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Abstract

Bacteriophages often constitute the majority of periodontal viral communities, but phages that infect oral bacteria remain
uncharacterized. Here, we present the genetic analysis of the genome of a novel siphovirus, named Siphoviridae_29632,
which was isolated from a patient with periodontitis using a viral metagenomics-based approach. Among 43 predicted open
reading frames (ORFs) in the genome, the viral genes encoding structural proteins were distinct from the counterparts of
other viruses, although a distant homology is shared among viral morphogenesis proteins. A total of 28 predicted coding
sequences had significant homology to other known phage ORF sequences. In addition, the prevalence of Siphoviridae_29632
in a cohort of patients with chronic periodontitis was 41.67%, which was significantly higher than that in the healthy group
(4.55%, P < 0.001), suggesting that this virus as well as its hosts may contribute to the ecological environment favored for
chronic periodontitis.
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Introduction response to specific pathogens may cause periodontitis [3,

4].

The human oral cavity accommodates a large and diverse
population of viruses that may be conditionally involved in
oral diseases [1]. Periodontitis is highly prevalent among
adults [2] and is characterized by inflammation around the
teeth. Some investigators have suggested that a host immune
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There is a large population of viruses in the oral cav-
ity. However, given the higher abundance of bacterial cells
than eukaryotic cells in the oral cavity, it is currently under-
stood that the viruses residing in saliva and subgingival and
supragingival biofilms mainly consist of bacteriophages,
which are viruses that only infect bacteria [5-10]. Many
phages can be classified into the order Caudovirales, includ-
ing three families which are determined by their tail mor-
phology. They are Siphoviridae (long and non-contractile,
generally lysogenic with relatively narrow host ranges),
Mpyoviridae (contractile, typically lytic with relatively broad
host ranges), and Podoviridae (short and non-contractile,
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typically lytic with relatively narrow host ranges) [11, 12].
As phages can be found wherever their bacterial hosts are
present [6, 13], their presence in the oral cavity is highly
likely.

Phage-encoded proteins may increase virulence either
directly through the effect of toxins and other virulence fac-
tors [14] or indirectly by facilitating bacterial fitness in the
environment. Thus, screening of lysogenic bacteriophages
is helpful in determining the virulence of many pathogens.
In addition, the high host specificity of bacteriophages for
certain strains of bacteria, particularly currently uncultur-
able species, could probably help to reverse the course of
bacterial infection by identifying phage-encoded proteins.

Bacteriophages may be involved in selecting the composi-
tion and gene transfer of bacterial communities to impact the
microbial population [15]. In addition, interactions between
bacteria and viruses may contribute to a broad diversity of
bacteria in the local environment as suggested by various
ecological models such as constant-diversity dynamics,
periodic selection dynamics, and kill-the-winner dynam-
ics [16-20]. However, our knowledge about the identities
of viruses and bacteriophages in the oral cavity and their
impact on the oral bacterial community remains insufficient
[21-23], although several bacteriophages have been isolated
from a number of oral bacteria [21, 23-27]. Though the oral
bacterial community and its impact on human oral health
have been analyzed by a few studies [6, 13, 28], the isolation
of phages from the human mouth is rare [29].

In this study, a new bacteriophage, Siphoviridae_29632
(GenBank accession number: KY053532), was character-
ized from the oral cavity of a human periodontitis patient.

Methods

This study was reviewed and approved by the Ethics Com-
mittee of the Ninth People’s Hospital School of Medicine
(No. 201406). All investigations were conducted in accord-
ance with the principles of the Declaration of Helsinki. Writ-
ten informed consent was obtained from all of the recruited
subjects.

Identification of a novel bacteriophage from human
periodontal tissue

Samples were collected from 48 patients with severe peri-
odontitis who visited the Ninth People’s Hospital School
of Medicine, Shanghai Jiao Tong University, China.
Biopsy specimens were obtained from the periodontal
pockets, gingival epithelium, and connective tissue fac-
ing the sulcus during periodontal surgery. Clinical data,
including age, gender, bleeding on probing (BOP), pocket
depth (PD), clinical attachment loss (CAL), plaque index
(PLI), gingival index (GI), and alveolar bone resorption
upon pantomography, were recorded for all participants.
The inclusion and exclusion criteria used in this study are
listed in Table 1.

Total nucleic acids were extracted from the biopsied
tissues using the QIAamp viral RNA extraction kit (Qia-
gen). Viral particles in the collected samples were con-
centrated by filtration with the 0.45-um filter and nuclease
treatment with a mixture of DNases (Turbo DNase from
Ambion, MA, USA, Baseline-ZERO from Epicentre, IL,
USA, and benzonase from Novagen, Darmstadt, Germany)
and RNase (Thermo Fisher Scientific, MA, USA) at 37 °C
for 90 min before the nucleic acids were extracted [30-33].
Viral DNA and RNA libraries were constructed [30-32].
The libraries were then sequenced using the MiSeq plat-
form. Paired-end reads of 250 bp were debarcoded using
vendor software from Illumina. Clonal reads were removed
and low sequencing quality tails were trimmed using
Phred quality score ten as the threshold [33]. Trimmed
sequences from each group were assembled into contigs
by Sequencher software (version 5.4, Gene Codes Cor-
poration, Ann Arbor, MI, USA), with a criterion of more
than 95% identity over 35 bp to merge two fragments [34].
Singlet sequences and assembled contigs were then com-
pared to the virus nucleotide database in NCBI virus ref-
erence proteome (ftp://www.ncbi.nih.gov/refseq/release/
viral/) using the BLASTn and BLASTx methods with an
E-value cutoff of <107, as described previously [31-34].
1551 novel viral contigs were identified that resembled

Table 1 Criteria used to recruit
patients for this study

Inclusion

Exclusion

i. Good oral health status

ii. Teeth >20

iii. No oral mucosal diseases
iv. No removable dentures

v. No orthodontic appliances
vi. Mean pocket depth >6 mm

vii. Clinical attachment loss >3 mm

viii. Bleeding on probing
ix. Alveolar bone resorption

i. Alcoholism

ii. Major symptoms of malignancy

iii. Cardiovascular disease

iv. Chronic liver or kidney disorders

v. Diabetes

vi. Human immunodeficiency virus infection

vii. Pregnancy

viii. Heavy cigarette smoking (> 15 cigarettes/day)
ix. Previous antibiotic intake (last 6 months)

x. Previous periodontal treatment (last 6 months)
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bacteriophage Siphovirus_contig89 (accession number:
KF594194.1). The resultant contigs of the novel phage
were assembled and mapped, and the sequencing data
obtained with Geneious (version 8.0, New Zealand) using
the low sensitivity and fastest parameter. The polymerase
chain reaction (PCR) primers were then designed using the
assembled sequence (primer sequences shown in supple-
mentary Table S1), and the resultant PCR amplicons were
sequenced by the Sanger method to confirm the newly
identified phage genome. The final reaction volume was
50 pL, including 3 pL of extracted DNA, each primer at
10 pmol, and 25 pL of PrimerSTAR Max Premix (TaKaRa,
Dalian, China). The PCR parameters were 3 min at 94 °C,
followed by 30 s at 94 °C, 30 s at 55 °C, and 50 s at 72 °C
for 35 cycles, with a final extension of 5 min at 72 °C. PCR
amplicons were analyzed by electrophoresis in 1% agarose
gels, then cloned, and sequenced.

Sequence analysis

BLASTn was first utilized to identify any known matches via
gene homology in GenBank by comparing each nucleotide
query sequence against the nucleotide sequence database.
Next, the identity of the matched sequences was uncovered
by TBLASTXx. Candidate viral hits were compared to an in-
house non-virus non-redundant protein database to remove
false-positive viral hits using NCBI virus reference pro-
teome (ftp://www.ncbi.nih.gov/refseq/release/viral/) [33].
Individual putative genes in the sequences were ascertained
with the aid of open reading frame (ORF) Finder (http://
www.ncbi.nlm.nih.gov/projects/gorf/) [22] and Clusters
of Orthologous Groups of proteins (http://www.ncbi.nlm.
nih.gov/COG). Sequences with E values < 10~ were con-
sidered homologs. The putative functions of the translated
proteins from the predicted ORFs were suggested through
comparing the known protein sequences using the GenBank
database and the BLASTp program. The GC content in the
viral genome was calculated using the program Lasergene
SegMan, version 7.0 (DNAStar, USA). The E value of each
read was scored and accordingly assigned to a single best-
matching reference viral protein.

Phylogenetic analysis

The inferred protein sequences with described functions
were selected for phylogenetic analysis, including the coun-
terparts of other bacteriophages with ClustalX. Using the
Molecular Evolutionary Genetics Analysis program (MEGA,
version 4.0, USA), maximum likelihood trees generated with

ORF amino acid p-distances and 1000 bootstrap replicates
were plotted with the neighbor-joining method [35]. Boot-
strap values were labeled at each branching point. Homology
analysis was also conducted using the MEGA program, and
it was expressed as a percentage.

Epidemiological investigation

To identify a potential link between the presence of the
novel phage and chronic periodontitis, a case—control study
was conducted at the Ninth People’s Hospital, Shanghai,
China. The study included 218 subjects, consisting of 108
subjects with chronic periodontitis and 110 subjects with-
out periodontitis (mean age of the subjects: 40+ 11.78 years
old). Each participant was subjected to a comprehensive
oral examination. The same selection criteria and sam-
pling method were applied as described in the first part
of the Methods section. This newly identified phage was
detected by PCR assays with negative controls. The primer
sequences were as follows: F, 5~ ATGAACCTCGGAGTC
ATTACTCGC-3'; R, 5'-CGTAGACCTCGTTCAGCATCA
CGT-3'. The cycling conditions were the same as described
above. The presence frequency (%) of the new phage was
calculated.

Statistical analysis was performed with SPSS software
(version 20.0; IBM Corporation, Armonk, NY, USA). >
tests were performed to examine differences of the two
groups in gender distribution, BOP, and the prevalence of
Siphoviridae_29632. Differences in age and periodontal
indexes (PD, GI, PLI, and CAL) between groups were ana-
lyzed by the Student’s ¢ test.

Results
Genome characterization

The new phage falls into the Siphoviridae family of the order
Caudovirales. The source patient from whom this novel bac-
teriophage was characterized was a 35-year-old male with
alveolar bone resorption and bleeding on probing (sample
number 42), and his PD, CAL, PLI, and GI values of sam-
pling tooth were 11.4, 5.3, 2.7, and 1.8, respectively.

The newly identified phage genomic DNA is 29,632 bp
long. Primers were designed to sequence the genome, and
the results confirmed the phage genomic sequence. This new
phage was designated as Siphoviridae_29632. The genomic
sequence (GenBank accession number: KY053532) was
analyzed and functionally annotated. It has a GC content
of 59.64%. A total of 43 putative ORFs that aligned with
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Fig. 1 The genomic organiza-
tion of Siphoviridae_29632.
Annotations and illustrations
were made using glimmer 3.0
(code table=11)

0kb

recognizable homologs in GenBank were identified in both
strands of the Siphoviridae_29632 genome (Fig. 1). Of the
43 predicted ORFs, 28 of them exhibit significant homol-
ogy to other known phage ORF sequences. 11 of the ORFs
resembled Siphovirus_contig89. The identified sequences
included those predicted to encode proteins with functions
of phage holin, phage tail tape measure protein, DNA repli-
cation, and several glycoproteins (Table 2).

Phylogenetic analysis of Siphoviridae_29632

ORF3, ORF23, and ORF42 were predicted to encode phage
tail length tape measure protein, DNA polymerase B, and
glycoprotein gp106, respectively. The inferred amino acid
sequences of these proteins were phylogenetically com-
pared to those from other bacteriophages using the programs
ClustalX and MegAlign.

@ Springer

DNA polymerase B region

Phage tail length tape-measure protein
Phage protein

hypothetical protein

In the phylogenetic tree with the tape measure protein
sequences, Siphoviridae_29632 is grouped with the Strep-
tomyces phage Rima (GenBank accession no. AOZ64977),
the Streptomyces phage Olympic Helado (GenBank acces-
sion no. AOZ64888), and the Arthrobacter phage Capn-
Murica (GenBank accession no. ALY08626), all of which
are members of the Siphoviridae family (Fig. 2). Amino
acid sequence analysis revealed that tape measure protein
shares 48.3% and 31.5% identity with the OKZ68507.1
and AOZ64888.1 strains, respectively (Table 3). The
DNA polymerase gene in ORF23 matched Siphovirus_
contig89 (Fig. 3) and shares 55.2% identity with gp072
protein (GenBank accession no. AIE38368.1) (Table 3).
Gp106 in Siphoviridae_29632 shares the highest amino
acid identity (62.2%) with the counterpart in Siphovi-
rus_contig89 (GenBank accession no. AIE38387.1), and
46.3% identity with HTH DNA-binding domain protein
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Table 2 Siphoviridae_29632 ORFs, gene products, and functional assignments

ORF aalength Matches

Accession number E value

Identities (%) Predicted function

1

10

11

12

13

14

15

16

17

18

19
20
21

22

23
24
25

26
27

28

29

30

79

126

1696

306

442

279

278

102
102
94

54

71

39

70

80

146

39

245

201
310
208

173

1235
123
84

44
159

175

77

81

Methyl-accepting chemotaxis protein
[Tepidibacter formicigenes]

Uncharacterised protein [uncultured
Clostridium sp.]*

Phage tail tape measure protein
[Clostridiales bacterium 41_21_
two_genomes]*

MULTISPECIES: phage tail family
protein [Clostridiaceae]®

Hypothetical protein [Siphovirus
contig89]*

Hypothetical protein [[Clostridium]
leptum]?

Putative uncharacterized protein
[Eubacterium sp. CAG:603]*

Phage holin [Siphovirus contig89]*

Phage holin [Siphovirus contig89]*

Hypothetical protein [Siphovirus
contig89]*

No match

No match

TIGR03985 family CRISPR-asso-

ciated protein [Hapalosiphon sp.
MRB220]

M23 family peptidase [Idiomarina
xiamenensis|

PREDICTED: histone-lysine N-meth-
yltransferase, H3 lysine-36 and H4
lysine-20 specific [Vicugna pacos]

Hypothetical protein PBI_
GRAVY_53 [Gordonia phage
Gravy]*

No match

Hypothetical protein [[Clostridium]
scindens]?

gp067 [Siphovirus contig89]*
gp069 [Siphovirus contig89]*

Hypothetical protein C817_04328
[Dorea sp. 5-2]

gp071 [Rhodococcus phage
ReqiPoco6]*

gp072 [Siphovirus contig89]*

No match

DNA-binding transcriptional regula-
tor KdgR [Providencia rettgeri]

No match

Hypothetical protein [Subdoligranu-
lum sp. 4_3_54A2FAA]J?

Signal transduction histidine kinase
[Sinosporangium album]

DUF433 domain-containing protein
[Curtobacterium ammoniigenes]
Transcriptional regulator [Streptomy-

ces viridochromogenes]

WP_072887681.1

SCH18585.1

OKZ50087.1

WP_006780986.1

AIE38348.1

WP_003529585.1

CCZ04610.1

AIE38350.1
AIE38350.1
AIE38351.1

WP_053458350.1

WP_008487696.1

XP_015090351.1

AV025293.1

WP_024738798.1

AIE38360.1
AIE38363.1
EOS75805.1

YP_009012652.1

AIE38368.1

WP_042844205.1

WP_009325070.1

SDHO02171.1

WP_083527665.1

WP_048587524.1

29

5.00E-36

2.00E—-136

1.00E-50

7.00E-53

2.00E-35

5.00E-20

8.00E-29
1.00E-29
8.00E-28

0.7

2.00E-13

6.00E—43

2.00E—42
7.00E-72
3.6

8.00E—13

39

1.00E-29

1.4

0.69

40

47

45

36

38

35

26

48
66
58

39

45

37

34

35

42
42
38

33

54

41

40

29

31

32

Hypothetical protein

Phage protein

Phage tail length tape measure protein

Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein
Hypothetical protein
Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Hypothetical protein

Protein of Unknown Function

Hypothetical protein

Protein of Unknown Function

Hypothetical protein

Hypothetical protein

DNA polymerase B region

Hypothetical protein
Hypothetical protein

Hypothetical protein
Phage protein

Hypothetical protein
Hypothetical protein

Hypothetical protein
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Table 2 (continued)

ORF aalength Matches

Accession number E value

Identities (%) Predicted function

31 198 Hypothetical protein AUI47_08430 OLD63699.1 0.1 38 Hypothetical protein
[Acidobacteria bacterium
13_1_40CM_2_68_5]

32 42 No match Hypothetical protein

33 121 Hypothetical protein [Nocardia WP_084476896.1 9.00E-07 32 Hypothetical protein
ignoratal®

34 321 Hypothetical protein EHO33754.1 2.00E-92 47 Phage protein
HMPREF0995_02220 [Lachno-
spiraceae bacterium 7_1_58FAA]*

35 51 Hypothetical protein [Clostridium sp.  WP_008390902.1 1.00E-11 63 Hypothetical protein
SS2/17*

36 106 Hydrolase [Streptomyces phage AVD99506.1 2.00E-38 63 Phage protein
Bing]*

37 126 gp105 [Siphovirus contig89]* AIE38386.1 2.00E-52 62 Phage protein

38 472 gp106 [Siphovirus contig89]* AIE38387.1 0 68 Phage protein

39 99 gp106 [Siphovirus contig89]* AIE38387.1 3.00E-24 76 Hypothetical protein

40 75 Phage tail protein [Bacillus PEY46257.1 1.00E-15 58 Protein of unknown function
thuringiensis]*

41 69 Phage tail protein [Bacillus PEY46257.1 2.00E-15 80 Hypothetical protein
thuringiensis]*

42 251 gp106 [Siphovirus contig89]* AIE38387.1 1.00E-97 63 Phage protein

43 81 Hypothetical protein CAPNMU- ALY08688.1 1.00E-19 56 Phage protein
RICA_88 [Arthrobacter phage
CaptnMurica]®

Significant matches

from the Arthrobacter phage (GenBank accession no. Discussion

YP_009300783.1) (Fig. 4). Collectively, these findings
indicate that the novel phage is more closely related to
the Siphoviridae family than to other families.

Investigation of the prevalence
of Siphoviridae_29632

No difference in age or gender was noted between chronic
periodontitis subjects and periodontally healthy subjects (P
= 0.124 and 0.635, respectively). The mean pocket depth,
clinical attachment loss, plaque index, and gingival index
values of the two groups are shown in Table 4. PCR was
used to detect the presence of the new phage. Forty-five
(41.75%) of the 108 subjects in the periodontitis group and
5 (4.55%) of the 110 control subjects tested positive for
Siphoviridae_29632 (P < 0.001) (Table 5). One gel image
of PCR amplicons with the negative control is shown in
supplementary Fig. S1.

@ Springer

Viral metagenomics is a useful tool to characterize diverse
viruses including phages [36]. Novel phages can be identi-
fied by comparing unknown sequences with known ones
in a metagenomic database [37]. This identified phage,
Siphoviridae_29632, was predicted as a new member of the
Siphoviridae family, under the Caudovirales order. The new
viral genomic DNA is 29,632 bp long, comparable to that
of Siphovirus_contig89, which consists of 23,546 bp (acces-
sion number: KF594194.1).

All putative ORFs in the phage genomic DNA were
analyzed using BLASTp analysis in the GenBank data-
base. ORF3 encodes a tail length tape measure protein that
is important in assembling and determining the length of
the phage tail [38, 39]. In fact, sequences encoding other
known phage structural proteins, including the capsid,
tail tube, portal, and tail fiber, were not characterized in
the Siphoviridae_29632 genome, which may be due to
the lack of annotation data. Overall, Siphoviridae_29632
shares a high level of homology with other members of
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Fig.2 Phylogenetic analysis
of ORF3 amino acids. The
tree was constructed using
the neighbor-joining method
with amino acid p-distances
and 1000 bootstrap replicates
in MEGA software, version
4.0 (USA). The solid triangle
indicates the novel virus
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the Siphoviridae family, including the Streptomyces phage

Olympic Helado, the bacteriophage Siphovirus_contig89,
and the Arthrobacter phage CapnMurica. However, phy-
logenetic analysis showed that Siphoviridae_29632 was
evolutionarily distinct from other phage isolates, including

Siphovirus_contig89.

WP 050047093

A total of 28 of the 43 predicted ORFs contain
sequences similar to the counterparts from other phages.
Potential functions were only described for two of these
recognizable proteins as the majority of them are function-
ally unknown [11]. In addition, interpretation of the data

@ Springer



388

Virus Genes (2019) 55:381-393

Table 3 Sequence identity of Siphoviridae_29632 with other strains

ORF3 referred sequence Siphovi- ORF23 referred Siphovi- ORF42 Referred Siphovi-
genbank accession no.  rus-29632, amino sequence genbank acces- rus-29632, amino sequence genbank acces- rus-29632, amino
acids, % sion no. acids, % sion no. acids, %
1 ALY08626.1 0.270 AIE38368.1 0.552 YP_009300783.1 0.463
2 ALY08708.1 0.313 AIE38454.1 0.551 YP_009017720.1 0.412
3 ALY09001.1 0.277 ALY08654.1 0.497 YP_009012687.1 0.408
4 AO0Z64888.1 0.315 ALY08747.1 0.507 SFU33103.1 0.400
5 AO0Z64977.1 0.315 ALY09029.1 0.496 SCJ63091.1 0.385
6 CCZ04615.1 0.295 CUP20432.1 0.543 SCJ35048.1 0.403
7 EDS21544.1 0.276 KKQO06471.1 0.550 OKZ69141.1 0.399
8 0OKZ68507.1 0.483 OKZ50049.1 0.525 0OKZ59144.1 0.415
9 0KZ69162.1 0.282 0KZ93630.1 0.525 EDS21562.1 0.341
10 SCJ34315.1 0.269 SCH17287.1 0.546 CUQ77095.1 0.336
11 SCJ62509.1 0.292 SCJ36459.1 0.539 CCY98945.1 0.328
12 WP_009258534.1 0.268 SCJ63720.1 0.526 AO0Z64951.1 0.414
13 WP_009320577.1 0.291 WP_003500577.1 0.526 ALY09063.1 0.413
14 WP_049930088.1 0.276 YP_009012653.1 0.536 ALY08687.1 0.413
15 YP_009300710.1 0.289 YP_009017686.1 0.535 AIE38387.1 0.622

can be difficult because of the limited knowledge about
the novel virus [29].

Periodontitis is a chronic oral disease that can lead to
early tooth loss. The etiology for periodontal disease remains
unclear, despite a high incidence. Infections with bacteria
and/or viruses probably contribute to the pathogenesis of
this disease. Recent studies have suggested their possible
involvement with bacteriophages [13]. For instance, oral
phages are frequently found in periodontally healthy sub-
jects, and the presence of some lytic phages may be favored
by periodontitis [5].

In this study, the prevalence of Siphoviridae_29632
infection was 41.67% (45/108) in the periodontitis group,
which was significantly higher than that in the control
group (P < 0.001) (Table 5), suggesting an association
between periodontitis and this new phage. Phages in the
oral cavity may act as a shaper of microbial community
[23, 40], constituting the ecology of the human oral micro-
biome. Previous studies of oral bacteriophages have identi-
fied phages that parasitize oral pathogens such as Aggre-
gatibacter actinomycetemcomitans [41, 42]. The presence
of oral A. actinomycetemcomitans phages positively cor-
related with rapidly destructive periodontitis [43], suggest-
ing that oral phages could be cytopathic. However, other
studies have shown no links between phages and periodon-
tal diseases [6, 44]. Therefore, the involvement of phages
in oral diseases remains under debate. Additionally, some

@ Springer

studies have suggested that the bacterial abundance does
not always predict the relative amounts of their phages
[5, 6]. An inverse relationship between the relative abun-
dances of a putative host and the phage can be observed
at most time points. Conversely, it has been shown that
the amounts of phages for the genera Streptococcus and
Neisseria positively reflect the abundances of their hosts
[6]. Different abundance relationships between the host
bacteria and their phages may depend upon the replication
and release/lytic cycles of the phage.

Lytic oral phages and their cellular hosts can reach a
dynamic equilibrium, and the phages are permanent mem-
bers of the human oral microbiome [45]. Oral bacterio-
phages may evade the host’s immune system and cause per-
sistent infection through various mechanisms, which include
but are not limited to encoding their own restriction/modi-
fication enzymes [46] and avoiding cognate sequences for
cellular restriction/modification systems [46—48]. The high
specificity of phages for certain bacterial strains can poten-
tially be used to reverse the course of infection by targeting
the host bacteria. For instance, phage M 102 can be removed
by selectively targeting mutant streptococci from dental
plaques through disruption of the glucose side chain of the
rhamnose glucose polysaccharide that is essential for phage
M102 adsorption to Streptococcus mutants [49]. Some stud-
ies argue against treating mild or severe periodontal dis-
ease with antibiotics because these drugs can broadly affect
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Fig.3 Phylogenetic analysis
of ORF23 amino acids. The
tree was constructed using
the neighbor-joining method
with amino acid p-distances
and 1000 bootstrap replicates
in MEGA software, version
4.0 (USA). The solid triangle
indicates the novel virus
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an entire microbial community and trigger the selection of
drug-resistant bacteria. Bacteriophages can be utilized to
control pathogenic bacteria through lysis of the host cells
during phage replication [50]. Renewed interest in phage

100 L AIE38454

therapy has translated basic studies of phages to experimen-
tal investigation of phage-based therapeutic applications [29,
51]. Phage-based treatment of periodontal disease has the
potential to become a reality.
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Fig.4 Phylogenetic analysis
of ORF42 amino acids. The
tree was constructed using
the neighbor-joining method
with amino acid p-distances
and 1000 bootstrap replicates
in MEGA software, version
4.0 (USA). The solid triangle
indicates the novel virus

Conclusions

In this study, we reported the genetic analysis and preva-
lence of a new phage in the periodontal environment,
Siphoviridae_29632 virus. According to viral sequence
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analysis, this newly identified phage belongs to the Sipho-
viridae family. Siphoviridae_29632 presence was signifi-

cantly higher in the chronic periodontitis group than in
the healthy group. This finding may link this phage with
chronic periodontitis. However, the full genome of this
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Table 4 Comparison of lab findings between the periodontitis and
control groups

Periodontitis
(mean + SD)

Clinical parameter Control (mean + SD) P?

Pocket depth 629 +341 180+ 1.12 <0.001

Clinical attachment 390+ 1.56  0.12 +0.18 <0.001
loss

Gingival index 236 +0.55 0.17 +0.19 <0.001

Plaque index 255+046 033 +0.27 <0.001

Obtained by the Student’s 7 test (two groups)
SD standard deviation
*With the significance level set to P < 0.05

Table 5 Siphoviridae_29632 detection in the periodontitis and
healthy groups

Periodontitis Control group Total P
group N (%) N (%)
Siphoviridae_ 45 (41.67%) 5 (4.55%) 50 (22.94%)
29632-positive
Siphoviridae_ 63 (58.33%) 105 (95.45%) 168 (77.06%) <0.001
29632-negative
Total 108 (100.00%) 110 (100.0%) 218 (100.0%)

novel phage and its involvement in the periodontal envi-
ronment remain to be determined.

Acknowledgments The authors are grateful to all participates in the
research and appreciate the efforts of teams in the Department of Swine
Infectious Disease, Shanghai Veterinary Research Institute, Chinese
Academy of Agricultural Sciences, Shanghai, China.

Author contributions XPF and TLS designed the study. XTD and ED
completed the data analysis and statistics. YZ and FL completed the
sample collection and the amplifications of the newly discovered full-
length human anellovirus. YZ, TY, and XC completed the epidemio-
logical investigation. All of the authors have read and approved the
final manuscript.

Funding The study was funded by the National Natural Science Foun-
dation of China (Nos. 81800967 and 81470737).

Data availability All data generated or analyzed during this study are
included in this published article

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the insti-
tutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.
Ethics Committee of the Ninth People’s Hospital, School of Medicine,
Shanghai Jiao Tong University approved this study (No. 201406).

Informed consent Informed consent was obtained from all individual
participants included in the study.

References

1. Solbiati J, Frias-Lopez J (2018) Metatranscriptome of the oral
microbiome in health and disease. J] Dent Res 97(5):492-500.
https://doi.org/10.1177/0022034518761644

2. Eke PI, Dye BA, Wei L, Thornton-Evans GO, Genco RJ
(2012) Prevalence of periodontitis in adults in the United
States: 2009 and 2010. J Dent Res 91(10):914-920. https://doi.
org/10.1177/0022034512457373

3. Al-Rasheed A, Scheerens H, Rennick DM, Fletcher HM, Tata-
kis DN (2003) Accelerated alveolar bone loss in mice lack-
ing interleukin-10. J Dent Res 82(8):632-635. https://doi.
org/10.1177/154405910308200812

4. Assuma R, Oates T, Cochran D, Amar S, Graves DT (1998) IL-1
and TNF antagonists inhibit the inflammatory response and bone
loss in experimental periodontitis. J] Immunol 160(1):403-409

5. LyM, Abeles SR, Boehm TK, Robles-Sikisaka R, Naidu M, San-
tiago-Rodriguez T, Pride DT (2014) Altered oral viral ecology in
association with periodontal disease. mBio 5(3):01133. https://
doi.org/10.1128/mbio.01133-14

6. Pride DT, Salzman J, Haynes M, Rohwer F, Davis-Long C, White
RA 3rd, Loomer P, Armitage GC, Relman DA (2012) Evidence
of a robust resident bacteriophage population revealed through
analysis of the human salivary virome. ISME J 6(5):915-926.
https://doi.org/10.1038/ismej.2011.169

7. Willner D, Furlan M, Schmieder R, Grasis JA, Pride DT, Relman
DA, Angly FE, McDole T, Mariella RP Jr, Rohwer F, Haynes
M (2011) Metagenomic detection of phage-encoded platelet-
binding factors in the human oral cavity. Proc Natl Acad Sci USA
108(Suppl 1):4547-4553. https://doi.org/10.1073/pnas.10000
89107

8. Robles-Sikisaka R, Ly M, Boehm T, Naidu M, Salzman J,
Pride DT (2013) Association between living environment and
human oral viral ecology. ISME J 7(9):1710-1724. https://doi.
org/10.1038/ismej.2013.63

9. Minot S, Bryson A, Chehoud C, Wu GD, Lewis JD, Bushman
FD (2013) Rapid evolution of the human gut virome. Proc Natl
Acad Sci USA 110(30):12450-12455. https://doi.org/10.1073/
pnas.1300833110

10. Breitbart M, Hewson I, Felts B, Mahafty JM, Nulton J, Salamon
P, Rohwer F (2003) Metagenomic analyses of an uncultured viral
community from human feces. J Bacteriol 185(20):6220-6223

11. Sullivan MB, Waterbury JB, Chisholm SW (2003) Cyanophages
infecting the oceanic cyanobacterium Prochlorococcus. Nature
424(6952):1047-1051. https://doi.org/10.1038/nature01929

12. Wichels A, Biel SS, Gelderblom HR, Brinkhoff T, Muyzer G,
Schutt C (1998) Bacteriophage diversity in the North Sea. Appl
Environ Microbiol 64(11):4128-4133

13. Pinto G, Silva MD, Peddey M, Sillankorva S, Azeredo J (2016)
The role of bacteriophages in periodontal health and disease.
Future Microbiol 11:1359-1369. https://doi.org/10.2217/
fmb-2016-0081

14. Al-Jarbou AN (2012) Genomic library screening for viruses from
the human dental plaque revealed pathogen-specific lytic phage
sequences. Curr Microbiol 64(1):1-6. https://doi.org/10.1007/
$00284-011-0025-z

15. Duerkop BA, Clements CV, Rollins D, Rodrigues JL, Hooper
LV (2012) A composite bacteriophage alters colonization by
an intestinal commensal bacterium. Proc Natl Acad Sci USA
109(43):17621-17626. https://doi.org/10.1073/pnas.1206136109

@ Springer


https://doi.org/10.1177/0022034518761644
https://doi.org/10.1177/0022034512457373
https://doi.org/10.1177/0022034512457373
https://doi.org/10.1177/154405910308200812
https://doi.org/10.1177/154405910308200812
https://doi.org/10.1128/mbio.01133-14
https://doi.org/10.1128/mbio.01133-14
https://doi.org/10.1038/ismej.2011.169
https://doi.org/10.1073/pnas.1000089107
https://doi.org/10.1073/pnas.1000089107
https://doi.org/10.1038/ismej.2013.63
https://doi.org/10.1038/ismej.2013.63
https://doi.org/10.1073/pnas.1300833110
https://doi.org/10.1073/pnas.1300833110
https://doi.org/10.1038/nature01929
https://doi.org/10.2217/fmb-2016-0081
https://doi.org/10.2217/fmb-2016-0081
https://doi.org/10.1007/s00284-011-0025-z
https://doi.org/10.1007/s00284-011-0025-z
https://doi.org/10.1073/pnas.1206136109

392

Virus Genes (2019) 55:381-393

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Allen HK, Looft T, Bayles DO, Humphrey S, Levine UY, Alt D,
Stanton TB (2011) Antibiotics in feed induce prophages in swine
fecal microbiomes. mBio 2(6):e00260. https://doi.org/10.1128/
mbio.00260-11

Parada V, Baudoux AC, Sintes E, Weinbauer MG, Herndl GJ
(2008) Dynamics and diversity of newly produced virioplankton
in the North Sea. ISME J 2(9):924-936. https://doi.org/10.1038/
ismej.2008.57

Rodriguez-Brito B, Li L, Wegley L, Furlan M, Angly F, Breit-
bart M, Buchanan J, Desnues C, Dinsdale E, Edwards R, Felts
B, Haynes M, Liu H, Lipson D, Mahaffy J, Martin-Cuadrado
AB, Mira A, Nulton J, Pasic L, Rayhawk S, Rodriguez-Mueller
J, Rodriguez-Valera F, Salamon P, Srinagesh S, Thingstad TF,
Tran T, Thurber RV, Willner D, Youle M, Rohwer F (2010) Viral
and microbial community dynamics in four aquatic environments.
ISME J 4(6):739-751. https://doi.org/10.1038/ismej.2010.1
Rodriguez-Valera F, Martin-Cuadrado AB, Rodriguez-Brito B,
Pasic L, Thingstad TF, Rohwer F, Mira A (2009) Explaining
microbial population genomics through phage predation. Nat Rev
Microbiol 7(11):828-836. https://doi.org/10.1038/nrmicro2235
Sandaa RA, Gomez-Consarnau L, Pinhassi J, Riemann L, Malits
A, Weinbauer MG, Gasol JM, Thingstad TF (2009) Viral con-
trol of bacterial biodiversity—evidence from a nutrient-enriched
marine mesocosm experiment. Environ Microbiol 11(10):2585—
2597. https://doi.org/10.1111/j.1462-2920.2009.01983.x
Paisano AF, Spira B, Cai S, Bombana AC (2004) In vitro anti-
microbial effect of bacteriophages on human dentin infected with
Enterococcus faecalis ATCC 29212. Oral Microbiol Immunol
19(5):327-330. https://doi.org/10.1111/j.1399-302x.2004.00166.x
Aljarbou AN, Aljofan M (2014) Genotyping, morphology and
molecular characteristics of a lytic phage of Neisseria strain
obtained from infected human dental plaque. J Microbiol
52(7):609-618. https://doi.org/10.1007/s12275-014-3380-1
Bachrach G, Leizerovici-Zigmond M, Zlotkin A, Naor R, Stein-
berg D (2003) Bacteriophage isolation from human saliva. Lett
Appl Microbiol 36(1):50-53

Delisle AL, Nauman RK, Minah GE (1978) Isolation of a bacteri-
ophage for actinomyces viscosus. Infect Immunity 20(1):303-306
Farrar MD, Howson KM, Bojar RA, West D, Towler JC, Parry
J, Pelton K, Holland KT (2007) Genome sequence and analy-
sis of a Propionibacterium acnes bacteriophage. J Bacteriol
189(11):4161-4167. https://doi.org/10.1128/J1B.00106-07
Haubek D, Willi K, Poulsen K, Meyer J, Kilian M (1997) Presence
of bacteriophage Aa phi 23 correlates with the population genetic
structure of Actinobacillus actinomycetemcomitans. Eur J Oral Sci
105(1):2-8

Zhan Y, Huang S, Voget S, Simon M, Chen F (2016) A novel
roseobacter phage possesses features of podoviruses, siphoviruses,
prophages and gene transfer agents. Sci Rep 6:30372. https://doi.
org/10.1038/srep30372

Edlund A, Santiago-Rodriguez TM, Boehm TK, Pride DT (2015)
Bacteriophage and their potential roles in the human oral cavity. J
Oral Microbiol 7:27423. https://doi.org/10.3402/jom.v7.27423
Hitch G, Pratten J, Taylor PW (2004) Isolation of bacteriophages
from the oral cavity. Lett Appl Microbiol 39(2):215-219. https://
doi.org/10.1111/.1472-765X.2004.01565.x

Allander T, Emerson SU, Engle RE, Purcell RH, Bukh J (2001)
A virus discovery method incorporating DNase treatment and its
application to the identification of two bovine parvovirus spe-
cies. Proc Natl Acad Sci USA 98(20):11609-11614. https://doi.
org/10.1073/pnas.211424698

Zhang Y, Li F, Shan TL, Deng X, Delwart E, Feng XP (2016) A
novel species of torque teno mini virus (TTMV) in gingival tissue
from chronic periodontitis patients. Sci Rep 6:26739. https://doi.
org/10.1038/srep26739

@ Springer

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Zhang Y, Li F, Chen X, Shan TL, Deng XT, Delwart E, Feng XP
(2017) Detection of a new species of torque teno mini virus from
the gingival epithelium of patients with periodontitis. Virus Genes
53(6):823-830. https://doi.org/10.1007/s11262-017-1505-4
Zhang W, Yang S, Shan T, Hou R, Liu Z, Li W, Guo L, Wang
Y, Chen P, Wang X, Feng F, Wang H, Chen C, Shen Q, Zhou C,
Hua X, Cui L, Deng X, Zhang Z, Qi D, Delwart E (2017) Virome
comparisons in wild-diseased and healthy captive giant pandas.
Microbiome 5(1):90. https://doi.org/10.1186/s40168-017-0308-0
Phan TG, Kapusinszky B, Wang C, Rose RK, Lipton HL, Del-
wart EL (2011) The fecal viral flora of wild rodents. PLoS Pathog
7(9):¢1002218. https://doi.org/10.1371/journal.ppat.1002218
Saitou N, Nei M (1987) The neighbor-joining method: a new
method for reconstructing phylogenetic trees. Mol Biol Evol
4(4):406-425. https://doi.org/10.1093/oxfordjournals.molbe
v.a040454

Brum JR, Ignacio-Espinoza JC, Roux S, Doulcier G, Acinas SG,
Alberti A, Chaffron S, Cruaud C, de Vargas C, Gasol JM, Gorsky
G, Gregory AC, Guidi L, Hingamp P, Iudicone D, Not F, Ogata H,
Pesant S, Poulos BT, Schwenck SM, Speich S, Dimier C, Kandels-
Lewis S, Picheral M, Searson S, Tara Oceans C, Bork P, Bowler
C, Sunagawa S, Wincker P, Karsenti E, Sullivan MB (2015) Ocean
plankton Patterns and ecological drivers of ocean viral commu-
nities. Science 348(6237):1261498. https://doi.org/10.1126/scien
ce.1261498

Vage S, Storesund JE, Thingstad TF (2013) SARI11 viruses
and defensive host strains. Nature 499(7459):E3—4. https://doi.
org/10.1038/nature 12387

Katsura I (1987) Determination of bacteriophage lambda tail
length by a protein ruler. Nature 327(6117):73-75. https://doi.
org/10.1038/327073a0

Pedersen M, Ostergaard S, Bresciani J, Vogensen FK (2000)
Mutational analysis of two structural genes of the temperate lac-
tococcal bacteriophage TP901-1 involved in tail length determina-
tion and baseplate assembly. Virology 276(2):315-328. https://
doi.org/10.1006/viro.2000.0497

Stevens RH, Preus HR, Dokko B, Russell DT, Furgang D,
Schreiner HC, Goncharoff P, Figurski DH, Fine DH (1994) Prev-
alence and distribution of bacteriophage phi Aa DNA in strains
of Actinobacillus actinomycetemcomitans. FEMS Microbiol Lett
119(3):329-337

Tylenda CA, Calvert C, Kolenbrander PE, Tylenda A (1985) Iso-
lation of Actinomyces bacteriophage from human dental plaque.
Infect immunity 49(1):1-6

Olsen I, Namork E, Myhrvold V (1993) Electron microscopy of
phages in serotypes of Actinobacillus actinomycetemcomitans.
Oral Microbiol Immunol 8(6):383-385

Preus HR, Olsen I, Gjermo P (1987) Bacteriophage infection—a
possible mechanism for increased virulence of bacteria associ-
ated with rapidly destructive periodontitis. Acta Odontol Scand
45(1):49-54

Willi K, Sandmeier H, Asikainen S, Saarela M, Meyer J (1997)
Occurrence of temperate bacteriophages in different Actinobacil-
lus actinomycetemcomitans serotypes isolated from periodontally
healthy individuals. Oral Microbiol Immunol 12(1):40-46
Abeles SR, Robles-Sikisaka R, Ly M, Lum AG, Salzman J,
Boehm TK, Pride DT (2014) Human oral viruses are personal,
persistent and gender-consistent. ISME J 8(9):1753-1767. https
://doi.org/10.1038/isme;j.2014.31

Poullain V, Gandon S, Brockhurst MA, Buckling A, Hoch-
berg ME (2008) The evolution of specificity in evolving and
coevolving antagonistic interactions between a bacteria and its
phage. Evol Int J Org Evol 62(1):1-11. https://doi.org/10.111
1/3.1558-5646.2007.00260.x


https://doi.org/10.1128/mbio.00260-11
https://doi.org/10.1128/mbio.00260-11
https://doi.org/10.1038/ismej.2008.57
https://doi.org/10.1038/ismej.2008.57
https://doi.org/10.1038/ismej.2010.1
https://doi.org/10.1038/nrmicro2235
https://doi.org/10.1111/j.1462-2920.2009.01983.x
https://doi.org/10.1111/j.1399-302x.2004.00166.x
https://doi.org/10.1007/s12275-014-3380-1
https://doi.org/10.1128/JB.00106-07
https://doi.org/10.1038/srep30372
https://doi.org/10.1038/srep30372
https://doi.org/10.3402/jom.v7.27423
https://doi.org/10.1111/j.1472-765X.2004.01565.x
https://doi.org/10.1111/j.1472-765X.2004.01565.x
https://doi.org/10.1073/pnas.211424698
https://doi.org/10.1073/pnas.211424698
https://doi.org/10.1038/srep26739
https://doi.org/10.1038/srep26739
https://doi.org/10.1007/s11262-017-1505-4
https://doi.org/10.1186/s40168-017-0308-0
https://doi.org/10.1371/journal.ppat.1002218
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1093/oxfordjournals.molbev.a040454
https://doi.org/10.1126/science.1261498
https://doi.org/10.1126/science.1261498
https://doi.org/10.1038/nature12387
https://doi.org/10.1038/nature12387
https://doi.org/10.1038/327073a0
https://doi.org/10.1038/327073a0
https://doi.org/10.1006/viro.2000.0497
https://doi.org/10.1006/viro.2000.0497
https://doi.org/10.1038/ismej.2014.31
https://doi.org/10.1038/ismej.2014.31
https://doi.org/10.1111/j.1558-5646.2007.00260.x
https://doi.org/10.1111/j.1558-5646.2007.00260.x

Virus Genes (2019) 55:381-393

393

47.

48.

49.

Lee S, Ward TJ, Siletzky RM, Kathariou S (2012) Two novel
type II restriction-modification systems occupying genomically
equivalent locations on the chromosomes of Listeria monocy-
togenes strains. Appl Environ Microbiol 78(8):2623-2630. https
://doi.org/10.1128/AEM.07203-11

Pride DT, Meinersmann RJ, Wassenaar TM, Blaser MJ (2003)
Evolutionary implications of microbial genome tetranucleo-
tide frequency biases. Genome Res 13(2):145-158. https://doi.
org/10.1101/gr.335003

Shibata Y, Yamashita Y, van der Ploeg JR (2009) The serotype-
specific glucose side chain of rhamnose-glucose polysaccharides
is essential for adsorption of bacteriophage M 102 to Streptococcus
mutans. FEMS Microbiol Lett 294(1):68-73. https://doi.org/10.1
111/j.1574-6968.2009.01546.x

50. Szafranski SP, Winkel A, Stiesch M (2017) The use of bacterio-
phages to biocontrol oral biofilms. J Biotechnol 250:29-44. https
://doi.org/10.1016/j.jbiotec.2017.01.002

51. Machuca P, Daille L, Vines E, Berrocal L, Bittner M (2010) Isola-
tion of a novel bacteriophage specific for the periodontal pathogen
Fusobacterium nucleatum. Appl Environ Microbiol 76(21):7243—
7250. https://doi.org/10.1128/AEM.01135-10

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps andinstitutional affiliations.

@ Springer


https://doi.org/10.1128/AEM.07203-11
https://doi.org/10.1128/AEM.07203-11
https://doi.org/10.1101/gr.335003
https://doi.org/10.1101/gr.335003
https://doi.org/10.1111/j.1574-6968.2009.01546.x
https://doi.org/10.1111/j.1574-6968.2009.01546.x
https://doi.org/10.1016/j.jbiotec.2017.01.002
https://doi.org/10.1016/j.jbiotec.2017.01.002
https://doi.org/10.1128/AEM.01135-10

	A novel phage from periodontal pockets associated with chronic periodontitis
	Abstract
	Introduction
	Methods
	Identification of a novel bacteriophage from human periodontal tissue
	Sequence analysis
	Phylogenetic analysis
	Epidemiological investigation

	Results
	Genome characterization
	Phylogenetic analysis of Siphoviridae_29632
	Investigation of the prevalence of Siphoviridae_29632

	Discussion
	Conclusions
	Acknowledgments 
	References




