






also shows the classic horseshoe shape. Here we revisited that study, to better
understand the horseshoe shape behind this data set.

To test the effect of another commonly used distance metric on the sample
distribution, we analyzed the same soil data set applying the chi-squared distance test
(Fig. 2b). Similarly to what was observed with Euclidean distance, which was applied in
the simulation, the chi-squared distance increased sharply at pH 3 and 4 but began to
saturate at a pH of 5. Also, when the OTU table was sorted by sample pH and mean pH
of the OTUs (equation 1), the same band table pattern appeared, as we show in Fig. 1a.
While the data at the diagonal are not completely dense, there are more nonzero values
that are seen at the corners of the heat map. In line with the findings from the original
study, this pattern is likely representative of niche differentiation of OTUs with respect
to pH. The organisms that thrive in low-pH environments tend not to exist in high-pH
environments and vice versa. Low-pH and high-pH samples are shown in Fig. 2c to have
few overlapping species, a pattern not observed in the original study, as membership
was evaluated at coarser levels of taxonomic resolution (10).

Case study 2—postmortem mouse study. In this study, 120 mice were sacrificed
and allowed to decompose on soil. Mice were destructively sampled over approxi-
mately 8 weeks (12). 16S sequencing libraries were generated from total DNA extracted
from swabs of the skin on the head, and relative abundance values were calculated for
each bacterial OTU. A relative abundance matrix was generated for each library and
used as input in PCA. This analysis generated a clear horseshoe (Fig. 2d) using
unweighted UniFrac distance (13), with a gradient with respect to the time since death,
possibly reflecting a changing skin microbiome during decomposition of the mouse
carcass. When the samples were sorted by time since death using a strategy similar to
that noted above, a band table emerged (Fig. 2f). Also, the unweighted UniFrac
distance analysis appears to have the same saturation property as observed previously
with Euclidean distance and chi-squared distance. Note that highest possible UniFrac

FIG 2 (a) Correspondence analysis of 88 soil samples. (b) Distance saturation of chi-squared metric, plotting the chi-squared
distance of the first sample versus all of the other samples. (c) Heat map of log transformed OTU counts from the 88 soil
samples with the samples sorted by pH and the OTUs sorted by mean pH. (d) PCoA of unweighted UniFrac distance. (e) UniFrac
distance of a given sample from the last time point versus all of the samples. (f) Heat map of centered log ratio transformed
(equation 2) OTU counts sorted by harvest days. clr, clearance.
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distance is 1, suggesting that this distance metric can also be saturated. In Fig. 2b, while
the distance has not completely saturated, these distances are quickly approaching the
theoretical maximal UniFrac distance.

The striking changes in microbial communities during decomposition are associated
with dramatic environmental biochemical changes, including increased pH, ammonia,
and total nitrogen levels, all measured in the soil beneath the mice. Correspondingly,
microbial communities are predicted to increase in the abundance of genes encoding
proteins involved in important nitrogen cycling pathways such as amino acid degra-
dation (e.g., glutamate dehydrogenase, lysine decarboxylase, and ornithine decarbox-
ylase) and nitrate reduction (e.g., nitrate and nitrite reductase). Bacterial taxa in the
families Chromatiaceae (OTU 46026 and 4482362) and Rhizobiaceae (OTU 4301099) are
involved in nitrogen metabolism and become abundant as mouse bodies progress
through the stages of decomposition (e.g., fresh, active decay, advanced decay). As
shown in Fig. S1, all of these OTUs peak at specific time points. The two Chromatiaceae
OTUs peak during active decay (bloating and purge of fluids) at 15 days of decompo-
sition. The Rhizobiaceae OTU peaks during advanced decay (sinking and sagging flesh)
at 30 days of decomposition and when pH, ammonia, and total nitrogen were mea-
sured at their highest levels (12).

To further validate whether saturation leads to the formation of horseshoes, a new
distance metric, EMBAD (Earth Mover Band Aware Distance) was engineered to be
nonsaturating. This distance metric uses prior knowledge about the ordering of the
band table and is determined by calculating the flow between two samples. As shown
in Fig. S1a, sample 1 and sample 2 have 4 species proportions each. To calculate the
distance between sample 1 and sample 2, the probability mass of species 1 and species
2 needs to be shuffled over to species 3 and species 4. This concept is analogous to
computing maximum flow along a pipe and can be calculated using Earth Mover’s
distance metric (14).

For the 88 soil samples (Fig. S1b), the EMBAD was applied to the pH-sorted table.
Therefore, even if two samples are not overlapping, samples closer together have a
smaller distance value than samples further apart in the gradient. This is because the
distance is defined to be not saturating and explicitly accounts for the pH gradient.
The same strategy was employed for the postmortem-interval mice (Fig. S1c), sorting
the table by decomposition days. The PCoA plots resulting from these applications of
EMBAD suggest that a nonsaturating distance metric could remove the horseshoe
effect from lower-dimensional projections of these abundances. This provides further
evidence that this saturation property could explain the horseshoe phenomenon.

For the 88-soil-sample study, a permutational multivariate analysis of variance
(PERMANOVA) was used to investigate the difference between soil samples with a pH
less than 3 and soil samples with a pH greater than 8. With the EMBAD metric, the
PERMANOVA gave a pseudo-F-statistic value of 650.5 and a P value of 0.0003, thus
representing a much larger effect size than the original chi-squared distance metric, with a
pseudo-F-statistic value of 3.8 and a P value of 0.0004 with 9,999 permutations. A similar
trend was observed in the postmortem-interval mouse study in testing the interval from
the first decomposition day to the last decomposition day using PERMANOVA. The
EMBAD metric had a pseudo-F-statistic value of 439.8 and a P value of 0.0001 with 9,999
permutations, thus representing a larger effect size than the Unifrac distance metric,
which had a pseudo-F-statistic value of 25.5 and a P value of 0.0001. This method is
relieved from misinterpretations of data due to horseshoes and arches and facilitates
the interpretation of taxonomic units along biologically significant gradients that reflect
the selective pressure of these factors on the distribution of microbes.

The band patterns that we observed here are probably very common in ecology
studies investigating species distribution patterns across spatial or temporal gradients.
The pattern confirms microbial ecological fundamentals, i.e., that bacteria have ac-
quired unique adaptations to the environment and occupy either a broad range of
niches or very specific niches. In our case studies of the 88 soil samples—and of the
postmortem mice—which we confirmed by using a band table pattern analysis ap-
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proach, bacterial species showed different adaptations to pH and bacterial diversity
changes over time during decomposition of mice carcasses. The band pattern approach
that we applied here represents an additional method to visualize differences between
microbial communities.

On the basis of our observations described here, the horseshoe effect appears in
dimensionality reduction techniques due to the saturation property of distance metrics.
While we have tested only a few distance metrics, it is suspected that a vast majority
of these distance metrics exhibit the same property, which would also explain why
horseshoes are encountered so frequently across many different fields. The saturation
property has also been observed in multiple other fields, and other studies from
different disciplines have led to similar conclusions (5). In spite of the saturation
property of distance metrics, identifying horseshoes is still highly useful for identifying
patterns concerning niche differentiation. These insights can ultimately guide addi-
tional statistical analyses, such as network analyses and indicator taxon analyses, to
facilitate the targeted characterization of microbial niches.

Methodology. All analyses can be found under https://github.com/knightlab-
analyses/horseshoe-analyses.

The mean gradient used for the 2 case studies was calculated as follows:

g�x � �
i�1

N

gi

xi

�j�1
D xj

(1)

where xi is the proportion of OTU x in sample i, g�x is the mean gradient of OTU x, and
gi is the sample gradient at sample i. This calculation can be found in the gneiss
package under the function mean_niche_estimator. The function used to sort the
tables in Fig. 2c used niche_sort. In the 88-soil-sample study, the table was sorted
by sample pH and mean pH of the samples in which the organisms were observed.
In the postmortem mouse study, the table was sorted by the number of days of
decomposition and the mean number of days that the organisms were observed in
the samples.

The data represented in the heat map in Fig. 2f and the abundances in Fig. S2
were normalized using the center log ratio transformation given by the following
equation:
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is the average of the

log transformed values. A pseudocount of 1 is added to all of the counts to prevent
logarithms of zero occurring.

Analyses were performed using Scipy, Numpy, Matplotlib, Seaborn, Scikit-bio, and
Gneiss.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSystems.00166-16.
TEXT S1, DOCX file, 0.3 MB.
FIG S1, PDF file, 0.3 MB.
FIG S2, PDF file, 0.1 MB.
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