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Abstract
In this work, we consider whether spatial proximity and environmental factors 
influence the composition of microbial communities. We approach this question 
by applying two different measures of diversity to microbial communities 
sampled along the Atlantic seaboard. For the sampling frequency considered, we 
find no correlation between spatial proximity and community composition. 
However, we do find strong evidence that salinity has a significant influence on 
the composition of microbial communities.

Introduction

Coastal (average salinity: 26 to 36 PPT)
Estuary (low salinity: 3 to 10 PPT)
Bay of Fundy (average salinity: 25 to 31 PPT)
Halifax Harbour (average salinity: 30 PPT, high pollution)

Environment Types

Sequencing of 16S rRNA genes directly from environmental samples has 
revolutionized our understanding of microbial diversity and provided valuable 
insights into the ecological roles of microbial communities. In this work we 
consider the influence of spatial proximity and environmental factors on the 
diversity of microbial communities. Specifically, we analyzed 15 samples from 
the Global Ocean Sampling (GOS) project which are situated along the Atlantic 
seaboard at an average interval of 320 km [11]. 

We characterize differences in microbial communities using two distinct 
diversity measures: the Bray-Curtis index (BCI) [2] which quantifies differences 
in taxon-level structures and the unique fraction (UniFrac) measure [8] which 
considers the amount of divergent evolution that has occurred between 
communities. Patterns in the relationships between microbial communities 
imply factors influencing microbial diversity.

Identifying factors which contribute to microbial diversity is of fundamental 
ecological importance and critical for implementing proper conservation 
measures. Substantial research effort has been allocated to this problem and our 
work is directly influenced by: 

• Fuhrman et al. [6] who identified a latitudinal cline where the richness of 
marine microbial communities is inversely correlated with latitude

• Lozupone et al. [9] who identified salinity as being a major environmental 
factor in determining microbial community composition

We divide the 15 Atlantic seaboard samples into 4 environment types as 
specified by metadata provided with the GOS dataset. Of the 15 samples, 4 are 
identified as non-coastal samples. Three of these were identified as estuary 
samples. However, we have separated the Bay of Fundy estuary sample from the 
other estuary samples as its salinity content is more indicative of a costal 
environment [14]. The other non-coastal sample is from the Halifax Harbour 
embayment which is of particular interest since the water in the harbour is 
well-known to be polluted [15].

Diversity Measure: BCI
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BCI [2] quantifies the difference in taxon diversity between two microbial 
communities. It relies on meaningful taxonomical units being defined either 
through a taxonomical hierarchy or sequence similarity clustering. Two 
microbial communities made up of three microbial taxa (labeled A, B, and C) are 
illustrated in the example below. To account for differences in sequencing effort, 
the relative abundance of each taxonomical unit in a community is calculated. 
BCI sums the difference in relative abundance of corresponding taxonomical 
units from the two communities in order to quantify the dissimilarity in their 
taxon-level structure.
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Methods
The following steps were taken in order to perform a UniFrac analysis of the partial 16S sequences obtained from the GOS communities: 

A. Partial 16S sequences were blasted against the Ribosomal Database Project (RDP) [10] using blastall in order to obtain complete 16S sequences.
B. Duplicate 16S sequences were removed before performing multiple sequence alignment (MSA). Duplicate counts were used to perform weighted UniFrac.
C. Nearest alignment space termination (NAST) [4] was used to align the 16S sequences. NAST makes use of a trusted set of ~10,000 aligned non-chimeric 

16S sequences from a wide range of bacteria and archaea in order to produce reliable alignments.
D. The mask columns tool at the Greengenes portal [3] was used to mask out hyper-variable regions from the MSA as identified by the Lane mask [7].
E. RAxML [12] was used to produce a phylogeny from the masked MSA. The maximum likelihood tree over 100 independent runs using rapid bootstrap 

analysis with a general time reversible model was selected as the final phylogeny. To determine an appropriate root for the tree, the split between the 
bacterial and archaea sequences was identified.    

F. Weighted UniFrac analysis [8], an extension of UniFrac which accounts for both community richness and evenness, was applied to this phylogenetic tree 
to produce a distance matrix. From the distance matrix, unweighted pair group method with arithmetic mean (UPGMA) clustering was applied to obtain a 
community tree. Principal coordinate analysis (PCoA) was employed to produce the principal coordinate plots. Sequence level jackknifing was performed 
by randomly selecting 22 sequences from each community.

We also performed a BCI analysis of the complete 16S sequences by:
X. Assigning each 16S sequence to Garrity et al.’s phylogenetically consistent higher-order bacterial taxonomy using the RDP naïve Bayesian rRNA classifier 

[13]. This classifier indicates hierarchical information down to the genus rank.
Y. Independently applying BCI at various taxonomic ranks to produce distance matrices to which UPGMA and PCoA were applied. A custom python script 

was used to calculate the BCI distance between pairs of communities.

Diversity Measure: UniFrac
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UniFrac [8] characterizes the difference between two microbial communities as 
the amount of divergent evolution that has occurred between them. This is 
achieved by using a phylogenetic tree to calculate the fraction of branch length 
that leads to descendants from a single community. Using a phylogenetic-based 
diversity measure removes the need to define taxonomical units which can often 
be rather arbitrary.

We explain the UniFrac diversity measure using two examples. In these 
examples, there are two microbial communities identified by red squares and 
blue circles. The branches coloured purple are those that lead to descendants 
from a single community. UniFrac measures the amount of evolutionary 
divergence between these two communities by dividing the length of the purple 
branches by the total branch length of the tree. The example on the left shows 
two communities which have little evolutionary divergence and therefore a 
relatively low UniFrac distance. In contrast, the example of the right shows two 
communities that are maximally different as their lowest common ancestor is the 
root of the tree.

Conclusions
We found no evidence supporting an Atlantic seaboard cline regardless of 
whether differences between microbial communities are characterized by 
taxon-level differences (BCI) or evolutionary divergence (UniFrac). More 
generally, in our dataset where the distance between samples is on the order of 
several hundred kilometers, we found no correlation between spatial proximity 
and community composition. It would be interesting to investigate at what scale 
community composition and spatial proximity begin to strongly correlate.

The hypothesis that salinity is a major determinant of microbial community 
composition is strongly supported by our results. We also found limited evidence 
suggesting that pollution can influence the composition of a microbial 
community and recommend continued research be performed to further support 
this hypothesis.  These conclusions are supported by both our weighted UniFrac 
analysis and our BCI analysis for all taxonomical ranks from and including class 
to genus.

Results: Environment Type
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We investigated whether or not 
environmental factors influence the 
composition of microbial communities by 
dividing the samples into 4 environment 
types (as described in the Introduction).

For both BCI and weighted UniFrac we 
constructed community trees which 
indicate the relationships between the 15 
GOS samples.  Sequence jackknifing was 
performed in order to access the 
robustness of each clade. Both community 
trees are similar and indicate that: 

1. the estuary samples are highly similar 
and distinct from samples found in the 
other environment types

2. the Bay of Fundy sample is similar to 
the coastal samples 

3. the Halifax Harbour sample is distinct 
from all other samples. However, the 
low jackknife values for the Halifax 
Harbour clade suggest that this may be 
the result of sequencing bias.

The weighted UniFrac principal 
coordinates plot further clarifies the 
relationship between these environment 
types. It shows that all the coastal samples 
along with the Bay of Fundy sample form 
a single cluster, that the two estuary 
samples form a second cluster, and that 
the Halifax Harbour sample is well 
isolated from both of these clusters. 
Similar results are obtained under BCI for 
all taxonomical ranks from and including 
class to genus.

A UniFrac significance test [8] with 
Bonferroni correction was performed to 
determine if the microbial communities 
from different environment types can be 
considered significantly different. We 
found that the estuary samples were 
significantly different from the coastal 
samples (p ≤ 0.03) and the Halifax 
Harbour sample (p ≤ 0.03). However, the 
Halifax Harbour sample was not found to 
be significantly different from the coastal 
samples (p = 0.12).

These results indicate that salinity has a 
significant influence on community 
composition and suggest that pollution in 
the Halifax Harbour may be influencing 
microbial life, although further research is 
needed to support this hypothesis.
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Results: Spatial Proximity
In this section we investigate if the 11 coastal samples along the Atlantic 
seaboard form a cline.

We qualitatively approach this question by extending GenGIS [1] to support the 
visualization of tree structures with geography. To aid in the rapid assessment of 
spatial relationships the tree topology is optimized to minimize the number of 
crossings which occur between leaf nodes and geographical locations [5]. As 
such, each crossing indicates a discordance between geographical location and 
tree topology. 

The image contains a UPGMA tree indicating the similarity of microbial 
communities under the weighted UniFrac diversity measure. This image clearly 
illustrates that there is little relationship between community similarity and 
geographical location. Similar results were obtained for UPGMA trees based on 
BCI for all taxonomical ranks from and including class to genus.

We performed additional analysis to determine if there is evidence of a 
correlation between spatial proximity and community similarity. Specifically, 
we considered 3 pairs of samples that are within close proximity to each other 
(GS2/GS3, GS8/GS9, and GS15/GS16). Sequence level jackknifing was 
performed to build a forest of 100 UniFrac UPGMA community trees. Of these, 
only 21 grouped GS15/16 into their own clade and only a single jackknife tree 

grouped GS2/GS3 or GS8/GS9 
together.

These results suggest that there 
is no correlation between 
spatial proximity and 
community composition when 
the distance between samples is 
on the order of several hundred 
kilometers. Although our 
results do not support an 
Atlantic seaboard latitudinal 
cline (i.e., from 20° N to 45° N), 
this is not in conflict with the 
work of Fuhrman et al. [6] who 
propose a large scale latitudinal 
cline from 64° S to 72° N based 
solely on community richness.  
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