
 

Bacteria-phage interaction networks provide an important 

window into the functioning and ecology of microbiomes. Here 

we utilize the CRISPR locus to build and analyze the structure 

of such networks. We find that a CRISPR-derived network in 

Human Microbiome Project data is both nested and modular, 

and a network constructed from the CRISPRdb database is 

modular.  

 

Prokaryotes and their phage predators are abundant in 

many environments and can strongly impact their 

environments. Importantly, recent evidence links bacteria in 

the human microbiome to such phenomena as obesity
1
, 

cancer
2
, and immune disorders

3
. Phages influence their hosts 

in turn, producing population-level effects such as gene 

transfer
4
 and mediation of pathogenic bacteria outbreaks

5
, an 

effect exploited in phage therapy
6
. The interpretation of 

phage-bacteria interaction networks has wide-ranging 

implications for understanding the role of microbiomes in 

their environments.  

Recently discovered prokaryotic adaptive immune system 

CRISPR-Cas
7–10

 provides another window into bacteria-

phage networks. Bacteria and archaea that possess a 

CRISPR-Cas system can develop a memory of past phage 

infections by incorporating small samples of phage DNA, 

called spacers, into a specific CRISPR locus. Many spacers 

can be stored in a CRISPR locus: up to 587 spacers have 

been documented in Haliangium ochraceum, but most 

CRISPR loci contain fewer than 50 spacers. Unlike previous 

which largely consisted of direct experiments with cultured 

bacteria and phages (Ref [
11

] compiles 38 such studies). This 

method, while yielding detailed and accurate results, is time-

consuming to the point of being unfeasible for large 

networks. As well, only a small fraction of the 

microorganisms in natural environments can be cultured in a 

laboratory at all
12

, meaning that a significant portion of 

microbial ecosystems remains inaccessible by this technique.   

In this work, we propose and demonstrate both large-scale 

and small-scale phage-bacteria interaction networks 

constructed using the information contained in the CRISPR 

locus. Many species of bacteria and archaea possess the 

CRISPR system: according to the database CRISPRdb
13

, 

84% of archaeal genomes analyzed (126/150) and 45% of 

bacterial genomes analyzed (1176/2612) possess at least one 

CRISPR region. To the extent that CRISPR-Cas is utilized in 

a bacterial strain, the CRISPR locus provides a detailed 

snapshot of phage interaction history, which can be used to 
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construct an interaction map. Displaying bacteria-phage 

relationships in this way facilitates comparison to previous 

experimental infection studies and opens the door to 

ecological analysis of microbiomes using existing network 

analysis metrics such as modularity (how well a network can 

be divided into subgroups) and nestedness (to what extent 

the interaction ranges of members are subsets of other 

interaction ranges)
11,14–16

. 

We construct CRISPR-based networks by aligning 

spacers using BLAST to a compilation of virus and phage 

databases and recording high-scoring matches. The results 

are subjected to the same analysis metrics for nestedness and 

modularity as the traditional experimental infection matrices. 

The CRISPR networks constructed here exhibit modularity 

on large scales, consistent with previous work
11

. Clustering 

between sub-groups of bacteria and phage is potentially 

indicative of ecologically distinct groups of interacting 

bacteria and phages.  

CRISPR-based networks require much less experimental 

effort to construct than experimental infection studies. 

Additionally, CRISPR data can be extracted from 

metagenomic data with existing approaches
13,17–19

 and used 

to build networks that more accurately capture interactions 

between bacteria and phages that cannot be lab-cultured. We 

explore this approach with samples from the Human 

Microbiome Project
20

 using Crass
17

 to extract candidate 

repeats and spacers.  

Our analysis shows that a bacteria-phage interaction 

network in Human Microbiome Project data is nested and 

modular to a greater degree than two null model datasets, 

one with random interactions sampled from a Gaussian 

distribution, and one with the same number of interactions 

shuffled into random positions. We also find modularity in a 

large network constructed using CRISPR locus data from the 

database CRISPRdb
13

. This work shows promise as a 

method of investigating bacteria-phage interaction networks.  
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