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Background
The microbiome, or collection of commensal micro-organisms that live on and within us, is
extremely complex and plays key roles in many prevalent human diseases. Spatial structuring of the
microbiome affects interactions and underlying community functions, which are critical to
understand for purposes of altering the microbiome to treat and prevent diseases. However, little
is known about the in vivo biogeography of the microbiome. Metagenomic plot sampling by
sequencing (MaPS-seq) data is a novel culture-independent method that can characterize the
spatial organization of an entire microbiome at micron-scale resolution, but produces data that is
noisy and can be difficult to interpret. We present a novel computational method, based on
embedded topic models, that addresses the challenges of analyzing MaPS-seq data, producing
interpretable probabilistic maps of spatial organization among microbes and recovering distinct
community subtypes.

Quantitative findings 

Methods

We demonstrated our method’s ability to provide new insights into the spatial organization of the

microbiome along the murine intestinal tract, and how dietary changes alter spatial organization in

the lower gastrointestinal tract. Our research provides new insights into the spatial organization of

microbiomes, which has potential to accelerate development of microbiome-based therapies.
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(A) Schematic of the MaPS-seq experimental pipeline (Sheth, R.U., et al.). Samples are embedded in situ
into a polymer matrix and fragmented into clusters. Each cluster is co-encapsulated with uniquely
barcoded beads and sequenced, resulting in OTU (operational taxonomic unit) reads for each particle. (B)
Generative model for latent OTU embedding and underlying spatial communities. The dot product
between community and OTU locations is mapped to communities via a stick breaking map, to allow use of
Polya-Gamma data augmentation. Reads are modeled from a Multinomial which takes into account
sampling noise and varying number of reads from each particle.
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Mice from a Low fat (LF) diet cohort were shifted to a High fat (HF) diet and MaPS-seq was performed 10 days
after dietary change. 58 OTUs were observed in 367 particles with 966 (IQR=1571) reads for LF and 44 OTUs
in 677 particles and 1164 (IQR=1017) reads for HF. HF diet is known to cause decrease in diversity. LF
communities had an average of 11 OTUs, and HF an average of 7 OTUs per community, thus having lower
local diversity as well. All members of the Muribaculaceae family were largely more general in LF.
Muribaculaceae are major mucus degraders and HF diets have been seen to lead to lower mucus production,
which could result in fewer locations for Muribaculaceae to robustly colonize, leading to decreased generality.

To perform model inference, we developed a new Markov Chain Monte Carlo-based inference
algorithm that uses Polya-Gamma auxiliary variables. The resulting posterior samples are
summarized into spatial communities and a generality score for each OTU. The generality score is
given as the normalized entropy of the OTU distribution over communities, which gives a measure
of how many distinct communities an OTU participates in.

MaPS-seq was performed on 3 regions
of the murine gastrointestinal tract:
Small intestine (SI), cecum (Ce), and
distal colon (Co). For SI, 25 OTUs were
observed over 313 particles and a
median 2760 reads per particle with an
interquartile range (IQR) of 3878 reads
per particle. For Ce, 50 OTUs were
observed from 372 particles with
median 3274.5 reads (IQR=4516). For
Co, 45 OTUs were observed from 230
particles with median 6012.5
(IQR=9564.75) reads per particle. Such
large variability in read depth highlights
the difficulty with dealing with MaPS-
seq data. Learned communities and OTU
generality scores for SI are shown
above, and Ce versus Co shown below.
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Communities in SI had an average of 5 OTUs per community, whereas Ce and Co had an average of 10 and 9
OTUs per community, respectively. This suggests regions with higher overall diversity may also have
increased local diversity. Community 13 in the colon contained only 4 taxa, 3 of which are in Bacteroidales,
which are known to engage in cross-feeding, and may therefore colocalize to share resources and form a
community. These same taxa were also seen to have higher generality scores in the Cecum, suggesting that
there might be more diverse substrates and byproducts to utilize in the Cecum.


