
SD > +/−15% and average SD = 14.5%) or progressing
samples (4 species with SD > +/−15% and average SD of
= 13.6%), when compared to healthy control samples
(only one species with SD > +/−15% and average SD =
7.9%) (see Fig. 2). In addition, more outliers are found
among the top 10 most abundant microbes of stable and
progressing samples compared to healthy control sam-
ples. Importantly, these observations show a significant
reduction of overall ecological diversity in the periodon-
titis samples, as demonstrated by the concentration of
abundance toward only a few dominant species.

Differentially abundant marker species in periodontitis
samples
We found nine marker species whose relative abun-
dances were significantly different among healthy (H),
stable (S) and progressing (P) periodontitis sites, as
shown in Fig. 3b. We found that Lactobacillus gasseri
(Dunn test, (H vs. P), P = 0.014), Campylobacter showae
(Dunn test, (H vs. P), P = 0.034) and Streptococcus san-
guinis (Dunn test, (H vs. P), P = 0.008) were significantly
different in progressing periodontitis samples compared
to healthy samples. Among them, Lactobacillus gasseri
was more abundant in progressing samples, while Cam-
pylobacter showae and Streptococcus sanguinis were
more abundant in healthy samples.
Five more species had significantly higher relative

abundance in healthy samples compared to periodontitis
samples, both stable and progressing. Among them,
Gemella morbillorum (Dunn test, (H vs. S), P =0.010
and (H vs. P), P = 0.009) and Veillonella parvula (Dunn

test, (H vs. S), P =0.028 and (H vs. P), P = 0.007) were
found in both healthy and periodontitis samples, while
Haemophilus parainfluenzae (Dunn test, (H vs. S), P <
0.001 and (H vs. P), P < 0.001), Corynebacterium matru-
chotii (Dunn test, (H vs. S), P = 0.016 and (H vs. P), P =
0.004) and Neisseria flavescens (Dunn test, (H vs. S), P <
0.001 and (H vs. P), P < 0.001) were only found in
healthy samples. The statistical significance of Dunn
tests is also shown in Fig. 3b.
The results suggest that they are marker species can

be used in biclustering to differentiate among periodon-
titis states, as discussed later. In addition, Lactobacillus
gasseri (Dunn test, (P vs. S), P = 0.049), Osenella uli
(Dunn test, (P vs. S), P = 0.002), and Campylobacter sho-
wae (Dunn test, (P vs. S), P < 0.001) can differentiate be-
tween stable and progressing periodontitis, where the
first two species were significantly higher in abundance
in progressing periodontitis, and the last species was sig-
nificantly lower.

Microbial community alpha-diversity predicts disease
status
Alpha-diversity measures the biological diversity of a
community, taking both species richness and variance in
species proportion into consideration. Using Shannon
index as the metric for alpha-diversity, we found the
average to be 2.313 for healthy samples, 1.672 for pro-
gressing samples, and 1.329 for stable samples. The
alpha-diversity of healthy samples is higher than that of
progressing samples (Dunn test, P = 0.012) and stable
samples (Dunn test, P < 0.001). However, alpha-diversity

Fig. 3 Microbial diversity and abundance difference between healthy and periodontitis samples. The statistical test results of the alpha-diversities
and the significantly differentially represented microbial species under different periodontal states. a represents box plot and the test results of
alpha-diversity, b) represents those of the differentially abundant species. As for the box color coding in both subplots, the color of green repre-
sents healthy samples, yellow represents stable samples and red represents progressing samples. Statistical significance is coded as: n.s. (P > 0.05),
*(P < =0.05), **(P < 0.01), ***(P < 0.001) and is labeled above the corresponding boxes
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