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Soil rotifer communities are extremely diverse globally
but spatially autocorrelated locally

Michael S. Robeson?, Andrew J. King?, Kristen R. Freeman®, C. William Birky, Jr.¢, Andrew P. Martin?,

and Steven K. Schmidt®’

2Department of Ecology and Evolutionary Biology, University of Colorado, Boulder, CO 80309; ®Department of Natural Resources and Environmental
Management, College of Tropical Agriculture and Human Resources, University of Hawaii at Manoa, Honolulu, HI 96822; and “Department of Ecology and

Evolutionary Biology, University of Arizona, Tucson, AZ 85721

Edited by Edward F. DeLong, Massachusetts Institute of Technology, Cambridge, MA, and approved January 28, 2011 (received for review August 26, 2010)

Bdelloid rotifers are important contributors to biogeochemical
cycling and trophic dynamics of both aquatic and terrestrial
ecosystems, but little is known about their biogeographic distri-
bution and community structure in terrestrial environments. This
lack of knowledge stems from a lack of phylogenetic information
and assumptions that microbial eukaryotes are globally distrib-
uted and have very limited diversity across vast geographic
distances. However, these assumptions have been based more
on assessments of their morphology than any measure of their
true genetic diversity and biogeographic distribution. We de-
veloped specific primers for the cytochrome c oxidase subunit 1
(cox1) gene of bdelloid rotifers and amplified and cloned sequen-
ces using a nested sampling scheme that represented local
(0-10 m) to global (up to 10,000 km) scales. Using phylogenetic
community analyses (UniFrac) and geospatial statistics (semivario-
grams, mantel tests), we were able to reject the hypothesis that
communities of rotifers are the same across even fairly small geo-
graphic distances. Bdelloid communities showed highly significant
spatial structuring with spatial autocorrelation ranges of 54-133 m,
but beyond that distance communities were extremely dissimilar.
Furthermore, we show that these spatial patterns are driven not
only by changes in relative abundance of phylotypes but also by
absolute changes in phylotype occurrence (richness). There is al-
most no overlap in phylotype [or operational taxonomic unit
(OTU)] occurrence between communities at distances beyond the
autocorrelation range (~133 m). Such small species ranges, com-
bined with their ubiquity in soils, make it increasingly clear that
the biodiversity of bdelloid rotifers (and other less easily dispersed
microbes) is much higher than previously thought.

phylogeography | microfauna | Bdelloidea

M icrobiota have been described dogmatically as having
similar global and local distributions, i.e., “everything is
everywhere, and the environment selects,” as initially discussed
by Beijerinck and Baas Becking (1, 2). This view is supported by
the massive population sizes of microorganisms, by the general
ease with which they can disperse (e.g., via wind), and by data
based on the distribution of species defined by morphology.
However, recent work has suggested significant dispersal limi-
tation in some groups of microorganisms including bacteria and
archaea (3, 4) and microbial eukaryotes (5, 6).

As reviewed elsewhere (3, 7, 8), the case of whether or not
small organisms have any discernable biogeography can be split
into two camps: those that think “everything is everywhere”
(EisE) (Fig. 14), and those that think all organisms have some
level of biogeography, regardless of size (Fig. 1B). Basically, the
issue is rooted in whether historical or contemporary effects are
responsible for present patterns of distribution (7). For those on
the side of EisE, the local environment plays a role larger than
that of any historical biogeographical effects. The degree of
similarity between any two communities should be independent
of the geographical distance between them, given similar envi-
ronments. Therefore, no matter the geographic scale sampled,
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all communities should maintain the same level of average, but
low, dissimilarity (Fig. 14). Those who maintain historical effects
trump local environment effects would expect that communities
increasingly further from each other should become increasingly
dissimilar (Fig. 1B). Debates often revolve around which of these
two community patterns is the rule.

However, it also is possible that both historical and environ-
mental effects determine the biogeographic distribution of mi-
crobes (7). If so, then one would expect local communities to
show more similarity than that seen with geographically distant
communities. In other words, local communities should show a
high degree of autocorrelation, and distant communities should
present a random array of pair-wise community relatedness. This
latter case is depicted graphically in Fig. 1C. However, to detect
a pattern as shown in Fig. 1C, a nested sampling strategy is es-
sential to reveal the spatial structure of communities at scales
ranging from local (centimeter to meter scales) to global. A fourth
and final possibility is one that resembles the trend in Fig. 1C with
the addition of a flat lag at very small geographic distances (Fig.
1D) before spatial autocorrelation is observed. This pattern
reflects the case in which, at small spatial distances, communities
would be identical. That is, what we think are different commu-
nities are really independent spatial replicates from the same
community at a local site (9); this case is represented in Fig. 1D.

One method to describe biogeographic patterns quantitatively
at all scales is through the use of spatial autocorrelation statistics
(10). Spatial autocorrelation is defined as the level of dissimilarity
in a variable as the distance of separation between sample loca-
tions increases. Thus, all the patterns depicted in Fig. 1 can be
described using spatial autocorrelation statistics. For example, Fig.
1C, shows a hypothetical dataset that is spatially correlated only up
to a certain autocorrelation range (denoted by the vertical dashed
line). After this range any two communities are equally likely to be
as similar to or as different from other pair-wise comparisons be-
cause the limit of spatial dependence has been surpassed.

Here we use spatial autocorrelation statistics to describe the
biogeographic distributions of bdelloid rotifers, a ubiquitously
distributed group of microbial eukaryotes that is a prey item for
larger organisms and is an important predator of smaller mi-
crobial species in aquatic and terrestrial systems (11-13). For-
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Fig. 1. Hypothetical community versus biogeographic relationships as they
relate to microorganisms. (A) Assuming EisE, community relatedness is not
dependent upon distance, so all communities appear similar to each other.
(B) Assuming a continuous distance-decay relationship of community dis-
similarity over geographic distance. (C) Spatial autocorrelation up to the
autocorrelation range (vertical dashed line), after which the limit of spatial
dependence is reached (sill), and communities are just as likely to be as
similar to or as different from communities before the range. (D) Spatial
autocorrelation as in C but with a lag before the start of autocorrelation
indicating we are sampling from within the same community.

tunately, despite the debates on issues of cryptic speciation
within this group, exact species identification is not necessary to
describe the spatial patterning and community diversity based
on phylogenetic relatedness (6, 14, 15). We describe a culture-
independent sequencing strategy that resulted in the generation
of many long-read sequences directly from environmental sam-
ples and allowed us to elucidate the spatial scale at which mi-
crobial eukaryote communities are structured.

Results

Amplification and Utility of the cox1. We developed primers spe-
cific to the cytochrome oxidase subunit 1 (coxI) gene of bdelloid
rotifers. PCR, BLAST (16), and phylogenetic analyses confirmed
that the cox! primers amplify bdelloid rotifer DNA with speci-
ficity and fidelity (Fig. 2 and Dataset S1). Our local-to-global
scale sampling resulted in 1,024 sequences comprising 790
unique sequences (GenBank accession numbers HQ174968—
HQ175991) (Table S1).

Spatial and Community Analysis. Semivariogram plots (10) of the
decay in community similarity with increasing geographic dis-
tance (Figs. 3 and 4) were best fit (best /# values) by the expo-
nential autocorrelation model for both the weighted and
unweighted UniFrac (17) metrics (using the phylogeny from
Dataset S2). There was strong linear relationship [Mantel tests
(18) (P < 0.002)] in the data across geographic distances up to
autocorrelation range (see below). This result was supported by
more traditional operational taxonomic unit (OTU)-based meth-
ods, which, despite overestimation of differences between com-
munities, showed the same spatial patterns over similar distances
(Figs. S1 and S2).

Overall, our sampling of bdelloid communities from local to
global scales demonstrates that local communities show strong
spatial structuring, whereas more distant communities are very
different from one another, even in similar environments, thus
best matching the theoretical model depicted in Fig. 1C. This local
effect was evident at distances up to 54 m (autocorrelation range)
when relative abundance of sequences was taken into account
(weighted UniFrac; Fig. 3) and at distances up to 133 m when
occurrence (richness) data were analyzed (unweighted UniFrac;
Fig. 4). Beyond the autocorrelation range, all communities aver-
aged community dissimilarity of about 0.8 and 0.9 (Figs. 3 and 4).
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Fig. 2. Gel image of amplification products obtained with bdelloid-specific
cox1 primers. Adineta, Habroctrocha, and Macrotrachela are from mor-
phologically identified bdelloids. The negative control and the outgroup
Monogonont rotifer Brachionus plicatilis produced no bands.

This high level of dissimilarity suggests that unique clades of
bdelloids exist at each location beyond the autocorrelation range,
a conclusion independently supported by the decreasing proba-
bility of sampling specific OTUs at increasing distances (Fig. S3).
We further tested this idea by using the Net Relatedness Index
(NRI) (19, 20); the large positive NRI values obtained for geo-
graphically distant communities (Table S2) indicate that com-
munities are “phylogenetically constrained,” i.e., each community
is composed of unique clades compared with all others.

We failed to observe a noticeable lag at small spatial scales
(Fig. 1D), indicating that we may not have sampled at small
enough spatial distances to resample the same community. This
result is informative, because our closest samples were 0.16 m
apart. To observe such disparate bdelloid clones and communi-
ties at such close distances reveal that these limnoterrestrial
bdelloid communities are heterogeneous at small scales (21),
being composed of similar but not identical bdelloid clones.

To verify that we sampled communities to a level sufficiently
deep to characterize phylogenetic differences adequately, we per-
formed both rarefaction analyses (Fig. S4) and jackknife analyses
(randomly resampling sequences without replacement) (Figs. S5
and S6). These analyses demonstrated that we sampled a majority
of the phylotypes (48-100%) at most of our sites (Fig. S4) and
that, even if we jackknifed all our sites using the minimum sam-
pling intensity for any site, we still recovered the same community
patterns (compare Figs. 3 and 4 and Figs. S5 and S6).

Discussion

Based on most previous studies of the biogeography of small
eukaryotes (3, 6, 7, 22-27), our expectation was that bdelloid
rotifers either would show no spatial structure (Fig. 14) or would
show increasingly different communities as the distance between
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Fig. 3. Weighted UniFrac (17) variogram (bdelloid abundance) plotted as
the UniFrac metric (Community Dissimilarity) versus the log of geographic
distance. Values close to 1 indicate completely different communities, and
values close to 0 indicate identical communities. The dashed line indicates
the autocorrelation range.

pair-wise samples became greater (Fig. 1B). Instead, we found
that these communities showed the pattern depicted in Fig. 1C:
Local communities show a high degree of spatial autocorrela-
tion, whereas geographically more distant communities show
a high level of community dissimilarity. Our analyses also pro-
duced estimates of spatial autocorrelation ranges for microbial
eukaryotes; quantitative (weighted UniFrac) and qualitative
(unweighted UniFrac) metrics indicate that this range is around
54-133 m. This unexpectedly small autocorrelation range high-
lights the importance of sampling at scales that pick up local,
regional, and global biogeographic patterns. It is apparent that if
we had not sampled intensively at local scales (0.2-100 m), we
would have concluded that all communities at all scales are
equally dissimilar.

Even more surprising than the small spatial autocorrelation
ranges for bdelloid communities was the lack of similarity be-
tween communities at geographic distances beyond the auto-
correlation range (Figs. 3 and 4). This pattern indicates not that
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Fig. 4. Unweighted UniFrac (17) variogram (bdelloid occurrence) plotted as
the Unifrac metric (Community Dissimilarity) versus the log of geographic
distance. Values close to 1 indicate completely different communities, and
values close to 0 indicate identical communities. The dashed line indicates
the autocorrelation range.
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“everything is everywhere” but just the opposite: There is little
overlap in community composition at distances greater than
about 54-133 m. This unexpected pattern is driven not just by
changes in abundance (weighted UniFrac; Fig. 3) of the domi-
nant clades, as has been documented for the geographic distri-
bution of soil bacterial communities (28), but also by the
presence of many novel phylotypes at each site so that there is
almost no overlap in OTUs (defined at the 97% level of simi-
larity; Figs. S1 and S2) at sites further apart than the autocor-
relation range. This finding directly contradicts the idea that
rotifers (and other less easily dispersed microbial eukaryotes) are
cosmopolitan and supports the idea that there are vastly more
“cryptic species” (8, 29) of bdelloid rotifers than previously
was thought.

Of the models depicted in Fig. 1, our data are most similar to
Fig. 1C, but, unexpectedly, the level of sequence dissimilarity
between communities (at distances beyond the autocorrelation
range) was much greater than predicted or observed in previous
studies (7, 28). Therefore in Fig. 5 we expand upon the model
shown in Fig. 1C to contrast the extreme cases of EisE and the
very different findings of the current study. EisE would result in
very low community dissimilarity values (circles in Fig. 5). In
contrast, the pattern we observed is that every community is
mostly unique (triangles in Fig. 5) at distances beyond the auto-
correlation range. Our phylogenetic (Figs. 3 and 4) and OTU-
based (Figs. S1 and S2) analyses strongly support a global view of
microbial distribution in which communities are dominated by
endemic species and share very few common clades between sites
(circles in Fig. 5). Local endemicity is supported further by the
largely positive NRI (19, 20) values (Table S2), which show that
local communities tend to be comprised of closely related line-
ages relative to the phylogenetic diversity of rotifers across the
planet. This world view directly contradicts the idea of EisE and
suggests that the diversity of microbial eukaryotes such as rotifers
may be vast beyond our imagining, especially given that endemic
microbes may have species ranges of about 100 m (54-133 m).

Bdelloids are known to produce small, resistant resting stages
(30, 31) that should disperse easily by wind. The fact that our
results show that bdelloids are not widely distributed implies that
other microbial eukaryotes with less resistant stages (23, 32)
should have even more geographically restricted distributions;
unfortunately, few phylogenetically based studies have been
done at the range of spatial scales needed to see the patterns
observed in the present study (6, 7). Importantly, the ability to
form resistant stages probably evolved not for dispersal but to
survive periods of unfavorable environmental conditions (i.e.,
dry and cold conditions) (30), thereby maintaining unique local
communities (21). Resistant survival structures also result in
large banks of propagules (30) which can undergo rearrange-
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Fig. 5. Theoretical expectations for “everything is everywhere” (circular
points) and “everywhere is different” (triangular points). One would expect
very low community dissimilarity values if most bdelloid communities are
composed predominately of ubiquitous bdelloid species that are not impeded
in their dispersal (circles). An equal but opposite extreme is that all commu-
nities are highly unique and are composed predominately of unique endemic
bdelloid rotifers (triangles), revealing differences in dispersal and or habitat.
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ment of nuclear genes during rehydration (33), allowing long-
term monopolization (21) by local coxI phylotypes. Monopoli-
zation could be especially important in intermittently wet soils
(such as those studied here), because indigenous propagules
would be numerically dominant in the soil on the rare occasions
when abundant water becomes available. Thus, our observation
of strong geographic differentiation of bdelloid communities
presumably reflects local numerical abundance of locally adap-
ted clones that persist over relatively long periods of time.

In community spatial studies it is important to distinguish be-
tween conclusions based on relative abundance (diversity) data
and those based on occurrence (richness) data. In our analyses,
relative abundance data (weighted UniFrac) gave a stronger
spatial signal (Fig. 3 and Fig. S1) than our analyses based on
richness (unweighted UniFrac; Fig. 4 and Fig. S2). This finding
could indicate that large-scale patterns of microbial diversity are
driven mostly by changes in relative abundance, so that the same
organisms occur everywhere, but the dominant organisms are
different in different sites. However, our data do not support this
model because, even though relative abundance does have a
strong effect, we still see spatial patterning when only species
richness is taken into account (Fig. 4 and Fig. S2). As discussed
above, there are novel clades or OTUs at every site we sampled.
In fact, the probability of encountering the same OTU (defined at
the 97% similarity level) drops from near 100% to zero as geo-
graphic distance increases beyond the autocorrelation range (Fig.
S3), and this finding is not attributable to undersampling. Under-
sampling would account for the observed patterns only if dominant
phylotypes at one site were rare at other sites (and vice versa) and
therefore were missed because of undersampling. However, rare-
faction curves show that we sampled many of our sites to near
saturation, encountering 48-100% of the estimated number of
phylotypes (Fig. S4) (34), making it highly unlikely that changes in
abundance alone explain the spatial patterns we observed.

Finally, it is important to note that the phylogenetic approach
used in the present study (UniFrac) actually underestimates
spatial structuring of communities compared with traditional
OTU-based metrics. When we analyzed all our data using tradi-
tional OTU-based metrics, the spatial patterns were exaggerated
compared with UniFrac (which preserves actual phylogenetic
relatedness in the analyses). This difference is easily seen by
comparing Figs. 3 and 4 with the OTU-derived views of spatial
structure (Figs. S1 and S2). Collapsing the data into OTUs gives
the false impression that almost all communities are 100% dif-
ferent (dissimilarity values of 1) at distances beyond the auto-
correlation range (Figs. S1 and S2). This false impression occurs
because collapsing data into OTUs makes all OTUs equally dis-
similar, obscuring deeper levels of genetic relatedness (35, 36).
Thus, our phylogenetic analyses reveal that, although bdelloid
communities are very different at large spatial scales, they still
show deeper levels of phylogenetic relatedness than one would
predict from OTU-based metrics. Nonetheless both OTU and
phylogenetic metrics support our conclusion that bdelloid rotifer
communities are highly spatially autocorrelated at local scales and
are very different at larger spatial scales.

Methods

DNA Extraction and PCR. Soil samples were collected from the sites listed in
Table S1 and represented seasonally dry, high-elevation ecosystems across
the western United States and similar sites at greater geographic distances
(e.g., the high Andes). Samples consisted of 100-g soil cores of the top 4 cm
of soil, which subsequently were homogenized; 10-g subsamples were used
for DNA extraction. Total cellular DNA was extracted from soil using the
UltraClean Mega Soil DNA Isolation Kit (#12900; Mo Bio Laboratories, Inc.).
Bdelloid rotifer DNA was amplified from these soil DNA extractions by using
a two-step PCR protocol to amplify coxT.

We chose the coxT gene because it provides some analytical advantages
with regard to bdelloid rotifers (37), not only in what one would expect to
find regarding branch length and tree topology (38, 39) but also because (i)
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bar-coding initiatives have been accruing cox? data (40) to which our se-
quence data can be compared; (ii) robust primers (41) make it possible to
amplify the cox? gene from almost any invertebrate, and these sequences
then can be used to design taxon-specific primers, as in the present study; and
(iii) cox1 is an effectively haploid gene which eliminates the “Meselson effect”
that can make it difficult or impossible to recover the correct phylogenetic
tree using nuclear gene sequences (37, 42) (also see ref. 43 for a discussion of
problems with elucidating bdelloid diversity with the 18S rDNA gene).

The first PCR made use of primers from Folmer et al. (40). The second
PCR made use of bdelloid-specific primers developed for this study:
Bdell_CO1_FW: 5-CGT ACW GAG TTA GGA ATR GTA-3’, and Bdell_
CO1_Rev: 5-CCA AAA TTW CGA TCT AAY A-3'. Touch-down PCR was used
for both reactions and was set up as follows: 94 °C for 5 min, followed
byeight cycles of (=1 °C annealing per cycle) 94 °C for 30 s, 55 °C for 30 s,
and 62 °C for 1 min, followed by 30 cycles of 94 °C for 30's, 48 °C for 30's,
and 62 °C for 1 min. The amplified template from the first primers (41) was
diluted 20-fold and used as a template for the second PCR using our
bdelloid-specific primers.

A 50-pL PCR contained the following: 10x PCR buffer, 0.5 units Taq
polymerase, 1.5 mM MgCl; (catalog nos. M0267L and B9021S; New England
Biolabs), 0.2 pM dNTPs (dNTP stock was made as follows from individual
100-mM stocks: 12 pL A, 12 uL T, 8 uL G, 8 pL C, and 360 pL water; catalog no.
10297-018; Invitrogen), 0.4 pM of each primer (1-2 pL template DNA). We
want to emphasize that the thermocycling protocol listed above in combi-
nation with the dNTP mix ratios produced the best-quality sequence for this
very AT-rich region (44).

DNA Purification, Cloning, and Sequencing. The final PCR product was purified
using the UltraClean GelSpin DNA Extraction Kit (#12400; Mo Bio Labora-
tories, Inc.). Purified PCR product then was cloned using the Invitrogen TOPO
TA Kit (with pCR4-TOPO vector) with One Shot TOP10 chemically competent
Escherichia coli (K4575-01). Pelleted cells were sent to Functional Biosciences,
Inc. for sequencing. Sequence data were assembled, the vector sequence
was removed, and data were edited by hand using Sequencher 4.7 (Gene
Codes Corporation). Data then were exported for use in various phyloge-
netic and community-based analysis programs. Table S2 lists the 1,024
sequences generated from this study.

Phylogenetic and OTU-Based Analyses. MUSCLE (45) was used to generate two
cox1 alignments (with and without outgroup taxa; Table S2 lists sequences
used), which then were edited by hand to ensure sequences were aligned by
codon. These alignment data then were analyzed in RAXML v.7.2.6 (46). The
best-scoring likelihood tree, from 100 full-alignment inferences using the
GTR + | + I’ model as chosen by MultiPhyl Online (47) and partitioned by
codon position, was retained. Once placement of sequence data was con-
firmed with outgroup taxa (Dataset S1) using Dendroscope (48), the phy-
logeny containing only bdelloids (Dataset S2) was submitted as a midpoint-
rooted tree to several phylogenetic community-comparison programs such
as UniFrac (17), Phylocom (19, 20), and mothur (49). UniFrac and OTU-based
metrics like Sorensen and Bray-Curtis were implemented via QIIME (50) to
determine the relatedness of bdelloid communities. For OTU-based metrics,
a 97% sequence similarity cutoff was implemented, based on the results of
Birky et al. (51). Phylocom was used to generate Mean Phylogenetic Diversity
(MPD) and NRI values. Mothur (49) was used to generate a distance matrix
for Mantel tests (18) along with rarefaction and Chao1 (34) analysis.

Spatial Analyses. To determine which model of biogeographical distribution
applies to bdelloid rotifers in soil, we determined rotifer sequence diversity at
scales ranging from 0.16 m to 9,100 km. Each 10-g soil sample was assumed
a priori to represent a community. UniFrac (17) was used to generate com-
munity distance matrices taking into account sequence abundance
(weighted; quantitative diversity measure taking into account relative
abundance) or only occurrence (unweighted; qualitative diversity measure).
Data were plotted against the log of geographic distance (Figs. 3 and 4).
Spatial autocorrelation models were fit in Kaliedograph (Synergy Software)
using the Levenberg-Marquardt algorithm (52, 53), and the best-fit model
(out of nugget, spherical, Gaussian, and exponential) (54) was chosen based
on the highest r? value. Significance of spatial autocorrelation was tested
using the Mantel test (18) to the maximum distance of spatial autocorrela-
tion as given by the spatial model. General patterns of spatial autocorrela-
tion were confirmed and validated via Jackknife analyses at varying
sampling depths for all beta-diversity metrics (55).
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