLANSDDAYLTGSLTTFNGAYT P ANY THVAWLGRGYTA  PSNDAPQGEYVLESAYAQNAG

v MATQYQNYYSFKPADAKIAAL VAKKDSKIFGNSLVSNTNAYLYGVQTP AGLYT PDAAGETYELEAS LNTNYAV GAGFYVLESKYDASNE
€ MATQYQNYYSFNPADAKIAALVAKKDSKIFGDPLFSDSKAYLYGVQTP AGLYT PPAAGETYELEAS LNVMNYAE GAGFYVLESKYDVTNE
v FDPQYSSNYYFKPQN  VAGLICKKQSKIFGASLDFGTD YLGGVATT AAAYT P TSYDNNVSWLTKPYAA ‘ KAGFYIMESVYQVGNN

| | | | | | | | | |
I TIHPTILCVYGKLQK NGADLAGADLAAAQAANWY  DAEGKTYYPVLVNENSNNYTYDNGYT PKNKIERNHKYDIKLTITGPGTNNPENPITESAHLN
I LRPTILCVK KLTKHDGIPLSSEEMTAAFNAGWIVADNBPTTYYPVLVNFNSNNYTYDNGYT PKNKIERNHKYDIKL TITGPGTNNPENPITESAHLN
A TIHPTILCVYGKLQK NGADL XG2DLAAAQAANWY  DREGKTYYPVLVNENSNNYTYDNGYT PKNKIERNHKYDIKL TITGPGTNNPENPITESAHLN
i LRPTIL CVKGKL TKHDGTPL SSEEMTAAFNAGWIVANNDPTTYYPVLVNFESNNYTYTGEAV EKGKIVRNHKFDINL TITGPGTNNPENPITESANLN
B | RPTIL CVKGKL TKHDGTPL SSEEMTAAENAGWIVANNDPTTYYPVLVNFESNNYTYTGDAV EKGKIVRNHKFDINL TITGPGTNNPENPITESANLN
v LRPTILCIYGKLL DKDGNPL TEPALTDAINAGFC DSDGTTYYPVLVNYDGNGYIYSGAITQGANKIVRNNHYKITLNITGPGTNTPENPQPVQANLN
¢ LRPTILCTYGKLL DKDGNPL TGQAL TDAINAGFC DNEATTYYPVLVNYDGNGYIYSGNITQGANKIVRNNHYKITLNITGPGTDTPENPQPVQANLN
v LRPTILCVYGKLKKTETQDFSQEELDAAVAAGYC DGNATTYYPVLVNYNGYGYTYTGENT GLNKILRNNHYKISLTVKGPGTNTPEGPLPEEANLN

| | |
| VQCTVAEWVLVGONATH
I VACTVAEWVLVGANATW
A VQCTVAEWVLVGONATW
- YNGVVAAWKGVVANVIW
& VNCVVAANKGVVANVII
v VTCQVTPWVVVNQAATH
¢ VTCEVTPWVVVNQAATH
v UNCEVVSWNVVNQSATIN

70_gingivais KL NKNF1VGALL SLGFASCSKEGNGPDEDNA  AKSYMSMTL SMPMGSARAGDGQRQANPDYHY VGEIAGKDKIEKVSIYMVPQG ' | ' GPGLVE SA
roouse LLNELELVGALE SLGEASCSKEGNGPDPDNY  AKSYISUTL SWPLCSARAGDGODOPNPDYNYVGEAGKDKIEKVSTYIVROG  GPGLVE S
sa_gingivaiis ||KLNKIELVGALLSLGFASCSKEGNGPAPDSSSTADTHMSVSMSLPGHN RAGDN PIGEYGGVDKINDLTVYVVGDG ~ KIDVRKLST
saguae-a K LNKUELYGAILSIGFASCSKEGNGPSPONSSIADTMSVSMSLPQHN RAGDN DYNHVGEYGGIDKINDLTVYVVGDG  KTDVAKLSA
53 guiae-b MKLNKLFFVGALLSLGLASCNKEDNG VENSPAVGDTYMSLTMSVPONS RAGDE ~ DYNPIGDYEGVDKINTLTVYVADAT — GVEIKEFAA
70_gingivais EDLDFGTYYENPTIDRATHNAILKP  KKGIKVNSAVGKTVKVYVVLNDIAGKAKALL ANVNASDFPAKFKEVIEL STQARAL GIVARSENPATA A
70 guas  EDLDFSTYYDAPTODPGSNNVILKP KKGIKVNSAVGKTVKVYVVLNDIAGKAKALL ANVNAADFDAKFKEVIELSTQAEAV SQANAFN GTA A
53_gngiais ADLQV NQGASTTSIVTAPFQVKSGEKT VYATVNITPKVEAALNAATNAADLKVAYEAAYA AFSDA
53 guas-a ADLQYV NQGANTT IVTAPFQVKSGEKT VYAVVNITPKVEEALNAATNAADLKVAYEAAYA AFSDA
saguae-s NDLAL | ETNNALLQTHPFQVKSGAKT | VYAVINITDDIKATLAAATNQAELDIKYKDAYV . AFAS
70 gigvais GK IAKKNGIT D' |ETIMMTCH2PSRAL TIEAAVSEANATAGTKNQAKVTVERSVARAMVSTKAQ SYETKATIQIGETAAGEVLATY
oguee  GK IAKKNGAL R ETIMMTCLOPSRAL TIEAAVSEANATAGUKNQAKVTVERSVARAMGSTKAQ SCETKASIQIGETAAGSVLATT
sagngvais GSEIATLV N¥  Q  DQMIMSGKPVVQ TILPNVSAAN ~ASVONKVPIIVKRAAIRASMTITQQP — VNGAYEIKA LRPGNVEV VIATV

53 gulae-a  GSEIATLV NGPNUEKK ~ DAMIMSGKPVVQ TILPNVSAAN APAQNKVSIVVKRAAIRASMTITQQP  VNGAYEIKA LRPGNVEV VIATV
53_gulae-b  GKEIAKLD AS K DVIMMTGVPVAQ DILPNVSVAN APISNKVNIVVKRAGARVSMTITAAPKPTAAGVYPIMA QLPGGVEK ELGAL

70_gingivalis ZDIRWVVAQGERRQYLSKKRGTYPENTWVTPGSSEYPTSS — TFHINAIEYYDYAGLWE DHNINE4VISGTQVPTLADYQLQRVTSELANALSGKFL
70_guae  TDIRWVVAQGERRQYLSKKRGTYEENTWVTPGSRFVPTSS  TFHTNATEYYDYAGLWE DHNTNEAVISGTQVPTLADYQLQRVTSELANALSGKFL

53_gingivalis SDLKWSVAQYEKK'YYLQQKDRA L SPAASFVPASTNDYNGANGAMKXYDYSQL ANRT.TVHQLNARYSXTDVPN VRYKYV
53_gulae -2 SPL KWSVAQYEKK'YYLQQKDDA L SPAASFVPASTDEYNGANGAMKHYDYSQL ANRIDVHQL NAPYSVADVPN VPYKYV
53_gulae b SELKWSAGQYELKYYLQQKDPY LSPAANYIPMN =~ NYSTEAVKHYDYTTLQDRIDVHYLDHAYTTADVPN VKYKFI

70_gingivalis | PNTHK SGANAASSRYKRGNTAY VL VRAKF TPKKEAFIDRGKTYSDNTAVPEYVAGEDFEVG ENGQFYVSMK  SVTDPKVGGVAGMKAHKYVKGKVLY
70.quae  LPNTHKSGSRAASSEYKRGNTAYVL YRAKFTPKKEAF IDEGK Y TDGFQVEYYAGEDFFVG ENGOFYVSMK  SVTDPKVGGVAGMKAHKYVKGKVLY

53_gingivalis SETTH ADNDYRKGNTTYILVKGKLKPVAXMWADG 'EQA2YQEGGDLFL GL VTGKFYANEANANAANPASGGAGNPRVVTYKAAAVYY
53_gulae-a  SETTH ADNDYRKGNTTYIL VKGKLKPVAAMWAEG EQAAYQEGNDLFLGL VTGKFYASEATANAANPASGGYGNPRVVTYKGAAVYY
53_guiae-b SETTH , EDANYKKGNTAYVLVKGKMTPAADMWAAG ESAA  SNGDIFFGLMTGKFYGSEQ AATTAGNAKVVTYKEGYVYY,

70_gingivalis Y AWLNPSTTSPRSWWNSPVVRNNIYHIHIKSIKKLGFNWNPLVP RP! | ! |DPRERENPNNPD PNPDEPGTPYPTDPERPLPDADTFMSVEVTVLPWKV
70_guae  YAWLNPSTTSPDTWWNSPVVRNNIYHIHIKSIKKLGFNWNPLVP_ DP NPNRPYNPNNPD PNPDEPGTPVPTDPESPLPDQDTFMSVEVTVLPWKY
53_gingivalis YAWLNPNTLDPTTWTMSPARRNNIYNVNISKFRNIGLSGNPFVPTDP DPNNPDTPDNPDTPDPEDPDTP NPEEPLPVQKTYMVVDVTVTPWTL
53_gulae-a  YAWLNPNTLDPTTWTMSPARRNNIYNVNISKFRNIGL SGNPFVPTDP DPNNPDTPDNPDTPDPE NPEEPLPVQKTYMVVDVTVTPWTI

53_gulae -b XAWVNPDTNNPATWKMAPVRBNNIYNVNISKFTNIGLSGNPF ‘ NPD PNPPDQPDPEDRDQP DPDﬁPLPVLKTYMVTQVTVVPWKV

70_gingivalis ‘HSYEVDL‘
70_gulae HSYEVPL
53_gingivalis HNYDIEF
53_gulae-a  HNYDIEF
53_gulae -b HNYDIVE

Figure 2. Variation in the amino acid sequences of FimA and Mfal. The amino acid sequences of fimA (a) and mfal (b), as
visualized using WebLogo, are shown. The alignment of the sequences is shown for each of eight fimA genotypes (a) and five mfal
potential genotypes (b). Based on the phylogeny in Figure 1(b), the mfaT genotypes 70 and 53 are divided into the clusters of each
species. The cluster of P. gulae type 53 is further divided into putative subtype-a and subtype-b, which represent the upper and
lower phylogroup, respectively, in Figure 1(b). The alignment is shown from the amino acid position 1 of N-terminal end to the last
of C-terminal end, and for each 100 amino acids. In each genotype, the variation in amino acids at each position is indicated by the
proportion of vertical length of characters. In particular strains, the absence of amino acids at a position is indicated by the width of
characters. The positions where only a single amino acid exists among genotypes are colored.
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Figure 3. Conserved amino acid positions in the crystal structure of FimA. The three-dimensional structure of FimA of
P. gingivalis W83 is shown. The conserved amino acid positions where only a single amino acid exists among genotypes are

indicated by red. The N- and C-terminals are indicated.

strains with type B have been reported as more viru-
lent than type A [20], and strains with type C were
more virulent than strains with types A and B [21].
On the other hand, in this study, we demonstrated
that the fimA types for P. gulae were phylogenetically
close to certain fimA types for P. gingivalis (Figure 1).
We observed that types A, B, and C in P. gulae were
close to types I, III, IV, respectively, in P. gingivalis.
A close relationship was also observed in the align-
ment of the amino acid sequences (Figure 2). The
signal peptide of FimA was highly conserved, whereas
the N-terminal extension, the region cleaved by the
gingipain at the arginine residue first appearing in the
N-terminal end [15,38], was variable at most posi-
tions among the genotypes. The close relationship
was partially consistent with the aforementioned rela-
tionship that the type II and IV strains in P. gingivalis
and the type B and C strains in P. gulae were virulent
whereas the type I and III strains in P. gingivalis and

the type A strain in P. gulae were less virulent. The
relationship and differences in fimA in the phylogeny
among genotypes may be explained by localizing the
variable positions, primarily at the outer part of FimA
(Figure 3). The inner part of FimA may have been
highly conserved to maintain the basic structure of
protein, whereas the outer part may have allowed the
substitution of amino acids to diversify the antigeni-
city of the fimbriae. Although no novel fimA type was
observed in P. gulae, other than the three fimA types
A, B, and C, only P. gulae FJ70 had the fimA type II
that was considered to be unique to P. gingivalis. This
may be a variant of type B, based on the close rela-
tionship among types II, III, and B in the fimA-based
phylogeny (Figure 1) and in the similarity in amino
acid sequences (Figure 2). It may also be a novel type
for P. gulae that has not been described previously.
This exceptional type will be further examined in the
future by collecting the corresponding P. gulae
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Figure 4. Phylogenetic tree based on the amino acid sequences of common CDSs, the fimA and mfal genotypes, and heat map

for K80 distances of fim and mfa CDSs from P. gingivalis ATCC 33277. The tree based on 336 common CDSs in 64 P. gingivalis

strains and 31 P. gulae strains is shown. The outgroup P. asaccharolytica DSM 20707 is not shown. The scale bar represents
substitutions per amino acid site. The names of strains are on the right side of the tree. The genotypes of fimA are indicated by

colored circles on the right side of the names of strains. For each fim-related CDS, the K80 distance values are indicated by the
color gradient in the heat map. Black boxes in the heat map indicate the absence of the corresponding CDSs. The mfal

genotypes and the K80 distance values for each mfa-related CDS are shown on the far right.



strains, with a possibility of their infection from dogs
to humans, and vice versa.

With regard to the mfal genotypes, we demon-
strated that types 70 and 53 were the major types and
prevalent among the P. gulae and P. gingivalis strains.
Type 70 seemed a major mfal genotype for
P. gingivalis, whereas most P. gulae strains had type
53 (Figure 4). In a previous study, the relationship
between the fimA and mfa genotypes was weakly
observed in P. gingivalis, such as type II strains har-
boring type 70 mfal rather than type 53, and mfal
was absent in the type V strains [13]. These previous
findings were consistent with our observation that
most of type II strains were type 70 in the mfal
genotypes, but were not consistent with the presence
of mfal in P. gingivalis strains with type V fimA. The
topology of the mfal-based tree suggested that each
type, especially type 53, may be further classified into
subtypes or distinct types (Figure 1). This concept
will be considered with the phenotypic differences
in P. gulae strains between the potential subtypes.
Although two mfal genotypes may possibly be
further subtyped, a clear separation between the two
genotypes was remarkable for detecting them as
major mfal genotypes. A signal peptide of Mfal at
the N-terminal end was highly conserved and most
positions in the N-terminal extension [39] were vari-
able among genotypes in similar manner as FimA.
However, the positions conserved among all geno-
types were fewer for Mfal than for FimA (Figure 2),
despite the length of Mfal being longer than that of
FimA. The difference in the extent of amino acid
variation between FimA and Mfal may have resulted
in the higher number of fimA genotypes than that of
mfal genotypes. Identifying the crystal structure of
Mfal will help in understand how the variation of
amino acids occurs in the three-dimensional struc-
ture of protein and how this variation has a role in
the function of fimbriae.

The fimA-related proteins FImCDE are accessory
components that bind to the FimA polymer as a part of
the fimbrial structure [40-42], and seem to be function-
ally different from other fimA-related proteins. The two-
component system proteins FimSR regulate the tran-
scriptional expression of the fim gene cluster [17,43],
and FimB regulates fimbriation as a terminator [44].
The functions of FimX and PgmA are not fully charac-
terized [42], although PgmA is suggested to be the usher
[14]. The relationship between fimA and fimCDE in
P. gingivalis with respect to the distances from ATCC
33277 (Figure 4) possibly reflected the functional differ-
ence between FImCDE and the other fimA-related pro-
teins. In P. gingivalis, fimCDE may have phylogenetically
evolved together with fimA, whereas the other fimA-
related CDSs may have retained their gene structure to
keep regulatory or supportive functions for fimbriation.
The mfa-related CDSs mfa345 were similarly associated
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with mfal with respect to the distances from ATCC
33277 (Figure 4). Mfa345 binds to the Mfal polymer as
a part of the fimbrial structure, similar to FImCDE
[15,39]. mfa2 also showed a weak relationship with
mfal with respect to distance, although Mfa2 contributes
to the regulation of fimbrial length and is not included in
the actual fimbrial structure [15,45]. The structural and
regulatory CDSs of Mfal fimbriae in P. gingivalis may
have evolved in a similar manner as FimA fimbriae.

However, fimA and fimCDE in P. gulae did not show
a clear relationship with each other with respect to their
distances from ATCC 33277 (Figure 4), despite that mfal
and mfa345 showed a similar relationship to P. gingivalis.
The distances, based on fimCDE and fimSR, seemed to
reflect the phylogenetic distance from P. gingivalis,
whereas the distances based on fimA were irrelevant to
the phylogeny between P. gulae and P. gingivalis. The
combination of fimA distant from P. gingivalis and fimA-
related CDSs close to P. gingivalis, and vice versa, may
characterize P. gulae as a species independent from
P. gingivalis and lead to its unique habitats segregated
from P. gingivalis. In P. gingivalis, homologous recombi-
nation was suggested to shape the genetic diversity
among the strains [46-48]. Chromosomes in other
P. gingivalis cells are potential sources of the recombina-
tion partner, transferred by conjugation [49,50]. Natural
competence is also important for recombination by
introducing extracellular DNA, which is released from
P. gingivalis cells [47,51]. Although it has been still
unknown whether these mechanisms are also valid in
P. gulae, homologous recombination that would occur
within P. gingivalis or P. gulae and would occur between
P. gingivalis and P. gulae across the hosts, may be
a possible reason for the phylogenetic differentiation of
fimbrial genes between P. gingivalis and P. gulae, thereby
resulting in the difference in host specificity.

Conclusions

We demonstrated the relationship of the fimA geno-
types between P. gingivalis and P. gulae, and the two
mfal genotypes that were clearly separated from each
other. In addition, we observed that fimA and fimCDE
in P. gingivalis were similarly distant from the reference
strain, whereas the distance of fimA was inversely
related to the distance of fimCDE in P. gulae.
A genomic region of a clustered regularly interspaced
short palindromic repeat (CRISPR) array generally has
the function of acquired immunity [52], whereas the
CRISPR arrays in P. gingivalis were suggested to reg-
ulate homologous recombination of the genome with
the DNA introduced from nonself P. gingivalis cells
[24]. The function of arrays in P. gulae has not been
described but may have similar role as the arrays in
P. gingivalis, considering their phylogenetic closeness.
Future studies will elucidate how the CRISPR arrays in
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P. gulae are involved in genetic diversification and in
the differentiation of the fim and mfa gene clusters.
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