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Vibrio cholerae strains are capable of inhabiting multiple niches in the aquatic environment and in some
cases cause disease in humans. However, the ecology and biodiversity of these bacteria in environmental
settings remains poorly understood. We used the genomic fingerprinting technique enterobacterial repet-
itive intergenic consensus sequence PCR (ERIC-PCR) to profile 835 environmental isolates from waters
and sediments obtained at nine sites along the central California coast. We identified 115 ERIC-PCR
genotypes from 998 fingerprints, with a reproducibility of 98.5% and a discriminatory power of 0.971.
When the temporal dynamics at a subset of sampling sites were explored, several genotypes provided
evidence for cosmopolitan or geographically restricted distributions, and other genotypes displayed
nonrandom patterns of cooccurrence. Partial Mantel tests confirmed that genotypic similarity of isolates
across all sampling events was correlated with environmental similarity (0.04 = r = 0.05), temporal
proximity (r = 0.09), and geographic distance (r = 0.09). A neutral community model for all sampling
events explained 61% of the variation in genotype abundance. Cooccurrence indices (C-score, C-board,
and Combo) were significantly different than expected by chance, suggesting that the V. cholerae popula-
tion may have a competitive structure, especially at the regional scale. Even though stochastic processes
are undoubtedly important in generating biogeographic patterns in diversity, deterministic factors appear

to play a significant, albeit small, role in shaping the V. cholerae population structure in this system.

Recent advances in molecular methods have rapidly in-
creased our ability to generate data sets that characterize mi-
crobial communities in the environment. We are now able to
observe patterns in the spatial and temporal distribution of
microorganisms and to evaluate these patterns in light of eco-
logical theories developed for macroorganisms (26, 32). In
accordance with MacArthur and Wilson’s Theory of Island
Biogeography (25), some microbial communities display a pos-
itive power law relationship between taxon richness and sam-
ple area in environments such as salt marshes (16), beech tree
holes (2), and high mountain lakes (35). Communities of both
macro- and microorganisms have also been shown to exhibit
nonrandom patterns of taxon cooccurrence (17). Nonrandom
cooccurrence patterns may indicate that community assembly
is controlled by deterministic factors such as competitive in-
teractions, habitat structuring, resource partitioning, commen-
sal associations, and trophic level dynamics (11).

The field of microbial ecology is also subject to the contro-
versies raised in macroecology. Several studies have raised the
apparent conflict between explanations of community taxon
abundance distributions using either niche assembly or neutral
assembly models (18, 27). Sloan et al. (39, 40) derived a con-
tinuous form of a neutral community model (NCM) that ex-
plains microbial taxon abundance in terms of only stochastic
dispersal, random speciation, and ecological drift. While the
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NCM provided a convincing fit to clone libraries for genes
from a diverse collection of bacterial communities, there is
some question as to whether these patterns could also be
generated by deterministic mechanisms (27).

In this study, we describe patterns in the diversity of a coastal
Vibrio cholerae population spanning 3 years and nine sampling
sites along the central California coast, with the goal of testing
whether population structure is controlled by deterministic and/or
stochastic processes. The bacterial species V. cholerae was chosen
for this analysis because of its importance as a human pathogen,
its ubiquity in coastal waters across the globe (8, 9, 34), and its
extensive genomic and phenotypic diversity (22, 28). Previous
fingerprinting studies have repeatedly exposed a high degree of
diversity among nontoxigenic V. cholerae isolates and especially
non-01/0139 serotype isolates compared to the primarily clonal
relationships among both clinical and environmental isolates of
the O1 and O139 serotypes (8, 21, 37). However, a thorough
biogeographic analysis of environmental V. cholerae has not pre-
viously been performed.

Genomic fingerprinting based on conserved enterobacterial
repetitive intergenic consensus sequence PCR (ERIC-PCR) is
particularly amenable to characterizing genomic diversity
within large collections of closely related isolates due to its low
cost and technical ease (30, 44). This method provides a high
level of discrimination between bacterial strains and correlates
well with other measures of genome similarity, including
pulsed-field gel electrophoresis, amplified fragment length
polymorphism, multilocus enzyme electrophoresis, and DNA-
DNA hybridization (33, 44). ERIC-PCR fingerprinting has
been successfully implemented in prior studies of V. cholerae
epidemiology (8), source tracking (36, 48), and genomic diver-
sity (4, 21, 37).
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Classifying our unique collection of environmental V. chol-
erae isolates from coastal waters and sediments into distinct
ERIC-PCR genotypes allows us to assess patterns in the
genomic diversity of isolates with respect to differences in
geography, temporal proximity, and environmental conditions.
Assembly of this microbial population in time and space is
likely determined both by niche differentiation between geno-
types or other deterministic mechanisms and by neutral pro-
cesses, such as random dispersal, ecological drift, and chance
(19). However, providing evidence for competitive structuring
in a community beyond that which can be explained by sto-
chastic processes is rarely possible (1, 27). Here, we use partial
Mantel tests, NCMs, and cooccurrence indices to explore how
stochastic and deterministic factors shape V. cholerae popula-
tion structure.

MATERIALS AND METHODS

Sample collection and sediment processing. During 11 sampling trips between
January and December 2006, water column samples and hand-pushed sediment
cores were collected at eight sampling sites along the central California coast
(sites previously described by Keymer et al. [22]). A total of 601 novel vibrios
were isolated from these samples, including 570 water column and 31 sediment
isolates (see Tables S1 and S2 in the supplemental material). Water column
isolates were obtained by membrane filtration of up to 100-ml samples and filter
incubation on selective thiosulfate citrate bile sucrose (TCBS) agar plates with-
out enrichment. The bacterial fraction was extracted from the sediment samples
by a modified drill gun homogenization-centrifugation protocol adapted from the
protocol of Lindahl and Bakken (24). Briefly, 1 g (wet weight) of sediment was
homogenized in 5 ml sterile phosphate-buffered saline three times with a drill-
mounted tissue macerator for 1 min. The suspension was centrifuged at 1,000 X
g for 10 min, and the pooled supernatants were collected in a 15-ml sterile
conical-bottom polypropylene tube. The tube was centrifuged at 10,000 X g for
20 min, and the supernatant was discarded. The cell pellet was resuspended in
sterile phosphate-buffered saline and diluted serially. This cell fraction was then
membrane filtered and incubated on TCBS agar like the water column samples.
Suspected V. cholerae colonies on TCBS agar were screened and confirmed using
biochemical and molecular methods as described previously (22). In brief, iso-
lates were screened using L-ornithine decarboxylase broth and modified cellobi-
ose-polymyxin B-collistin agar. Whole cells of presumptive positive isolates were
used as the templates for PCR amplification of a 300-bp subset of the 16S-23S
rRNA intergenic spacer with clinical O1 strain N16961 as a positive control and
Escherichia coli as a negative control (7). Isolates yielding the correct band size
in agarose gels were included in fingerprinting reactions described below.

In addition to the 601 isolates collected during 2006, we included the 41
environmental and 4 clinical isolates previously described by Keymer et al. (22),
1 water column isolate from August 2004, 162 water column isolates from June
and July 2005, and 27 and 10 isolates obtained by alkaline peptone water (APW)
enrichment from filters and crab shells, respectively (for a total of 846 isolates)
(see Tables S1 and S2 in the supplemental material). For the filter enrichment
isolates, water column samples were membrane filtered as described above, but
the filters were vortexed in APW and incubated at 37°C for 6 h before aliquots
of APW were spread plated on TCBS agar. One-square-centimeter pieces of
crab shells recovered after 2 weeks of deployment at five sampling sites were also
vortexed and incubated in APW prior to selection of isolates on TCBS agar.
Some of these additional isolates were isolated from Kirby Park in Elkhorn
Slough, which increased the number of coastal sampling sites to nine. Seven
strains from the collection did not produce analyzable fingerprints and were
classified as untyped, so the number of Vibrio isolates used in the study was 839.
The genomic similarity of the 45 isolates described by Keymer et al. (22) has been
well characterized using comparative genome hybridization (CGH), which pro-
vides a set of isolates that can be used to assess the accuracy of ERIC-PCR
analysis methods. Below, these 45 isolates are referred to as the “calibration set”.

Envir tal par s. Coincident with sample collection, water temper-
ature, salinity, dissolved oxygen, pH, and turbidity were measured in situ using a
calibrated Hydrolab Quanta water quality probe (HACH Environmental, Love-
land, CO). Approximately 30-ml water samples were 0.2-pm syringe filtered into
acid-washed containers and stored at —20°C prior to analysis for dissolved
nutrients. Nutrient samples were sent to the UCSB Marine Science Institute
Analytical Lab for analysis of ammonium, soluble reactive phosphate, nitrate
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plus nitrite, nitrite, and silicate using flow injection methods. Since the first four
parameters were correlated over all sampling events, only ammonium concen-
tration is included in the analysis of genotype distribution patterns. Log trans-
formations of salinity, ammonium, and turbidity data were performed to ensure
that the data were normally distributed. Raw environmental data are shown in
Table S3 in the supplemental material.

ERIC-PCR. Whole cells grown in LB broth with 1% NaCl were washed and
resuspended in sterile water. One microliter of cell suspension was added to 24
wl of a master mixture containing 1.25 U high-fidelity Hot Star Tag polymerase
(Qiagen), 1X HotStar HiFidelity PCR buffer, 1 mM additional MgSO,, and 2
M each of 6-carboxyfluorescein-labeled primer ERIC2 and unlabeled primer
ERICIR (36). The thermal cycling conditions were the conditions described by
Zo et al. (48), except for an initial 15-min hot start at 94°C. Three microliters of
the PCR product was mixed with 22.5 pl of Hi-Di formamide (Applied Biosys-
tems) and 0.5 pl of a custom MapMarker (Bioventures Inc., Murfreesboro, TN)
consisting of 6-carboxyl-X-rhodamine-labeled size fragments (100 to 2,000 bp).
Fragment analysis of the PCR-amplified genome fragments was performed with
an ABI 3730XL DNA analyzer at the University of Wisconsin Biotechnology
Center.

Processing of chromatograms. The method described below for generating
ERIC-PCR fingerprints from sample chromatograms was found to be superior to
an automated band-calling method on the basis of precision, reproducibility,
discriminatory power, and accuracy in classifying the calibration set (data not
shown). Chromatogram files were uploaded to GelCompar II 5.0 (Applied
Maths, Austin, TX) using the CrvConv filter. Curves were normalized to the
internal standard and filtered using a rolling disk size of 16% to remove back-
ground noise and a least-squares cutoff of 0.03% to remove high-frequency noise.
Filtered curves were compared using Pearson product-moment correlation (see
Fig. S1 in the supplemental material), and the similarity matrix was exported to
MATLAB 7.4 (MathWorks, Natick, MA).

Evaluation criteria for ERIC-PCR fingerprinting. Four criteria were used to
evaluate the ERIC-PCR fingerprinting method: precision, reproducibility, dis-
criminatory power, and accuracy. Precision was computed as the mean of a
lognormal distribution fit to the histogram of pairwise similarity between repli-
cates. Replicates refer to multiple independent fingerprints (between 2 and 10
fingerprints; median, 2 fingerprints) obtained for the same isolate. For the other
criteria, fingerprints were clustered into groups with intracluster similarity
greater than a specified identity cutoff. Each cluster corresponds to one ERIC-
PCR genotype and is designated by a unique identifier from 1 to 115. Repro-
ducibility was calculated for all replicate fingerprints as the average percentage
of replicates present in the cluster containing the most replicates of a given
isolate. Discriminatory power (D) was computed for all fingerprints using equa-
tion 1 (20):

N
1
D :mgﬂf (1)

where a; is the number of isolates represented by fingerprints in clusters besides
the one containing isolate j and N is the total number of isolates examined. The
value of D is equivalent to the average fraction of fingerprints distinguishable
from a given fingerprint and ranges from 0 to 1, with 0 meaning that all finger-
prints are indistinguishable and 1 indicating that each fingerprint is distinguish-
able from every other fingerprint. Accuracy was represented by the false-positive
rate and false-negative rate for the calibration set, previously characterized using
an independent CGH genotyping scheme (22). False positives were defined as
two fingerprints from divergent isolates (identified by CGH) that fell into the
same genotype cluster. In contrast, false negatives were defined as fingerprints
from isolates with the same CGH profile that fell into different genotype clusters.
Rates were computed using the following equations, where FP is false positives,
FN is false negatives, TN is true negatives, and TP is true positives.

X 100%

. FpP
False positive rate = P+ TN 2)

FN
False negative rate = N & TP X 100% 3)

Biogeography analysis. Following the division of all fingerprints into ERIC-
PCR genotypes, DNA sequences for the housekeeping gene dnaE were gener-
ated for representative isolates for all 115 genotypes (see Fig. S4 in the supple-
mental material). Six additional housekeeping genes were sequenced for isolates
for 77 genotypes, and in all cases classification of isolates as species other than
V. cholerae on the basis of dnaE sequence homology was verified by the addi-
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tional locus sequences (D. P. Keymer and A. B. Boehm, unpublished data).
Genotypes with <95% sequence similarity to V. cholerae (23) were classified as
non-V. cholerae vibrios and excluded from further analysis.

The number of ERIC-PCR genotypes detected was plotted as a function of the
number of isolates collected for each sampling event. Data points were fitted to
both linear and power responses using least-squares regression. The power curve
had the formy = ax” + ¢. Goodness of fit for the two models was evaluated using
Fisher’s F test.

Simple and partial Mantel tests were performed with the open-source program
zt (5) to test for correlation between genotypic dissimilarity of samples and
geographic distance, while accounting for differences in environmental condi-
tions. Downloads of zt are free through the Journal of Statistical Software website
(http://www jstatsoft.org/v07/i10). Matrices for Mantel tests were assembled in
MATLAB 7.4. The genetic dissimilarity matrix used the Dice coefficient dissim-
ilarity between the incidences of ERIC-PCR genotypes within each sampling
event. The geographical distance matrix was based on the spherical law of cosine
distance from latitude-longitude coordinates at each site. Simple Mantel tests
were used to determine which environmental parameters were correlated with
the genotypic dissimilarity matrix. Measured parameters were added stepwise to
the environmental dissimilarity matrix to generate a matrix that had maximum
correlation with the genotypic dissimilarity matrix and included the fewest pa-
rameters. The environmental distance matrix consisted of standardized Euclid-
ean distances between values for water temperature, log salinity, and log ammo-
nium concentration measured during each sampling event. The temporal
distance matrix was comprised of the number of days between sampling events
normalized to the study period duration. A false-discovery rate correction was
used to determine the significance of testing multiple hypotheses (3). Values and
ranges of correlation coefficients presented below reflect the individual correla-
tion of geographic, environmental, or temporal distance with genotypic dissim-
ilarity when both of the remaining predictor variables were controlled for.

Distance-decay relationships were estimated for log-log plots of genotypic
similarity versus geographic and temporal distance. Bootstrapped linear regres-
sions were performed with 10,000 replicate resamples to verify that taxon-area
and taxon-time exponents were nonzero, as described previously (16).

NCMs were fitted with least squares to mean relative abundance and fre-
quency data for each ERIC-PCR genotype across all sampling events based on
the equations derived by Sloan et al. (40). NCMs were also fitted to sampling
events for individual sites to assess V. cholerae community assembly on a local-
versus-regional spatial scale. Coefficients of determination and root mean square
errors (RMSEs) (normalized to range in dependent variable) were computed to
assess goodness of fit for each model. NCMs were not fitted for individual sites
that contained fewer than 16 genotypes (Kirby Park, Lagunitas Creek, Moss
Landing Harbor, and San Pedro Creek).

Cooccurrence indices (C-board, Combo, and C-score) for incidence matrices
of samples within individual sites or all sites were computed as described by
Horner-Devine et al. (17), using EcoSim 7.72 (14). Singleton genotypes were
removed from the matrices before analysis. Indices were not computed for
individual sites that contained fewer than three nonsingleton genotypes (Kirby
Park, Lagunitas Creek, Moss Landing Harbor, and San Pedro Creek). Standard-
ized effect scores, equivalent to statistical z scores, are included below to allow
comparison between data sets of different sizes.

All statistical comparisons except the Mantel tests were performed in MAT-
LAB 7.4 (MathWorks).

Nucleotide sequence accession numbers. The GenBank accession numbers for
the DNA sequences determined in this study are FJ609424 to FJ609633.

RESULTS

Evaluation of fingerprint comparisons. Several criteria were
used to optimize and evaluate the assignment of genotypes
from the ERIC-PCR fingerprints. Precision was computed us-
ing 244 replicates from 110 individual V. cholerae isolates and
was determined to be 90.4% (95% confidence interval, 89.5 to
91.3%). An optimal identity cutoff of 80% was chosen to pro-
duce the best trade-off between reproducibility and discrimi-
natory power (see Fig. S2 in the supplemental material). At the
80% cutoft value, the method had a reproducibility of 98.5%
and an index of discriminatory power of 0.971.

The high-resolution CGH approach used by Keymer et al.
(22) identified several groups of apparently identical V. chol-
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FIG. 1. Relationship between sample size and ERIC-PCR geno-
type diversity. The number of ERIC-PCR genotypes detected in a
sample increases according to a power law relationship with the total
number of isolates collected (y = ax” + ¢, where a is 1.48 + 1.47, b is
0.60 = 0.24, and ¢ is —0.51 = 1.97; 7* = 0.71). The power law model
fit better than a linear model (> = 0.68) based on Fisher’s F test (F =
9.49, P < 0.05). Samples discussed in the text are labeled for clarity.

erae isolates. Using the same isolates characterized in that
study, we compared clusters generated from the ERIC-PCR
fingerprints with different identity cutoffs to the clusters de-
fined using CGH. False positives (divergent isolates clustering
together) and false negatives (identical isolates clustering sep-
arately) were tallied over a range of similarity cutoffs (see Fig.
S3 in the supplemental material). When evaluated at the op-
timal identity cutoff, 80%, our genotype classification method
had a false-positive rate of 0.57% and a false-negative rate of
15.0%.

Fingerprint analysis of entire strain collection. The entire
collection of ERIC-PCR fingerprints was analyzed using an
80% identity cutoff to discern distinct genotypes. A total of 998
fingerprints, including replicates, from 839 isolates were di-
vided into 115 ERIC-PCR genotypes, each represented by
between 1 and 72 isolates (see Fig. S1 in the supplemental
material). Nucleotide sequence analysis using the DNA poly-
merase I gene (dnaE) (see Fig. S4 in the supplemental mate-
rial) divided the genotypes into confirmed V. cholerae isolates
(99 genotypes, 799 isolates) and other putative vibrios (16
genotypes, 40 isolates). Genotypes classified as non-V. cholerae
vibrios (genotypes 38, 50, 62, 65 to 67, 70, 72 to 75, 103, 107,
112, and 114 to 115) were excluded from further analysis. Our
calibration set of 45 V. cholerae isolates is =99% similar at the
16S rRNA gene level (data not shown); however, ERIC-PCR
fingerprinting classified the 45 isolates into 21 different geno-
types.

The genotype richness of isolates collected during most sam-
pling events did not level off with increasing sampling effort,
even though we collected up to 50 isolates per event. For the
97 sampling events, we observed a power law relationship in
the number of genotypes detected with the number of isolates
collected (Fig. 1) (* = 0.71). The power law curve provided a
better fit than the linear model (> = 0.68, F = 9.49, P < 0.05).
Samples below the regression line were relatively closer to
saturation of diversity, while samples above the line were rel-
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atively further from saturation. The isolates obtained by en-
richment had relatively low diversity and fell below the regres-
sion line, along with the isolates collected at Waddell Creek in
June 2006. Conversely, the samples from San Lorenzo River
collected in June, July, and August 2006 had relatively high
diversity and fell above the regression line.

Striking patterns of temporal and spatial occurrence were
observed for some genotypes. Forty-seven different genotypes
were detected during three or more sampling months, and nine
genotypes were found in more than 5 months. Thus, several
genotypes appear to be temporally persistent in the coastal
environment. Analogously, 26 genotypes displayed relatively
wide geographic occurrence, since they were present at be-
tween three and six of our nine sites. These 26 genotypes
appear to be cosmopolitan in nature and able to tolerate a
range of environmental conditions (see Table S2 in the sup-
plemental material). Interestingly, geographically restricted
genotypes (the genotypes found during multiple months at just
one site) were relatively rare. Only five genotypes were col-
lected in three or more months and were restricted to a single
site. These five potentially endemic genotypes were isolated
from Pescadero Creek, Old Salinas River, San Lorenzo River,
and Waddell Creek. Latitude-longitude coordinates for each
site are shown in Table S4 in the supplemental material, along
with pairwise distances (in kilometers) between sites.

The distribution of persistent genotypes at Pescadero Creek,
Old Salinas River, San Lorenzo River, and Waddell Creek is
shown in Fig. 2 to illustrate interesting spatial and temporal
patterns in genotype occurrence. For instance, genotypes 27,
45, 86, and 89 are cosmopolitan and were repeatedly found
across the sites. In contrast, genotypes 1, 98, 99, and 113 are
restricted to a single site. Temporal shifts in the genotypic
composition of particular sites are also evident in Fig. 2. Ge-
notype 90 appears to dominate the V. cholerae population in
Waddell Creek in June 2006, but less than 30 days later most
of its contribution to the sample diversity has been replaced by
a number of other genotypes. Genotype 54 is numerically dom-
inant in the Old Salinas River during many summer months,
but its contribution declines throughout the rest of the year.
Cooccurrence of some genotypes also appears to be common.
For example, genotypes 1 and 111, 16 and 33, and 21, 42, 56,
and 82 repeatedly occur together during various sampling
events.

Biogeographic patterns in sample diversity. We examined
how the distribution of isolates collected throughout our study
is controlled by geographical distance, temporal separation,
and environmental dissimilarity. First, a log-log relationship
was estimated for genotypic similarity with geographic distance
and temporal distance (29). The taxon-area exponent (z) for a
least-squares fit is significantly negative (P < 0.0001) and equal
to —0.043 = 0.013 (see Fig. S5A in the supplemental material).
The time-taxon exponent is similar in magnitude (—0.047 =
0.024, P = 0.0001) (see Fig. S5B in the supplemental material).
It should be noted that the correlations of diversity with dis-
tance or time do not distinguish between effects of contempo-
rary environmental heterogeneity and effects of dispersal and
history.

Simple Mantel tests revealed significant intercorrelations
(P < 0.05) between our deterministic predictor variables (en-
vironmental, geographic, and temporal distances). Ammonium
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concentration was the most highly correlated individual envi-
ronmental predictor of genotypic dissimilarity, followed by sa-
linity and then water temperature. The partial Mantel tests
revealed that the environmental conditions, sampling date, and
geographic locations of the sampling events had significant,
although small, independent effects on the genetic dissimilarity
between samples (Table 1). Recall that the partial Mantel tests
control for intercorrelation between predictor variables. Envi-
ronmental differences had a relatively smaller effect on geno-
type similarity among samples (0.04 = r = 0.05, P < 0.008),
and days between samples (r = 0.09, P = 0.0001) and kilome-
ters between sites (r = 0.09, P < 0.0001) were equally signifi-
cant predictors. While the geographic, temporal, and environ-
mental associations were significantly correlated with the
genetic similarity between samples, greater than 95% of the
variability in the data remains unexplained by the variability in
our predictor matrices.

To assess whether the diversity not explained by the Mantel
tests could be due to a neutral community structure, we used
Sloan et al.’s NCM to fit mean relative abundance and fre-
quency data for each ERIC-PCR genotype (40). It has been
argued that good agreement between observed taxon abun-
dance patterns and the NCM fit is evidence for a prominent
role of neutral, stochastic processes in assembly of the ob-
served communities (39, 40, 47). When abundance and fre-
quency of genotypes over all 97 sampling events are used to fit
the NCM, an 7 value of 0.61 is obtained. Using the total
number of isolates as a minimum population size (N;), a max-
imum possible immigration probability (m2) of 0.0003 is calcu-
lated (Table 2). In spite of the curve capturing the general
trend in the data, there is a fair amount of disagreement
between the observed data and the model (RMSE = 0.143)
(Fig. 3). When fitted to abundance data from individual sites,
the NCMs produced 7* values ranging from 0.37 to 0.85, with
0.0009 = m = 0.0045 and equally prominent scatter in the
observed abundance data (Table 2 and Fig. 3).

Nonrandom patterns in cooccurrence of ERIC-PCR geno-
types may indicate the importance of deterministic factors such
as competition and niche differences in shaping the V. cholerae
population assembly. Three cooccurrence indices (C-board,
Combo, and C-score) were computed for incidence matrices
from all sampling events or individual sites and compared to
indices computed for null matrices (Table 3). C-board is the
number of genotype pairs never occurring in the same sample,
Combo is the number of unique genotype cooccurrences be-
tween sites, and C-score is the average number of “checker-
board” units, as described by Stone and Roberts (41), between
all genotype pairs. Based on Diamond’s community assembly
rules, a competitively structured community should yield
higher C-board, higher C-score, and lower Combo values than
expected by chance (11, 15). Indeed, across all sampling events,
C-board and C-score are significantly higher than expected by
chance (P = 0.001 and P = 0.019, respectively), and Combo is
significantly lower (P < 0.001), pointing to a competitively
structured community. Similar results were obtained for cooc-
currence at individual sites (Table 3). C-score was higher than
expected by chance for Old Salinas River (P = 0.044), Pescad-
ero Creek (P = 0.024), and Waddell Creek (P = 0.002). C-
board was also statistically higher than the null model value for



1662 KEYMER ET AL. ApPL. ENVIRON. MICROBIOL.

;10 0 3 3931444317 9 2
o T = LEGEND
Q
C
@ 0.8 10 -]
° a
= o 2 L]
20.6— 1 @
- 5 13 [
)
-
§ oaf 1o
= T 16 @
o] <
S |3 =
—
& I s M
0
; 0 17 22 11 3 2 26 []
|
ol
© 08l {1
O g 33 [
5 O
2 osp 18 « @
- — ]
o
S o4t 15 a5 W
5 ¢ s4 [l
02} 1=
&) 56 I:I
0 | | 60 |:|
0 0o 1 1 14 43 50 22 11 6 1
1 L2
g ' s2 [l
g
S o8- 9 o L]
c = |
= — 86 ]
go.s— o
= © 89 []
C N
§ o4t S o B
5 2~ 2
=
Qo2 o 94 U]
—_
o
0 . os I
.0 0 0 0 o7 I}
I
o I
@ 08} i
g z oM
=5 Q
2 osf 5 12 100 [l
e 0] =
©
C 04} '.‘I _ 9109 |:|
G0 0 @
= X [ 2m Ml
8 X "
02k g i
- ¥ L 13 []
0 . — non-vC [

MAMJJASODAMJAFMAMJJ AONTD

2004 2005 2006
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TABLE 1. Results of simple and partial Mantel tests between distance matrices for genotypic dissimilarity, environmental dissimilarity,
geographic distance, and temporal separation of isolates from each sampling event”

Dependent variable Independent variable Controlling for r P value
Environmental dissimilarity Temporal separation 0.081 0.0034
Geographic distance Environmental dissimilarity 0.141 0.0019
Genotypic dissimilarity Water temperature 0.023 0.1094
Genotypic dissimilarity Salinity 0.033 0.0366
Genotypic dissimilarity Turbidity —0.010 0.3094
Genotypic dissimilarity Ammonium 0.049 0.0078
Genotypic dissimilarity Environmental dissimilarity 0.061 0.0004
Genotypic dissimilarity Environmental dissimilarity Geographic distance 0.047 0.0074
Genotypic dissimilarity Environmental dissimilarity Temporal separation 0.053 0.0028
Genotypic dissimilarity Geographic distance 0.102 0.0001
Genotypic dissimilarity Geographic distance Environmental dissimilarity 0.094 0.0001
Genotypic dissimilarity Geographic distance Temporal separation 0.097 0.0001
Genotypic dissimilarity Temporal separation 0.101 0.0001
Genotypic dissimilarity Temporal separation Geographic distance 0.095 0.0001
Genotypic dissimilarity Temporal separation Environmental dissimilarity 0.096 0.0001

@ Simple and partial Mantel test data are shown in rows containing two and three comparison variables, respectively. All correlations were statistically significant (P <
0.05 with false discovery rate correction), except for the simple Mantel tests between genotypic dissimilarity and water temperature and between genotypic dissimilarity
and turbidity. Ranges of r in the text represent the individual correlations of geographic, environmental, or temporal distance with genotypic dissimilarity when both

remaining factors were accounted for.

two sites: San Lorenzo River (P = 0.012) and Waddell Creek
(P = 0.028).

DISCUSSION

Similarity in the composition of V. cholerae assemblages in
central California coastal waters decreased as a function of
both time and space between sampling events. We observed a
significant negative log-log relationship between genotypic di-
versity and geographic distance. The taxon-area exponent (z =
—0.043 = 0.013) is very small but significantly nonzero. This
value is within the range of values computed for salt marsh
bacteria and other microbial communities (—0.02 =< z =
—0.07) (12, 16) but lower than values computed for high-
mountain-lake bacteria (z = 0.16) (35) and beech tree hole
bacterial communities (z = 0.26) (2). The small sample sizes
used here and in other studies allow only systematic shifts in
abundant taxa to be detected using the taxon-area relationship,
so the actual absolute value of the exponent could be much
larger if rare taxa behave similarly (46). The small exponent
observed for the V. cholerae taxon-area relationship probably
indicates some niche overlap between intraspecific genotypes
(29). A negative log-log relationship was also observed be-
tween genotypic similarity and temporal distance of sampling
events (z = —0.047 = 0.024). The taxon-time exponent is much
smaller than the exponents estimated for bacteria treating in-
dustrial wastewater (—0.512 = z = —0.162) (43). Our smaller

exponent compared to the industrial wastewater reactor expo-
nents suggests that there is higher temporal stability in the V.
cholerae population, but it could stem from differences in the
taxon-level resolution as well.

The distance-decay relationships described above provide an
elementary tool to describe distribution patterns in microbial
communities, but they cannot distinguish the effects of multi-
ple interrelated factors. Therefore, we used partial Mantel
tests to quantify independent effects of our geographic, tem-
poral, and environmental predictor matrices on genotype oc-
currence across sampling events. All three of our predictor
variables had significant, but minor effects on the genotype
dissimilarity between samples. The correlation coefficients for
the partial Mantel tests are somewhat lower than the values
that have been seen for environmental effects in salt marsh
bacteria (0.26 = r = 0.37) (16), for spatial effects in high-
mountain-lake bacteria (r = 0.29) (35), and for pH effects on
soil bacterial communities (» = 0.75) (12). In contrast to pre-
vious studies, we found evidence for independent effects on
genotypic similarity from both environmental heterogeneity
and spatial distance, as well as temporal proximity. The fact
that we are able to detect geographic effects in our data set
means that dispersal rates are not high enough to mask a
distance-decay relationship (26). Correlation between environ-
mental similarity and genotypic similarity implies that local
deterministic factors and niche differences play a role in shap-

TABLE 2. Fitting parameters (N, and m) and goodness of fit (/> and RMSE) for NCMs*

Group Nyn 95% confidence interval Ny r? RMSE m
All samples 0.26 0.21-0.30 795 0.61 0.143 0.0003
Old Salinas River 0.28 0.20-0.35 199 0.56 0.107 0.0014
Pescadero Creek 0.50 0.44-0.57 157 0.85 0.075 0.0032
San Lorenzo River 0.32 0.23-0.41 196 0.37 0.152 0.0016
Soquel Creek 0.19 0.14-0.23 41 0.74 0.066 0.0045
Waddell Creek 0.15 0.10-0.20 169 0.49 0.171 0.0009

“ Ny is the number of individuals in the population (minimum population size), and m is the maximum probability at which a dead individual is replaced by an
immigrant from the source community. RMSE is normalized to the range of the dependent variable, a measure of scatter from the predicted curve.
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FIG. 3. Fit of NCM to observed isolation frequency and mean relative abundance for ERIC-PCR genotypes from all environmental samples
and from a subset of individual sampling sites. The open circles represent individual genotypes, and the dashed lines indicate the least-squares best

fit. Fitting parameters are shown in Table 2.

ing V. cholerae population structure. However, the relatively
strong temporal influence on genotypic similarity across sites
up to 100 km apart suggests that regional factors acting simul-
taneously at all sites are also important. These factors could
include biological interactions with other seasonally abundant
taxa or fluctuations in climate and near-shore oceanographic
phenomena.

The amount of variability in the genotype dissimilarity ma-
trix explained by deterministic factors (location, time, and en-
vironmental conditions) according to the partial Mantel tests
was less than 5% of the total variability, so much of the vari-
ability remains unexplained. There are several possible expla-
nations for this result. We may not have measured some envi-
ronmental parameters that are important in controlling V.
cholerae population structure. V. cholerae may inhabit mi-
croniches where environmental parameters vary immensely
from those measured and assigned to the sampling event (31,
45). Niche selection may occur at the level of gene content or
gene regulation, which is finer than the resolution that we
observe with genome fingerprinting. If this is the case, geno-
types with similar genome fingerprints may respond very dif-
ferently to changes in their environment. Alternatively, it may
be possible that isolates that are classified as having different
ERIC-PCR genotypes but are similar in some portion of their
gene content experience selection with the same environmen-
tal cues (22). Finally, most of the diversity observed among
isolates in this environment may be neutral and shaped by
stochastic processes (42). To further explore the latter expla-
nation, the role of stochastic and deterministic processes in
controlling genotype distribution patterns was examined using
NCMs and cooccurrence indices.

NCMs appear to describe much of the distribution of geno-
types, suggesting that stochastic processes play an important
role in shaping population structure. The NCMs fit our taxon
abundance data better than the human fecal community ex-

ample described by Sloan et al. (40), but our * values are
relatively low and the curve fits are less convincing than those
for other bacterial communities (39, 47). However, the simple
NCMs can very rarely be rejected based on statistical consid-
erations, and simulations show that under most circumstances
niche and neutral models are indistinguishable, even under
strong selective pressure (1, 27). Therefore, caution should be
taken in interpretation of these results; they do not imply that
deterministic processes are unimportant. To the contrary, we
interpret the relatively weak NCM fit as evidence that stochas-
tic processes, while important, are not sufficient to fully explain
the observed patterns in genotype diversity.

The nonrandom cooccurrence indices suggest that compet-
itive structuring of the V. cholerae population is important. The
C-board and C-score indices were significantly larger than the
indices generated for the null matrices (P = 0.001 and P =
0.019, respectively), and Combo was significantly smaller (P <
0.001), when all samples were compared across sites. Cooccur-
rence indices for samples within individual sites gave similar
results, with three sites and two sites of four sites tested having
significantly larger C-score and C-board indices than expected
by chance, respectively. Competitive exclusion within the same
niche is one mechanism that could produce higher-than-ex-
pected C-board and C-score values, but environmental differ-
ences between sites could also lead to habitat exclusion for
some genotypes at the regional scale (1). These results high-
light the potential importance of deterministic processes in
shaping population structure. However, the work described
here did not identify which deterministic factors ultimately
control the observed patterns in V. cholerae biogeography, so
further work is needed to verify effects of individual factors.

The results presented here ultimately depend on the tool
that we used to discriminate genotypes. ERIC-PCR has been
used by other researchers to explore V. cholerae diversity (21,
36, 37), and our independent evaluation of the ERIC-PCR
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TABLE 3. Cooccurrence indices computed for incidence matrices from all sampling events or individual sites relative to null matrices using EcoSim 7.72¢

Combo

C-board

C-score

SES

P

= null)

P
(observed  (observed

= null)

Variance
null

Mean
null

(observed SES Observed

= null)

Mean  Variance P
SES  Observed (observed
null null
= null)

P

= null)

P
(observed  (observed

= null)

Mean Variance
null null

Observed

Samples

—2.80

1.000
0.657
0.903
0.966

0.000”
0.773

4.92
0.72
0.44
0.66

3.47 69.0 75.2
0.35

1.54
2.38

0.0017
0.404
0.085

0.999

245 1,192 1,137 250
1.94

2.16
-0.14

0.019”
0.044>
0.024>
0.524

19.1 0.015 0.981

19.4

All

0.21
-0.53
-1.21

14.8

15.0

0.676
0.947
0.993

64.3 24.1

66.0

0.960
0.098

0.014
0.016

3.81

4.04

Old Salinas River

0.544

20.4

20.0

73.0 15.1

79.0

9.07
3.23

9.35
3.22

Pescadero Creek
San Lorenzo

0.012°

0.263

15.0

14.0

71.0 453

87.0

0.497

0.007

River
Waddell Creek

-1.74

0.994

1.77 0.026 0.998 0.0022 3.92 16.0 7.71 7.55 0.996 0.028" 3.02 8.00 9.19 0.47 0.145

2.40

“ See reference 14. C-board is the number of genotype pairs never occurring in the same sample, Combo is the number of unique genotype cooccurrences between sites, and C-score is the average number of
“checkerboard” units between samples. SES, standardized effect score. Kirby Park, Lagunitas Creek, Moss Landing Harbor, San Pedro Creek, and Soquel Creek were excluded due to small numbers of nonsingleton

genotypes (<3).

® There was significant deviation in the indices (P < 0.05) from values expected by chance (null distribution).
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analysis method confirmed that this genomic fingerprinting
tool could be used to accurately define V. cholerae genotypes.
However, other genomic fingerprinting methods (e.g., repeti-
tive extragenic palindromic PCR with BOX or GTGs primers),
as well as multilocus sequence analysis, may provide greater
discrimination between Vibrio isolates (13, 33, 38). It will be
interesting to see how the results of biogeographic analysis of
V. cholerae using these tools to define genotypes compare to
our results.

The vast difference between practical sample size and actual
population size in a site is an inherent problem in environmen-
tal microbial ecology studies (10). Due to constraints on time
and resources, we could collect only up to 50 V. cholerae iso-
lates for each sampling event. Based on our analysis of the
relationship between sample size and genotype diversity, we
found that there was a power law increase in the number of
genotypes detected as the number of isolates collected in-
creased. Therefore, the patterns that we observed take into
account only the most abundant culturable genotypes, even
though rare genotypes should be primarily responsible for driv-
ing spatial or other patterns in genotype distribution (46). We
cannot currently assess how the results observed here would be
affected by the use of culture-independent methods or larger
sample sizes, but future work in these and other ecosystems
should address this issue. Although future work must assess
how well the patterns observed for our collection of isolates
can be extrapolated to the larger coastal V. cholerae popula-
tion, the nonrandom genotype distributions observed here pro-
vide evidence that deterministic factors have a small, but
meaningful role in shaping the coastal V. cholerae population.
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