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ABSTRACT

Periodontal disease ranges from gingival inflammation (gingivitis) to the inflammation and loss of tooth-supporting tissues
(periodontitis). Previous research has focused mainly on subgingival plaque, but supragingival plaque composition is also
known to be associated with disease. Quantitative modeling of bacterial abundances across the natural range of periodontal severities can distinguish which features of disease are associated with particular changes in composition. We assessed a crosssectional cohort of 962 Malawian women for periodontal disease and used 16S rRNA gene amplicon sequencing (V5 to V7 region) to characterize the bacterial compositions of supragingival plaque samples. Associations between bacterial relative
abundances and gingivitis/periodontitis were investigated by using negative binomial models, adjusting for epidemiological factors. We also examined bacterial cooccurrence networks to assess community structure. The main differences in supragingival
plaque compositions were associated more with gingivitis than periodontitis, including higher bacterial diversity and a greater
abundance of particular species. However, even after controlling for gingivitis, the presence of subgingival periodontitis was associated with an altered supragingival plaque. A small number of species were associated with periodontitis but not gingivitis,
including members of Prevotella, Treponema, and Selenomonas, supporting a more complex disease model than a linear progression following gingivitis. Cooccurrence networks of periodontitis-associated taxa clustered according to periodontitis across
all gingivitis severities. Species including Filifactor alocis and Fusobacterium nucleatum were central to this network, which supports their role in the coaggregation of periodontal biofilms during disease progression. Our findings confirm that periodontitis
cannot be considered simply an advanced stage of gingivitis even when only considering supragingival plaque.
IMPORTANCE

Periodontal disease is a major public health problem associated with oral bacteria. While earlier studies focused on a small number of periodontal pathogens, it is now accepted that the whole bacterial community may be important. However, previous highthroughput marker gene sequencing studies of supragingival plaque have largely focused on high-income populations with good
oral hygiene without including a range of periodontal disease severities. Our study includes a large number of low-income participants with poor oral hygiene and a wide range of severities, and we were therefore able to quantitatively model bacterial
abundances as functions of both gingivitis and periodontitis. A signal associated with periodontitis remains after controlling for
gingivitis severity, which supports the concept that, even when only considering supragingival plaque, periodontitis is not simply an advanced stage of gingivitis. This suggests the future possibility of diagnosing periodontitis based on bacterial occurrences in supragingival plaque.

P

eriodontal disease is a major public health problem, particularly in low-income settings like sub-Saharan Africa (1). Aside
from irreversible tooth loss, chronic periodontitis may also increase the risk of adverse systemic conditions (2), such as cardiovascular disease (3) and preterm birth; however for preterm birth,
different studies have reported conflicting results (4). The association between periodontitis and systemic disease may be due to
both increased systemic inflammation and to translocation of
bacteria into the bloodstream (5). Despite its importance, the microbial ecology of periodontal disease in different oral habitats
remains incompletely understood. Studies of the oral microbiome
in periodontal disease typically focus on small populations in developed countries with advanced dental health care systems,
which may not be representative of the natural history of periodontal disease in the absence of treatment (6).
In periodontal disease, the immune system responds with in-
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flammation to oral biofilms (7). After an initial focus on identifying particular periodontal pathogens (8), it is now widely accepted
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that oral bacterial communities undergo a shift or dysbiosis (9)
and that the presence of particular disease-associated species may
exacerbate the inflammatory reaction to commensal bacteria (10).
The two main features of periodontal disease are gingival inflammation (gingivitis) and the formation of periodontal pockets
(periodontitis). While it is clear that gingivitis always precedes
periodontitis (11), gingivitis does not always progress to periodontitis (12), suggesting that these conditions may not simply
represent different stages of a continuous spectrum of disease.
While there is some evidence that a steady continuous progression
may be expected (13), most models involve acute bursts of exacerbation and longer periods of remission (14, 15).
Despite this knowledge, studies of oral bacteria in periodontal
disease often fail to capture the full range of periodontal conditions, from health through gingivitis to periodontitis. In supragingival plaque, in particular, comparing only healthy subjects with
subjects suffering from periodontitis may lead to bacterial associations being attributed to periodontitis alone, despite the fact that
they may also be present in subjects with gingivitis. To explain the
progression of disease and identify factors uniquely attributable to
periodontitis, it is necessary to compare subjects across the full
range of periodontal severities. In itself, this is not a novel concept,
with many previous studies investigating bacterial associations
with disease using checkerboard DNA-DNA hybridization (16–
18). Earlier studies were targeted at a small number of bacterial
species (typically around 40). The advent of high-throughput 16S
rRNA gene amplicon sequencing has facilitated the improved
analysis of the total bacterial diversity in the oral cavity (19, 20),
identifying around 1,000 species that may be present (10) and
showing that samples from the mouth typically have higher alpha
diversities than those from other body sites (21, 22). Recent studies have used such amplicon sequencing to characterize subgingival plaque across a range of periodontal conditions, finding differences between subjects with gingivitis and periodontitis (23,
24). Work on supragingival plaque has been less common due to
the fact that it does not have a direct link to inflammation and the
subsequent loss of attachment in periodontitis. It therefore remains ambiguous whether, for supragingival plaque, periodontitis can be simply considered an advanced stage of gingivitis or if
there are detectable differences in bacterial composition.
To address this question, we investigated bacterial abundances
in supragingival plaque using quantitative modeling that takes
into account gingivitis (quantified by bleeding on probing [BoP])
and periodontitis (quantified by periodontal pocket depth) in a
cross-sectional cohort of 962 Malawian women who had recently
given birth (25).
We used negative binomial models that were originally developed for transcriptome sequencing (RNA-seq) experiments (26),
making use of absolute (i.e., unnormalized) read counts to avoid
losing information—a downside of other statistical approaches
applied to marker gene data like rarefying (27). After fitting a
negative binomial distribution to the count data for a given species, the mean of this distribution was then used as the output of a
generalized linear model with a logarithmic link using experimental variables (e.g., disease severity) as inputs, which allowed the
identification of differentially abundant species. This approach
considers bacterial species to be independent, but in reality, oral
bacteria exist in complex polymicrobial biofilms (28). Therefore,
we also applied a cooccurrence analysis to periodontitis-associated bacteria to identify important members of the community.
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In summary, we aimed to identify the effects of periodontitis
on supragingival plaque after controlling for gingivitis severity,
separating and distinguishing the signals of these two features of
periodontal disease.
MATERIALS AND METHODS
Study population. Women who were analyzed in this study were participants in the iLiNS-DYAD-M trial (International Lipid-Based Nutrient
Supplements study group, enrolling mother-child dyads in Malawi;
ClinicalTrials registration no. NCT01239693) (25). This was a randomized controlled trial that investigated the effects of the following three
nutritional supplements on birth outcomes: lipid-based nutrient supplement (LNS), multiple micronutrients (MMN), or iron-folic acid (IFA).
Women were eligible for enrollment in the trial if they were pregnant for
⬍20 weeks, ⬎14 years old, had no chronic illnesses requiring frequent
medical care, had no allergies, had no evident pregnancy complications
(edema, blood hemoglobin of ⬍50 g/liter, systolic blood pressure of ⬎160
mm Hg, or diastolic blood pressure of ⬎100 mm Hg), no earlier participation in the same trial, and no concurrent participation in any other trail.
A total of 1,391 pregnant women were enrolled between February
2011 and August 2012 at antenatal clinics at two hospitals (Mangochi and
Malindi) and two health centers (Lungwena and Namwera) in Mangochi
district, Malawi. All women were self-reported nonsmokers and were
given two courses of preventive malaria treatment with sulfadoxine-pyrimethamine (SP; three tablets of 500 mg sulfadoxine and 25 mg pyrimethamine orally), one at enrollment and one between the 28th and 34th
gestational week. After giving birth, 1,229 women completed an oral
health examination, consisting of a clinical examination and a panoramic
X-ray of the jaws. A total of 1,024 women had this examination within 6
weeks of delivery of a single infant (mothers of twins were excluded) and
were included in further analysis. After excluding women without a supragingival sample (n ⫽ 59) and those with an unknown HIV status (n ⫽
3), 962 women remained for our cross-sectional analysis.
Classification of periodontal disease. Gingivitis was measured by the
number of dental arch sextants with bleeding on probing (BoP) out of six,
with three sextants on each jaw (left, middle, and right). For periodontitis
classification, each tooth was examined for evidence of deepened dental
pockets, both clinically and radiologically. A tooth was defined as having
periodontitis if either a ⱖ4-mm pocket was measured in clinical examination or a vertical bony pocket was identified at least at the cervical root
level radiologically. A woman was defined as having periodontitis if she
had at least three teeth with periodontitis or at least one dental arch sextant with horizontal bone loss (at least at the cervical level). The examination and classification methods are explained in detail elsewhere (29).
Sample collection. Supragingival dental plaque samples were collected by swabbing the gingival margin of each tooth with a sterile plastic
swab stick with a nylon fiber tip (microRheologics no. 552; Coban,
Brescia, Italy). After transfer in a cold box with ice packs to a laboratory,
swabs were stored in cryovials at ⫺20°C before being transferred to
⫺80°C.
DNA extraction and sequencing. We used Illumina compatible primers (785F, GGATTAGATACCCBRGTAGTC, and 1175R, ACGTCRTCC
CCDCCTTCCTC) (30) that amplify the V5 to V7 region of the 16S rRNA
gene to generate a sequencing library (31). Each sample was amplified
with dual indexes on the forward and reverse primer. All barcodes and
adapter sequences used have been previously published (32). Each reaction mixture was set up with 1⫻ Molzym PCR buffer (Molzym), 200 M
deoxynucleoside triphosphates (dNTPs) (Bioline), 0.4 M forward and
reverse primer with barcode attached, 0.025 M MolTaq (Molzym), and
5 l of template DNA and PCR grade water (Bioline) to make a final
reaction mixture volume of 25 l. Cycling parameters were as follows:
94°C for 3 min, 30 cycles of 94°C for 30 s, 60°C for 40 s, and 72°C for 90 s,
and one final extension at 72°C for 10 min.
Samples were purified and pooled into an equimolar solution using
the SequalPrep normalization plate kit (Life Technologies) and further
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cleaned using AMPure XP beads (Beckman Coulter), both per the manufacturer’s recommendations. After quantification using Qubit 2.0 (Life
Technologies), the library was diluted and loaded into the MiSeq reagent
cartridge at 10 pM. MiSeq runs were set to generate 250-bp paired-end
reads and two 12-bp index reads for each sample.
Taxonomic classification. Sequenced reads were merged, demultiplexed, and quality filtered (minimum average Phred score of ⬎25) using
QIIME v1.8.0 (33). Closed-reference operational taxonomic units
(OTUs) were picked at a 98.5% similarity against the Human Oral Microbiome Database (HOMD) v13.2 (20) using USEARCH v6.1.544 (34) in
QIIME v1.8.0 (33) with parallel_pick_otus_usearch61_ref.py. We used a
98.5% sequence similarity because this is the threshold used to define taxa
in HOMD, as it approximately corresponds to species-level clusters for
most oral bacteria (20). This approach identified 664 bacterial OTUs corresponding to 13,049,932 reads. The mean number of reads per sample
was 13,565 ⫾ 6,833.
Closed-reference OTU picking suffers from a number of issues, including sensitivity to the order of reference sequences when sequences are
identical over the region considered (35). This is a particular problem
when sequences are similar; there exist oral bacteria that have ⬎99%
sequence similarity in given regions of the 16S rRNA gene but occupy
separate oral habitats (36). For this reason, we also performed minimum
entropy decomposition (MED) on reads. MED is an unsupervised version
of the oligotyping pipeline (37), which allows a greater resolution of microbial diversity by partitioning sequences based on sites with high positional entropy in a reference-free manner (36).
After merging overlapping reads, the average sequence length was 369
bases. We filtered sequences with an expected error of more than 1 using
fastq_filter in VSEARCH v1.11.1 (38). We then discarded all sequences
that were shorter than 350 bases or longer than 380 bases but performed
no other quality filtering (e.g., length truncation) because MED assumes
that length variation is biologically meaningful. We ran MED v2.1 on
14,449,794 sequences (information on the reads discarded at each stage is
available in the supplemental material). Because we wanted to be able to
detect rare sequences, we set the minimum substantive abundance parameter (M) to 1,444 (0.1% of the total number of reads) and the maximum variation allowed within a node (V) to 3. All other parameters were
set to their default values. We assigned taxonomy to MED phylotypes
using the Global Assignment of Sequence Taxonomy (GAST) (39) with
VSEARCH v1.11.1 replacing USEARCH.
Statistical analyses. (i) Diversity. We fitted a multivariate linear regression model to predict species richness (observed number of species)
and the Shannon index (a measure of richness and evenness) using gingivitis, periodontitis, and the variables listed in Table 2 for 811/962 samples
with complete data and ⬎5,000 reads. Richness and Shannon index were
averaged over 100 iterations of rarefying to 5,000 reads per sample. Backwards stepwise reduction by the Akaike information criterion (AIC) (40)
was used to select the final model.
(ii) Differential abundances. We used DESeq2 v1.6.3 (26) in Phyloseq
to model abundances. DESeq2 uses negative binomial generalized linear
models to compare the absolute number of reads for each taxon between
categories (27). Gingivitis was included as a continuous variable (BoP
ranging from 0 to 6) and periodontitis as a binary factor. The model also
contained terms controlling for potential confounders (study site, nutritional intervention, HIV status, and sequencing run). P values were corrected for multiple testing using the Benjamini-Hochberg procedure (41).
Full DESeq results for gingivitis and periodontitis are available in the
supplemental material (Data Set S1).
(iii) Correlation networks. To facilitate a higher resolution of the
network of periodontitis-associated bacteria, we selected all MED phylotypes that had representative sequences with ⬎98.5% sequence similarity
to periodontitis-associated HOMD OTUs. We calculated pairwise Spearman correlation coefficients between these MED phylotypes across samples. We used the SparCC procedure to estimate correlations from compositional data using log-ratio transformed abundances (42) with default
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TABLE 1 Breakdown of all women by severity of periodontal disease
No. of women according to severity of periodontal
disease (no. dental arch sextants with BoP)
Periodontitis

0

1

2

3

4

5

6

No
Yes

137
4

72
11

95
23

111
27

72
51

63
50

102
145

parameters (20 inference iterations and a correlation strength exclusion
threshold of 0.1). To calculate pseudo P values (two-sided t test), we
shuffled the data sets for each group 100 times and repeated the procedure, removing correlations that were not significant (P ⬍ 0.05, no multiple testing correction). Networks of strong correlations, defined as being
outside of the 95% confidence interval (CI) for the mean correlation between nodes (mean ⫹ 1.96 ⫻ standard deviation [SD], e.g., 0.405 for the
network in Fig. 4a) were visualized as networks with qgraph v1.3.1 (43)
using the Fruchterman-Reingold algorithm for node placement (44).
Accession number(s). Reads were deposited in the European Nucleotide Archive under study accession no. PRJEB15035 (see the supplemental material for details).

RESULTS

Description of cohort. A total of 962 Malawian women were included in our analysis, with a mean age of 25.4 ⫾ 6.2 years. Of
these women, 140 (14.6%) had no periodontal disease, 822
(85.4%) had gingivitis (bleeding on probing [BoP] score of ⱖ1),
and 307 (32.0%) had periodontitis (Table 1). Gingivitis and periodontitis were significantly correlated (Spearman’s  ⫽ 0.44),
with the majority of women with periodontitis having high levels
of gingivitis. Periodontitis and gingivitis were more common in
women who were older, had lower socioeconomic status, and had
fewer years of education (Table 2; for modeling, see Table S1 in the
supplemental material).
Plaque richness and diversity are higher in more severe gingivitis and periodontitis. Initial exploratory analysis with principal-coordinate analysis (PCoA) ordinations showed that, although there was large variability in community composition
across supragingival plaque samples, there was also a clear trend
related to gingivitis severity that was robust to the analysis method
used (HOMD OTUs or MED phylotypes) (Fig. 1). Stratifying by
periodontitis in the same way did not indicate visually clear differences.
A quantitative analysis of diversity reflected this trend. Gingivitis was associated with higher microbial community richness
(Fig. 2a) and Shannon indexes (Fig. 2b). Microbial communities
did not markedly differ between healthy women and those with
low levels of gingivitis. Both gingivitis and periodontitis were associated with higher supragingival plaque richness in a linear regression, controlling for demographic variables (see Table S3a in
the supplemental material). In the final model predicting Shannon index, periodontitis was not retained but gingivitis was (see
Table S3b in the supplemental material). Reversing the analysis,
richness was retained in the final model for predicting gingivitis
but not periodontitis (see Table S2 in the supplemental material).
Differences in bacterial abundances with gingivitis. Differential abundance analyses with DESeq2 (26, 27) found 118 OTUs
that were significantly (false-discovery rate [lsqbq] ⬍ 0.05) associated with a greater severity of gingivitis (see Data Set S1 in the
supplemental material), making up 16.6% of the data set in terms
of reads. Conversely, 47 OTUs were associated with lower severity
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No
Yes

No
Yes

No
Yes

No
Yes

No
Yes

No
Yes

1

2

3

4

5

6

102
145

63
50

72
51

111
27

95
23

24.5 (5.5)
28.3 (7.0)

24.9 (5.2)
26.6 (5.9)

25.0 (6.4)
26.9 (5.4)

24.4 (5.4)
26.5 (5.7)

24.7 (6.2)
27.5 (6.2)

23.9 (5.9)
31.6 (6.1)

23.4 (5.8)

Age (yr [SD])

10 (9.8)
30 (20.7)

7 (11.1)
5 (10.0)

9 (12.5)
8 (15.7)

11 (9.9)
4 (14.8)

11 (11.6)
5 (21.7)

7 (9.7)
1 (9.1)

27 (19.3)

No. with positive
HIV test (%)

18 (17)
28 (19.3)

12 (19.0)
7 (14.0)

16 (22.2)
11 (21.6)

32 (28.8)
3 (11.1)

22 (23.2)
5 (21.7)

16 (22.2)
1 (9.1)

37 (26.6)

No. with
malaria (%)a

21.9 (2.3)
22.1 (2.5)

21.6 (2.4)
21.8 (3.1)

21.7 (2.2)
21.8 (2.7)

21.7 (2.3)
22.2 (2.7)

22.1 (2.6)
21.7 (2.0)

22.6 (3.4)
22.7 (2.4)

22.7 (3.2)

Mean
BMI (SD)

3.5 (3.0)
2.9 (3.0)

4.0 (3.6)
2.4 (2.8)

3.4 (3.0)
3.3 (3.1)

4.3 (3.3)
3.6 (3.0)

4.4 (3.6)
2.7 (3.3)

5.1 (3.8)
4.4 (3.3)

5.6 (3.6)

Mean education
(yr [SD])

26 (25.7)
32 (22.1)

15 (23.8)
5 (10.0)

11 (15.3)
7 (13.7)

21 (18.9%)
6 (22.2)

19 (20.0)
4 (17.4)

12 (16.7)
3 (27.3)

36 (25.7)

No. with
anemia (%)b

39/19/13/24
13/1/4/5
41/22/22/26
11/6/3/7
28/16/10/18
27/3/7/14
22/11/9/21
18/11/7/14
36/24/16/26
66/28/17/34

⫺0.12 (0.84)
⫺0.20 (0.91)
⫺0.16 (0.80)
⫺0.17 (0.81)
⫺0.16 (0.81)
⫺0.36 (0.61)
⫺0.20 (0.81)
⫺0.27 (0.74)

25/9/17/21
6/2/1/2

36/37/18/49

0.10 (1.10)
⫺0.16 (0.91)

0.19 (1.11)
⫺0.35 (0.62)

0.38 (1.22)

Socio-economic
status (SD)c

No. of women
from each
sited

33/41/28
45/48/52

22/23/18
16/15/19

16/26/30
14/19/18

40/34/37
11/4/12

38/34/23
5/11/7

32/19/21
8/0/3

43/53/44

No. of women
receiving each
nutritional
interventione

18/46/36/2
59/43/41/2

26/13/24/0
21/12/17/0

26/28/18/0
23/7/21/0

36/34/39/2
11/6/10/0

31/41/23/0
9/7/7/0

34/26/12/0
3/5/3/0

47/49/41/3

No of samples
on each
sequencing
runf

b

Malaria was diagnosed with a rapid diagnostic test obtained from a finger prick.
Anemia was defined as a hemoglobin count of ⬍110 g/liter.
c
A proxy for socioeconomic status was created from a principal components analysis by combining information on the building material of the house, main source of water and electricity, sanitary facilities, and main type of cooking
fuel used.
d
Women were enrolled at the following four sites: Lungwena, Malindi, Namwera, and Mangochi, respectively.
e
Women received one of the following three nutritional interventions: IFA, MMN, or LNS, respectively.
f
Supragingival samples were run on one of four sequencing runs on Illumina MiSeq.

a

140

No

0

72
11

Total no. of
women

BoP
(no.) Periodontitis

TABLE 2 Demographic characteristics broken down by severity of periodontal disease
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FIG 1 The PCoA ordination of supragingival plaque samples shows an approximate trend with gingivitis severity that is robust to analysis methods. PCoA
ordinations based on Bray-Curtis dissimilarities between samples for 626 HOMD OTUs (a, b) and 502 MED phylotypes (c, d). Filled ellipses show mean values
for each gingivitis severity, ranging from 0 (yellow) to 6 (dark red). In both cases, an approximate trend is visible, despite the noisiness of the data set. Before
plotting, samples were rarefied to 5,000 reads to minimize the impact of sequencing depth.

(18.7% of the data set), implying that gingivitis is not only related
to bacterial load but also to the nature of the microbial community.
Figure 3a and b show the cumulative abundances of healthand gingivitis-associated OTUs, respectively, showing the progressive nature of changes with the degree of bleeding. Most of the
pairwise comparisons of summed abundances of health- and gingivitis-associated OTUs were not significantly different between
women with and without periodontitis (Kruskal-Wallis test, P ⬎
0.05). However, for women with periodontitis, the severity of gingivitis was important, as there were microbial differences between
women with and without periodontitis for both moderate gingivitis (BoP of 3; P ⫽ 0.014) and severe gingivitis (BoP of 6; P ⫽
0.011). The most significantly gingivitis-associated OTU was Peptostreptococcus stomatis, which was present in over 75% of samples
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across severity categories and was an average of 1.45-fold more
abundant (95% CI of 1.37 to 1.54) with a unit increase in BoP.
Differences in bacterial abundances with periodontitis.
While gingivitis had a stronger association with supragingival microbiota, there were also differences in microbial community
compositions with periodontitis (Fig. 3c and d). Seventy-one
OTUs were significantly (q ⬍ 0.05) more abundant in women
with periodontitis (see Data Set S1 in the supplemental material),
making up 4.4% of the data set in terms of reads. Thirteen OTUs
were significantly more abundant in the absence of periodontitis,
making up 3.6% of the data set by reads. These health-associated
OTUs were Lautropia mirabilis, Rothia aeria, Streptococcus pyogenes, Streptococcus mutans, and seven members of Actinomyces.
At the genus level for periodontitis-associated OTUs, Prevotella (14 OTUs) and Treponema (10 OTUs) were the most rep-
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FIG 2 Microbial community richness and Shannon index increase with gingivitis severity. Both richness (number of observed species) (a) and Shannon
index (measure of diversity) (b) of supragingival plaque increase with gingivitis severity. Estimates for each sample were calculated by sampling with replacement at a rarefaction depth of 5,000 sequences per sample and averaging
over 100 iterations. The fitted line shows a local polynomial regression fit
calculated using loess in R, with the gray region indicating the 95% CI. A total
of 138/965 samples were excluded due to having fewer than 5,000 sequences.
Changing the rarefaction depth did not affect the conclusion that gingivitis
severity was associated with an increase in both species richness and Shannon
index.

resented. Only one member of the pathogenic red complex (8) was
significantly associated with periodontitis, Treponema denticola.
The other two members (Porphyromonas gingivalis and Tannerella
forsythia) were additionally not identified as MED phylotypes in
the data set, which is possibly due to primer mismatch (see the
discussion in the supplemental material). Eubacterium nodatum,
previously identified as clustering with the red complex in supragingival plaque (45), was significantly associated with periodontitis.
Differences in bacterial abundances unique to periodontitis.
Forty out of 71 periodontitis-associated OTUs (56%) were not
associated with gingivitis (see Table S4 in the supplemental material). These taxa were rare; their mean cumulative abundance was
2.2%, with only six OTUs having mean relative abundances of
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⬎0.1%. The most represented genera were Prevotella (9 OTUs),
Treponema (5 OTUs), and Selenomonas (4 OTUs).
The presence or absence of periodontitis was not a significant
determinant of the cumulative abundances of these OTUs for
women with the same levels of gingivitis (Kruskal-Wallis test, P ⬎
0.05), except for women with a BoP of 4 (P ⫽ 0.026).
The cooccurrence network of periodontitis-associated taxa.
The above analysis considers each OTU as independent, but in
reality, oral bacteria exist in complex polymicrobial biofilms
where interactions are extremely important (28). Cooccurrence
analysis can allow for the identification of important members of
microbial communities (46). We therefore analyzed the cooccurrence networks of periodontitis-associated bacteria across all periodontal severities.
A preliminary network analysis of periodontitis-associated
OTUs across periodontal severities indicated that the network was
more connected in women with periodontitis across gingivitis severities (see Fig. S1 in the supplemental material). However, we
sought to confirm this cooccurrence pattern with a higher resolution analysis. We therefore selected all MED phylotypes that had
⬎98.5% similarity to a periodontitis-associated OTU (see Materials and Methods). Eighty-one MED phylotypes had representative sequences with ⬎98.5% similarity to a periodontitis-associated OTU (see Data Set S2 in the supplemental material).
The strongly connected cooccurrence network in women with
severe gingivitis (BOP of 6) and periodontitis showed several genus-level clusters, including Selenomonas, Peptostreptococcus, and
Prevotella (Fig. 4a). Notably, these clusters were connected by a
small group of central bacteria, including Filifactor alocis (phylotype 158) and several members of Fusobacterium nucleatum with
phylotypes classified taxonomically as subspecies vincentii (phylotypes 3163 and 622) and polymorphum (phylotypes 618 and 619),
suggesting their roles in the coaggregation of periodontal biofilms.
Ranking phylotypes in the strongly connected network according
to their betweenness centrality, which measures the potential for
influence on information transfer in a network (47), the most
connected phylotype was F. nucleatum subsp. vincentii (phylotype
3163) (see Table S5 in the supplemental material). T. denticola was
not present in this network, but when MED analysis was repeated
with the minimum substantive abundance parameter reduced by
a factor of 10 to 0.01%, we found that it was placed in the network
in a central position.
To confirm that this altered community structure was a distinguishing feature of supragingival plaque between women with and
without periodontitis, we clustered the correlation matrices based
on Mantel distances for each category of periodontal disease (Fig.
4b). Networks clustered by the periodontitis status of the women
in the group, which confirmed that the altered community structure with periodontitis was detectable even in women with low
levels of gingivitis. Within the periodontitis groupings, matrices
clustered by gingivitis severity.
DISCUSSION

In this study, we investigated changes in the supragingival microbiome associated with periodontal disease severity in a large crosssectional cohort in Malawi. Our main finding was that even
though the composition of supragingival plaque is primarily associated with gingivitis, as quantified by bleeding on probing, rather
than the presence or absence of periodontitis, the presence of periodontitis has detectable associations with supragingival microbi-
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FIG 3 Summed percentage abundances of OTUs associated with decreased gingivitis (a), increased gingivitis (b), absence of periodontitis (c), and presence of
periodontitis (d) for each periodontal disease category. For plotting purposes, samples were rarefied to 10,000 reads per sample, resulting in the removal of
269/962 samples; this rarefaction was not used in the selection of the OTUs, which was performed using DESeq2 on the whole data set. One outlier and two
outliers in panels c and d, respectively, are not shown due to trimming the y axis at a relative abundance of 30%.

ota that are unrelated to gingivitis. In particular, the differences
in cooccurrence patterns of taxa between women with and
without periodontitis support a more complex etiology of disease than a simple progression from health through gingivitis
to periodontitis.
Gingivitis and periodontitis were associated with higher microbial community richness and Shannon indexes, and this association remained after adjustment for demographic factors, in-
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cluding age, body mass index (BMI), and socioeconomic status.
This finding is consistent with previous research (48, 49), with
higher diversity meaning that, in periodontal disease, the oral microbiota is added rather than existing taxa undergoing replacement. This may correspond to primary ecological succession in a
new environmental niche, as suggested by Abusleme et al. (50).
We found that many taxa were associated with gingivitis and
periodontitis. The abundance of the majority of these taxa in-
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FIG 4 The cooccurrence network of periodontitis-associated bacteria shows a distinct community structure with the presence of periodontitis across gingivitis
severities. (a) The strongly connected central cooccurrence network of periodontitis-associated bacteria across supragingival plaque samples from n ⫽ 110
women with severe gingivitis (BoP ⫽ 6) and periodontitis. Shown here are significant strong pairwise Spearman correlation coefficients (P ⬍ 0.01;  ⬎ 0.405),
calculated with SparCC between MED phylotypes with ⬎98.5% similarity to periodontitis-associated HOMD OTUs (see Materials and Methods). Node color
indicates taxonomic genus, size is proportional to log-transformed mean relative abundance, and edge weight indicates the strength of the correlation. The red
circle indicates the node with the highest betweenness centrality, classified taxonomically as Fusobacterium nucleatum subsp. vincentii. Node layout was
determined using the Fruchterman-Reingold algorithm in qgraph v1.3.1. Twenty-two nodes without any strong correlations connecting them to the rest of the
network (i.e., no edges with a  of ⬎0.405) were removed during figure preparation. (b) Clustering using hclust in R of the correlation matrices calculated in this
way for all severities of periodontal disease. The periodontitis-associated cooccurrence network is more similar between women with periodontitis, regardless of
gingivitis severity. Correlation matrices were not adjusted for significance due to the different numbers of women between groups.

creased with gingivitis severity, and this pattern was not influenced by the presence of periodontitis. Furthermore, some
women without gingivitis had similar summed percentage abundances of disease-associated taxa compared to women with severe
gingivitis. It would appear that relative bacterial abundances alone
are insufficient to explain the presence of disease, which is consistent with a requirement for other factors, such as the host inflammatory response, to cause disease.
Periodontitis-associated OTUs were also identified, including
known periodontal pathogens like F. alocis, T. denticola, F. nucleatum, and P. stomatis, which is consistent with findings from other
populations (28). OTUs, including members of Prevotella, Treponema, and Selenomonas, were not significantly associated with
gingivitis severity, supporting the idea that periodontitis is not just
an advanced phase of gingivitis and involves additional bacteria.
However, cumulative abundances of periodontitis-associated
OTUs did not differ significantly between women with and without periodontitis who had the same levels of gingivitis, which suggests that abundances do not fully explain the disease.
What we did observe were different cooccurrence patterns
across disease categories for periodontitis-associated bacteria,
which indicated the presence of a consistent community structure
in women with periodontitis across all gingivitis severities. Central
nodes in this periodontitis-associated network included F. alocis
and several subspecies of F. nucleatum, which acted as hubs connecting different clusters. Network analysis using betweenness
centrality ranked F. nucleatum subsp. vincentii (phylotype 3163)
as the most central phylotype in the strongly connected cooccurrence network in women with severe gingivitis and periodontitis.
These findings are consistent with the proposed roles of “bridging
bacteria” that contribute to the coaggregation of periodontal bio-
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films (51). F. nucleatum has been shown experimentally to facilitate the survival of obligate anaerobes in aerated environments
(52) and has been identified as one of the important precursors to
attachment by later colonizers in periodontal disease (51). F. alocis
has also been experimentally linked to the coaggregation of periodontal biofilms (53, 54) and correlates with the greater inflammation in periodontitis (24). Chen et al. also identified a similar F.
alocis-centered cooccurrence group of taxa that was enriched in
multiple oral habitats during periodontitis compared with those
in healthy controls (49).
Limitations. The main strength of this study is that we were
able to include women with different severities and combinations
of periodontal disease, allowing us to distinguish signals from gingivitis and periodontitis. However, our observations about periodontitis only apply to supragingival plaque, as we did not sample
from subgingival plaque due to the difficulty of collecting such a
large number of samples from a cohort in a resource-limited setting. However, previous work has shown that sampling supragingival plaque still allows for the detection of bacteria associated
with periodontitis while being minimally invasive and simple to
perform (55). Similarly, we were able to observe changes in the
abundances of rare taxa that were known to be associated with the
subgingival plaque of periodontitis. For example, Fretibacterium
fastidiosum (HOMD identification 360BH017), which accounted
for a mean of just 0.009% of reads, was still significantly more
abundant (2.5-fold) in women with periodontitis, which is consistent with the recent finding of a higher abundance in subgingival plaque when periodontitis was compared to gingivitis (23).
Another limitation was that samples were collected from across
the mouth instead of localizing sampling to sites of specific interest. The distribution of bacterial species across the mouth is
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known to be heterogeneous, with supragingival plaque at sites
adjacent to deepened periodontal pockets showing significantly
higher counts of periodontitis-associated species (45). Due to the
size of our cohort, we used a single swab, which was probably
responsible for the large amount of variability in our data set when
visualized in ordinations (Fig. 1), and effectively pooled all supragingival sites. This precluded an investigation of heterogeneity
between sites, but detectable associations with both gingivitis and
periodontitis were still present even with this approach.
We treated gingivitis as a continuous variable but periodontitis
as binary. In reality, periodontitis is a complex disease with a problematic classification (15), and it is likely that our simple treatment of periodontitis obscures this complexity. This may cause
bacterial cooccurrence patterns in women with periodontitis to
appear stronger, as women with more severe disease may have
greater abundances of associated bacterial species.
Our study is the largest to be conducted so far in a sub-Saharan
population, and our results appear to be consistent, for the most
part, with previous work on bacterial associations with periodontal disease (16, 28, 45, 49, 56). However, it should be pointed out
that our population was additionally notable in two respects. First,
all participants were women who had recently given birth. Pregnancy, particularly in its early to middle stages, is known to be
linked to periodontal disease and potential changes in the oral
microbiome (57), with an increased susceptibility to gingivitis
(58), although subgingival levels of known periodontal pathogens
may remain unchanged (59). Qualitative differences between
periodontal pathogens found during pregnancy and postpartum
have also been observed (60). It is not clear for how long after
pregnancy the oral microbiome remains altered, but evidence that
significant changes are mainly detectable in early pregnancy (57)
and the consistency of our results with other studies suggest that
effects remaining after 6 weeks postpartum are small. Second, all
women in the study were intermittently given sulfadoxine-pyrimethamine (SP) at enrollment and between the 28th and 34th
gestational week for malaria prevention. Since systemic antibiotics can be given as a treatment for aggressive periodontitis (61),
patients who have received antibiotic treatment in the previous 6
months are often excluded from studies of periodontitis. However, the salivary microbiome has been shown to be robust to
disturbance by a week-long course of antibiotics (62). Given that
SP treatment was intermittent, involved antibiotics not targeted at
periodontal bacteria, and took place around 2 months before the
oral sampling, we believe that it is unlikely to have played an important role but have no direct evidence to support this claim.
Conclusion. This study represents the largest to date investigating associations between supragingival plaque composition
and various severities of periodontal disease in a low-income subSaharan population with limited oral hygiene. We have identified
distinct signals associated with gingivitis and periodontitis in supragingival plaque, with a dominant contribution from gingivitis.
Future proposals for a diagnostic test for periodontitis based on
supragingival plaque sampling, which may be useful in low-resource settings, will need to take this into account. Network analysis of observed cooccurrence patterns was consistent with the
role of bridging bacteria like F. nucleatum and F. alocis in the
coaggregation of periodontal biofilms prior to penetrance into
subgingival regions. Although some periodontitis-associated bacteria were also associated with gingivitis, the major change with
periodontitis is in the network of cooccurrences. Viewed this way,
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gingivitis sets the stage for periodontitis to develop by providing
an environment where periodontitis-associated taxa can increase
in abundance and coaggregate into pathogenic biofilms that may
then penetrate to subgingival regions. More quantitative modeling of associations between oral bacteria and various clinical features of disease will be necessary to understand these complex
relationships and explore the microbial ecology of periodontitis.
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