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Introduction

Biodiversity of Marine Mircrobes

Advances in sequencing technology have made georeferenced genomic and metagenomic data sets
increasingly common, revolutionizing our ability to investigate the processes influencing biodiversity.
GenGIS is a free and open-source software package that allows users to merge genetic, ecological,
and digital map data into a highly interactive graphical environment where the interplay between
these distinct sources of data can be visualized, explored, and quantitatively assessed.

GenGIS was used to investigate 19
metagenomic samples of marine microbial
communities collected as part of the Global
Ocean Sampling expedition (Rusch et al.,
2007). These samples cover a wide latitudinal
gradient extending from Halifax, Nova Scotia to
the Panama Canal (~9°N to 45°N) and a range
of habitat types (see table below). Using 16S
ribosomal DNA genes from these samples as indication of their phylogenetic composition, the
similarity between communities was determined using the UniFrac phylogenetic β-diversity measure
(Lozupone and Knight, 2005).

Visualizations of 2D and 3D tree structures within a cartographic display allow the influence of
geographic and ecological gradients on biodiversity to be studied. In the image below, two alternative
hypotheses examining the influence of geography on the evolutionary history of genetic samples
taken at multiple sites along a stream are tested. A strictly latitudinal gradient is tested on the left which
results in 2 crossings occurring between the correlation lines (shown in red). A non-linear gradient
following the path of the stream is tested on the right as depicted by white dashed lines. No crossings
between the correlation lines occur under this hypothesis indicating a perfect fit with the inferred
evolutionary history. Hypothesis testing of this nature can be done interactively in GenGIS with trees
being automatically laid out to minimize the number of crossings between correlation lines. The
quantitative nature of this visualization also permits a permutation test to be performed in order to
assess if a fit is significantly better than random.
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Custom visualizations can be generated in GenGIS using a built-in Python console. The image above
shows a custom bar chart depicting the number of unique16S sequences within each sample. A linear
regression of this data provides statistical evidence for a latitudinal gradient of species richness.
However, this analysis conflates geographic and habitat effects. The left figure below shows a
UPGMA tree indicating the relative similarity of samples as indicated by the UniFrac analysis. This
allows a qualitative inspection of the relationship between community composition, geography, and
habitat type. In the simplified figure to the right, we reduce the tree to the open ocean samples from the
Northern Atlantic and Caribbean Sea. The tree-based permutation test within GenGIS provides
strong evidence that the samples from these two open ocean habitats are compositionally distinct and
indicates a lack of latitudinal structure within these habitats.
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Comparing Migration Routes
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Here we test alternative hypotheses regarding the migration route taken by the Ensatina salamanders
of the western United States. The visualization on the left tests the hypothesis that these salamanders
originated in southern Oregon and migrated down the western United States during periods of greater
humidity. This hypothesis results in 39 crossings. On the right, we tests the generally accepted
hypothesis that as these salamanders moved down the western seaboard they dispersed down
seperate coastal and inland ranges. This hypothesis results in only 16 crossings.

Habitat type

Sample IDs

Northern Atlantic
9 samples
Caribbean Sea
GS15-19
Estuaries
GS11 , GS12
Bay of Fundy
GS06
Lake Gatun
GS20
Bedford Basin
GS05

In the image above, the composition of each
sample is indicated using a pie chart. Lake Gatun
is the most unusual sample with <50%
Alphaproteobacteria and relatively high amounts
of Acidobacteriales and Actinobacteridae. The
Delaware (GS11) and Chesapeake Bay (GS12)
estuaries are significantly overrepresented in
Actinobacteriadae and Betaproteobacteria.
Conversely, the Bay of Fundy estuary has salinity
levels similar to the Northern Atlantic samples and
appears similar in composition to these ocean
communities. The similarity among Caribbean
samples can largely be attributed to the relatively
high abundance of Prochlorales (Johnson et al.,
2006). Our results also indicate that the Bedford
Basin sample is atypical, possibly due to a total
lack of Actinobacteridae along with a relatively
high proportion of Betaproteobacteria.
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GenGIS allows users to interactively explore
subsets of their data. On the right, the relative
abundance of the five most significant taxonomic
classes found within these samples is shown in
order to emphasize the above findings.

Geophylogeny of 2009 H1N1 Sequences
We have used GenGIS to explore the spatiotemporal dynamics of the recent H1N1 pandemic. A
maximum likelihood phylogeny of 203 complete isolates was inferred. The evolutionary history of 16
isolates within a well-supported subtree are depicted here using a 3D geophylogeny. The high
geographic dispersion of these isolates is strong evidence of the global nature of this pandemic.
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