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Figure 1 Co-occurrence network for bacterial OTUs. Edges representing weak correlations
(absolute value less than 0.2) are not shown in order to make the visualization cleaner and less
cluttered. Node coloring is such that redder colors indicate OTUs that are more di↵erentiable in
terms of their abundance between two groups (e.g., former smokers and non-smokers)

Figure 2 Co-occurrence network for bacterial OTUs. All features are as in Fig. 1, except for node
coloring. Di↵erent node colors indicate di↵erent bacterial “social” clubs (clusters), automatically
generated using the Markov clustering method. Clubs are indicated by nodes of the same color.
Groups with fewer than 3 nodes are not considered clubs. Uncolored vertices are not part of any
club.

Figure 3 Heat map showing “clubs” generated for the data set from Figures 1 and 2. OTU labels
are color-coded to match the color scheme for Figure 2.

Red Blue Sea Green Gray Gold

Strepto. Propio. Actino. TM7 Ralsto.
F. Pasteur. F.Pseudo.1 Parvimo.2 Peptos. Staph.
Fusobact. Burkho. O.Clostr. Parvimo.1 Coryne.
Veillo. F.Pseudo.2 Porphy. Solobact. O.Burkho.
Prevot. Alicyclo. Mycopl. F. Alca. Gammapro.

0.38±0.16 -0.11±0.04 0.17±0.09 0.19±0.1 -0.1±0.05
0.28±0.16 -0.09±0.02 -0.1±0.04 0.12±0.08

0.32±0.23 0.16±0.13 -0.09±0.03
0.4±0.2 0.09±0.11

0.39±0.21

Figure 4 Table showing the 5 most abundant OTU members in five of the clubs (colored red,
blue, sea green, gray, and gold in Figure 2) with measures of (mean±SD) inter- and
intra-correlations between clubs using only significant correlations. Names of bacterial taxa are
abbreviated for convenience.

Figure 5 Two (marked) pairs of rival clubs found (by our algorithm) in the network from Figure 2.

Figure 6 Bacterial co-occurrence network with clubs for smokers.

Figure 7 Bacterial co-occurrence networks for HMP data sets: (a) Supragingival; (b) Subgingival
plaque; (ac) Saliva and (d) Buccal mucosa

Figure 8 Bacterial co-occurrence networks for HMP data sets: (a) Tongue Dorsum and (b) Hard
Palate (c) Palatine Tonsils and (d) Throat
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Figure 7 Bacterial Co-occurrence Networks for HMP data sets: (a) Supragingival; (b) Subgingival
Plaque; (ac) Saliva and (d) Buccal Mucosa

groups within a class of entities. We will refer to these clusters as social clubs, or

simply clubs. We informally define a club to be a group of bacterial OTUs with

strong positive correlations between each other.

A visual approach to finding clusters was aided by the Fruchterman-Reingold

algorithm, which places strongly positively correlated OTUs fairly close to each

other, causing them to form visually identifiable clusters. Clusters of strongly cor-

related bacterial taxa were immediately obvious in the co-occurrence networks that

were produced by the layout algorithm. However, we also have negative correlations

present in the data. The Fruchterman-Reingold algorithm also tends to co-locate

OTUs that are strongly negatively correlated. Thus it may be possible to identify

clusters with strong correlations (either positive or negative). One note of caution

is that if two nodes are located close to each other, it does not imply that they

are strongly correlated to each other, because the lack of correlation is not a strong

“repulsive” force. Thus there is no clear delineation between groups of positively

and negatively correlated OTUs in the co-occurrence networks produced by the

Fruchterman-Reingold algorithm.

As mentioned above, the Fruchterman-Reingold algorithm is merely used as a

visualization tool to observe the bacterial co-occurrence networks, which have in-

teresting clubs. Of course, it is much more useful to automate the process of finding

meaningful clubs. Considerable research exists on the problem of finding such clus-

ters (i.e., clubs) in a (weighted) network. Existing methods include spectral clus-

tering [24], edge-based agglomerative or divisive methods [25], multi-level graph

partitioning [26], algorithms based on Min-cut [27], Markov clustering [22,28], and

much more [29–33]. The problem is also similar to that of identifying high-density

subgraphs [34] and can be computed (with minor modifications) using an algorithm
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Figure 8 Bacterial Co-occurrence Networks for HMP data sets: (a) Tongue Dorsum and (b) Hard
Palate (c) Palatine Tonsils and (d) Throat

by Hartuv and Shamir [35,36] or the one by Hü↵ner et al. [34]. All the above meth-

ods have their strengths and weaknesses, but the Markov clustering approach was

chosen for our work because of its previous success with biological data sets [37].

Note that the limitations of Markov clustering include a lack of proof of conver-

gence, limited ability to deal with graphs of large diameters, lack of robustness, and

the fact that some of the parameters are set arbitrarily [22, 28].

Our experiments show that the bacterial clubs identified by the Markov clustering

method are consistent with the visual clusters observed using the Fruchterman-

Reingold method. The bacterial clubs can be seen in the heat map (Figure 3) and

in the marked network graph (Figure 2).

Clubs with predominantly positive correlations are likely to indicate “coopera-

tion” between the members of the group. The interacting OTUs may represent

taxa that depend on or complement each other in a given environment and could

indicate a core group of functions needed to thrive. Negative correlations between

bacterial taxa suggest “competition” between members of the group. While large

groups of bacterial taxa with strong positive correlations are likely to exist, large

groups of bacteria with strong negative correlations are not likely to exist since the

definition of correlation does not quite permit it. However, large groups of weakly

negative correlations may be found.

A substantially more interesting structure in the network diagrams is the “com-

peting groups” of bacterial OTUs. We informally define a pair of rival clubs to be

a pair of clubs such that members of one club have negative correlations with the

members of the “rival” club. Rival clubs are likely to indicate groups that are ei-

ther clamoring for the same scarce resources in the given environment or producing

byproducts toxic to each other.


