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ABSTRACT Of marine eubacteria, the genus Vibrio is intriguing because member
species are relevant to both marine ecology and human health. Many studies have
touted the relationships of Vibrio to environmental factors, especially temperature
and salinity, to predict total Vibrio abundance but lacked the taxonomic resolution
to identify the relationships among species and the key drivers of Vibrio dynamics.
To improve next-generation sequencing (NGS) surveys of Vibrio, we have conducted
both 16S small subunit rRNA and heat shock protein 60 (hsp60) amplicon sequenc-
ing of water samples collected at two well-studied locations in the Neuse River Estu-
ary, NC. Samples were collected between May and December 2016 with enhanced
sampling efforts in response to two named storms. Using hsp60 sequences, 21 Vibrio
species were identified, including the potential human pathogens V. cholerae, V.
parahaemolyticus, and V. vulnificus. Changes in the Vibrio community mirrored sea-
sonal and storm-related changes in the water column, especially in response to an
influx of nutrient-rich freshwater to the estuary after Hurricane Matthew, which initi-
ated dramatic changes in the overall Vibrio community. Individual species dynamics
were wide ranging, indicating that individual Vibrio taxa have unique ecologies and
that total Vibrio abundance predictors are insufficient for risk assessments of poten-
tially pathogenic species. Positive relationships between Vibrio, dinoflagellates, and
Cyanobacteria were identified, as were intraspecies associations, which further illumi-
nated the interactions of cooccurring Vibrio taxa along environmental gradients.

IMPORTANCE The objectives of this research were to utilize a novel approach to
improve sequence-based surveys of Vibrio communities and to demonstrate the use-
fulness of this approach by presenting an analysis of Vibrio dynamics in the context
of environmental conditions, with a particular focus on species that cause disease in
humans and on storm effects. The methods presented here enabled the analysis of
Vibrio dynamics with excellent taxonomic resolution and could be incorporated into
future ecological studies and risk prediction strategies for potentially pathogenic
species. Next-generation sequencing of hsp60 and other innovative sequence-based
approaches are valuable tools and show great promise for studying Vibrio ecology
and associated public health risks.
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he genus Vibrio encompasses a diverse group of heterotrophic bacteria which are

ubiquitous and abundant members of native microbial assemblages in open ocean,
estuarine, and freshwater ecosystems. Vibrio spp. are Gram-negative rods belonging to
Gammaproteobacteria and are chemoorganotrophic with facultative fermentative me-
tabolisms (1). The distribution and dynamics of Vibrio populations are strongly influ-
enced by their occurrence along environmental gradients (2, 3) as well as ecosystem-
level interactions controlled by resource availability, predation, and host abundance
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(4-6). Through obligate heterotrophic growth on organic substrates, Vibrio species
contribute to nutrient cycling within their diverse habitats and are involved in both the
uptake and remineralization of carbon, phosphorus, and nitrogen (7-9). As free-living
members of the bacterioplankton, Vibrio spp. have been shown to proliferate quickly
and can even form blooms in response to environmental changes due to their motility,
ability to metabolize diverse substrates, and high rates of population turnover (10).

Although many Vibrio species associated with human and animal hosts are benign
commensals, several are human and animal pathogens and pose major international
threats to public health. Potentially pathogenic species include Vibrio cholerae, the
causative agent of cholera, and Vibrio vulnificus and Vibrio parahaemolyticus, which are
associated with seafood poisoning and wound infections and cause the majority of
Vibrio-related illnesses (vibriosis) in developed nations (1). These organisms are com-
mon in estuarine waters and bioaccumulate in oysters and other filter feeders during
the warm summer months. Like other members of the genus, potentially pathogenic
species are most abundant in warm waters and exhibit strong seasonality, with most
infections occurring during the summer months (11, 12). When conditions are optimal,
virtually 100% of oysters carry Vibrio, and while some strains of these species are not
virulent, the consumption of raw shellfish is an important mode of infection for those
which are pathogenic to humans (13-15). Recreational water contact, especially sec-
ondary contact such as from fishing and boating activities, is also an important mode
of transmission for Vibrio pathogens (16).

The presence and distribution of Vibrio species in coastal habitats is largely depen-
dent on environmental conditions. Salinity and temperature have been frequently
correlated with Vibrio and have been widely utilized to determine the risk of illness from
pathogenic species (2, 17-19). Many risk assessment models for Vibrio rely almost
entirely on water temperature, which explains only about half of the interannual
variation in total Vibrio abundance quantified using culture-based methods (20). Efforts
to model specific species of Vibrio have been hampered by the fact that many risk
assessment methodologies are incapable of delving into species-level variation in Vibrio
communities. This is problematic both because of the unique ecologies of individual
species and because models for the entire genus are inadequate predictors of potential
pathogens. Another shortfall of current methods is their failure to account for shifts in
the Vibrio community in response to storm events. Vibrio dynamics in shallow coastal
and estuarine systems are strongly affected by storm-related high winds and enhanced
flow, which can reintroduce particle-attached cells to the water column (21). Storm-
associated precipitation and increased freshwater river discharge can dramatically
influence salinity, nutrient availability, phytoplankton abundance, and other factors in
coastal estuaries which may impact Vibrio abundance and community composition (21,
22). Other environmental factors, including dissolved oxygen (DO), chlorophyll a, and
turbidity, have been shown to affect Vibrio abundances in water and shellfish in various
studies, but these relationships are not well resolved, and opposite trends have
sometimes been demonstrated (19). Continued research efforts are necessary to define
the relationship between the environment and Vibrio, especially for species that are
important from a public health perspective, in order to identify consistent patterns
associated with the ecology of specific species within the genus.

The gene for the small subunit of 16S rRNA has been used to identify and study
prokaryotes for decades. This marker is an excellent tool for surveying bacterial
assemblages in marine and coastal environments and has been frequently used to
define bacterial responses to environmental factors (10, 23). Unfortunately, the relat-
edness and rapid evolution of Vibrio species makes them difficult to identify and
differentiate using approaches which rely on the 16S rRNA gene (24-26). Culture-based
methods have also been problematic due to the prevalence of false positives, the need
for molecular testing to confirm species identity, and the time to result (27). Despite
these challenges, the prevalence of Vibrio in populated coastal areas, as well as the
economic value of recreational waters and shellfish fisheries, underscores the impor-
tance of excellent methods for the study of potential Vibrio pathogens and Vibrio
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communities as a whole (28). Next-generation sequencing (NGS) technologies enable
the simultaneous analysis of DNA sequences for all microbes in a given sample,
permitting the study of complex environmental microbial communities (29, 30). As NGS
technologies become less expensive, quicker, and more widely available, it is essential
to consider how they can be used to detect and study Vibrio and other groups that are
important from both ecological and public health perspectives. The heat shock protein
60 gene (hsp60) is an excellent marker for differentiating closely related taxa, since it is
protein encoding and thus more variable than 16S rRNA markers (31). This gene has
been used to identify and differentiate Vibrio and other clinically relevant bacteria with
high taxonomic resolution (32, 33) and is a promising target for NGS of PCR amplicons,
since reads as short as 200 bp can be used for species-level identification (31).

The objectives of this research were twofold. First, we aimed to evaluate the use of
NGS of hsp60 amplicons for environmental surveys of Vibrio. To demonstrate the utility
of this approach, our second objective was to conduct an analysis of Vibrio communi-
ties in the context of environmental parameters within both microbial and phytoplank-
ton assemblages. To achieve these goals, we initiated a 7-month biweekly sampling
campaign at two well-studied sampling stations in the Neuse River Estuary (NRE), a
eutrophic estuary in eastern North Carolina. Samples were collected from May through
December 2016 with enhanced sampling efforts immediately following two named
storm events, Tropical Storm Colin and Hurricane Matthew. We conducted NGS of both
16S rRNA and hsp60 amplicons. Sequencing both amplicons enabled us to compare
hsp60 and 16S rRNA results for Vibrio populations, analyze Vibrio dynamics with
improved taxonomic resolution using hsp60, and better understand Vibrio in the
context of the larger microbial community using the 16S rRNA marker. Using hsp60, we
identified specific species of Vibrio that are important from a human health perspective
(V. vulnificus, V. parahaemolyticus, and V. cholerae) and observed how individual species
dynamics impacted the entire Vibrio community. We also collected environmental,
chemical, and phytoplankton photopigment data and associated these variables with
Vibrio abundances and community structure using a range of informative statistical
approaches.

RESULTS

Vibrio sequences. There were 21 Vibrio species identified using hsp60 amplicons,
including the potential pathogens V. vulnificus, V. parahaemolyticus, and V. cholerae (Fig.
1A). There were only 5 species of Vibrio identified using 16S rRNA amplicons, and there
were multiple samples in which there were no 16S rRNA Vibrio sequences (Fig. 1B). The
16S rRNA analysis identified three species, V. ichthyoenteri, V. aestuarianus, and V.
diazotrophicus, which did not appear in the hsp60 data because there were no repre-
sentatives of these species in the curated cpn60 database used to assign taxonomy to
the hsp60 reads. In total, annotated Vibrio reads made up 0.02% of 16S rRNA reads and
0.5% of hsp60 reads across the study (n = 184). The percentages of Vibrio reads in
individual samples ranged from 0 to 0.2% for 16S rRNA and from 0.35 to 3.2% for hsp60.
Observed, Shannon, and chao1 alpha diversity metrics for hsp60 and 16S rRNA ampli-
cons were correlated but were significantly higher for the 16S rRNA gene (see Fig. S1
and Tables S3 and S4 in the supplemental material). The hsp60 amplicon exhibited
higher diversity for the genus Vibrio than the 16S rRNA amplicon (Fig. S1). hsp60 and 16S
rRNA alpha diversity metrics for Vibrio were not significantly correlated (Table S3). Only two
Vibrio taxa, V. cholerae and V. mimicus, were observed in both amplicon data sets. See the
supplemental material for summaries of the Proteobacteria, Gammaproteobacteria, Vibrion-
ales, and Vibrionaceae in the 16S rRNA and hsp60 data (see Fig. S2 to S5).

Vibrio and the environment. Temperatures in the NRE during the study period
ranged from 10.5 to 31.6°C. Salinities ranged from 0.02 to 20.2 ppt, with higher salinities
observed during the summer months and in the bottom water. The average daily
freshwater discharge remained relatively constant and averaged 6.3 m3/s from May
through early October 2016 and increased to 19.5 m3/s on the first sampling day
following Hurricane Matthew. A corresponding decrease in salinity to near freshwater
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FIG 1 Relative abundances of Vibrio species in the NRE from May through December 2016 using the hsp60 gene (A) and
16S rRNA gene (B). Panels designate sampling site (stations 70 or 120) and depth (surface or bottom water). Numbers in
parentheses indicate the number of sampling events per month. There were no 16S reads assigned to the Vibrio genus in
several samples, as indicated by blank data slots.

levels (0.02 ppt) was observed immediately following the hurricane. On average, the
normalized abundance of total Vibrio reads increased 9% in the surface waters and 39%
in the bottom waters during the summer months. Normalized Vibrio read abundances
following Tropical Storm Colin and Hurricane Matthew increased in the bottom waters
by 9% and decreased in the surface waters by 12.6% on average. Dissolved organic
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nitrogen (DON) increased from an average of 340 ug/liter in samples taken prior to
Hurricane Matthew to an average of 449 pg/liter in storm-associated samples. Dis-
solved organic carbon (DOC) increased from 640 ug/liter on average before the storm
to 917 pg/liter in Hurricane Matthew-associated samples. The total chlorophyll a
concentration, which is a proxy for phytoplankton abundance, was highly variable
during the study period, with values ranging from 0.5 to 52 ug/liter, and the highest
numbers were observed in response to two phytoplankton blooms in the surface
waters. Chlorophyll a concentrations associated with both bloom events were 52
ug/liter, and each bloom was captured at a single time point, the first in July at station
70 and the second in October at station 120. These blooms were likely associated with
dinoflagellates based on high concentrations of the dinoflagellate-related phytoplank-
ton photopigment peridinin (data not shown). These results are summarized in Fig. 2
and are typical of the highly variable conditions in the NRE, with the exception of those
associated with Hurricane Matthew, which can be considered an extreme event on the
basis of the observed influx of freshwater discharge and corresponding changes in
salinity, chlorophyll g, and nutrient concentrations. Storm-related freshwater pulses in
the NRE were previously shown to decrease residence times and salinity and contribute
to elevated nutrient concentrations (34).

We investigated how the full suite of measured temporal and environmental
parameters impacted Vibrio communities by using an accepted nonparametric mod-
eling approach (distLM), which can be used to assess the contributions of a range of
variables to variations in multivariate abundance data (35). All fitted variables except
particulate organic carbon (POC), pH, and particulate nitrogen (PN) were significant in
the marginal tests. In the sequential tests, 26 of 34 total variables were fit to the model
(see Table S2 for a list of all tested variables). Three factors, month, salinity, and days
post-Hurricane Matthew, explained 49% of the observed variation in the Vibrio com-
munity, with 67% of observed variation explained by the full model. For Tropical Storm
Colin, only the categorical (storm/no storm) variable, which explained <1% of the total
variation, was fit in the sequential distLM test; the temporal variable (days poststorm)
was not fit by the model. For Hurricane Matthew, the categorical variable was included
in the model, though it was not significant, and explained <1% of the total variation.
However, the temporal variable for days post-Hurricane Matthew was the third variable
fit in the sequential model and explained 6.7% of all observed variation in the Vibrio
community. DistLM statistics for the variables included in the sequential model are
listed in Table 1. Analysis of similarity (ANOSIM) testing indicated that Tropical Storm
Colin did not significantly explain the observed variation in Vibrio communities be-
tween samples (R = —0.1222, P = 0.986) but that Hurricane Matthew did (R = 0.164,
P = 0.009). Both storms impacted the water column and Vibrio communities in the NRE,
but Hurricane Matthew was the larger storm and had a much more dramatic impact on
both biotic and abiotic conditions in the water column. The observed Asalinity, which
is defined as the difference between bottom and surface water salinities (36), is one
example of the effect Hurricane Matthew had on the abiotic conditions in the estuary.
The average Asalinity was ~5 ppt during the sample period across all samples. For
Hurricane Matthew-associated samples, the average Asalinity dropped to 0.5 ppt due
to enhanced freshwater discharge, confirming that the hurricane had a large impact on
salinity and stratification in the estuary.

Relating Vibrio dynamics to extreme events. Samples taken following Hurricane
Matthew grouped at the top of the y axis of the distance-based redundancy analysis
(dbRDA) ordination (Fig. 3A), which was positively correlated with increased nitrate/
nitrite (NO5/NO,) concentrations, as well as decreased salinity and increased freshwater
discharge and DON as floodwaters from the storm made their way through the estuary.
As freshwater discharge returned to baseline (see Fig. 2), the Vibrio community com-
position shifted as V. vulnificus and cooccurring taxa, which had increased in concen-
tration immediately after the storm, began to subside (see Fig. 3C and 4). The com-
munities sampled in November and December were more similar to those observed in
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chlorophyll a for all sampling dates, stations, and depths in the NRE during the study period. Organic nutrient
data are averaged across stations and depths for each sampling date. Named storm events Tropical Storm Colin

(June 2016) and Hurricane Matthew (October 2016) are marked by vertical lines.

May and June than to those taken immediately before the storm in late September and
early October based on their positions in the ordination. Samples taken in July, August,
and September grouped together and were positively associated with temperature,
phosphate (PO,), and salinity. Samples associated with Tropical Storm Colin grouped

July 2018 Volume 84

Issue 13 e00333-18

Applied and Environmental Microbiology

aem.asm.org 6


http://aem.asm.org

Vibrio Dynamics Revealed by hsp60 Amplicon Sequencing Applied and Environmental Microbiology

TABLE 1 Distance-based linear modeling for normalized and square root-transformed hsp60 Vibrio read abundances and environmental
and temporal predictor variables

Marginal tests® Sequential tests¢
Proportion of Proportion of
Predictor variable® P value? variation explained Adj. R? P value? variation explained
Month 0.0001 0.338 0.308 0.0001 0.338
Salinity 0.0001 0.151 0.393 0.0001 0.086
Days post-Hurricane Matthew 0.0001 0.251 0.445 0.0001 0.067
PO, 0.0001 0.080 0.462 0.0001 0.019
NO5/NO, 0.0001 0.083 0.477 0.0001 0.017
Rainfall 0.0013 0.024 0.489 0.0002 0.014
CN 0.0001 0.045 0.498 0.0007 0.011
DON 0.0001 0.057 0.508 0.0001 0.012
River discharge 0.0001 0.090 0.517 0.0002 0.011
DO 0.0001 0.104 0.522 0.0082 0.008
Station 0.0001 0.055 0.528 0.004 0.008
NH, 0.0078 0.017 0.532 0.0204 0.006
Temperature 0.0001 0.117 0.536 0.0351 0.006
Chlorophyll a 0.0003 0.027 0.538 0.0939 0.005
Sio, 0.0001 0.036 0.540 0.1885 0.004
Turbidity 0.0001 0.067 0.541 0.2271 0.004
DIC 0.0001 0.105 0.542 0.275 0.004
TSS 0.5504 0.005 0.543 0.239 0.004
BP 0.0001 0.035 0.545 0.1523 0.004
Tropical Storm Colin 0.0001 0.034 0.549 0.0212 0.006
Average wind speed 0.0001 0.033 0.562 0.0001 0.013
Hurricane Matthew 0.0001 0.070 0.565 0.1149 0.008
Depth 0.0001 0.043 0.566 0.1948 0.004
Storm sampling 0.0001 0.055 0.567 0.2411 0.004
DOC 0.0001 0.054 0.569 0.2132 0.004

a0nly variables which were included in the sequential model are listed. C:N, carbon-to-nitrogen molar ratio; DON, dissolved organic nitrogen; DO, dissolved oxygen;
DIC, dissolved inorganic carbon; TSS, total suspended solids; BP, barometric pressure; DOC, dissolved organic carbon.

bPredictor variables were taken individually.

Stepwise tests began with a null model and fit predictor variables to achieve the highest adjusted (adj.) R2.

9P values from 9,999 model permutations. Bold typeface indicates significance at P < 0.05.

with the other samples collected during the month of June. The unconstrained
principal components (PCO) plot is available in the supplemental material (see Fig. S6).

Dynamics of species with public health implications. The dbRDA bubble plots
(Fig. 3B to D) illustrate how the abundances of potential human pathogens V. parah-
aemolyticus, V. vulnificus, and V. cholerae changed during the study period. V. parah-
aemolyticus normalized read abundances were highest in the spring and summer
months and were positively correlated with water temperature (r = 0.64). V. cholerae
normalized read abundances were highest in December and May and were significantly
correlated with chlorophyll a (r = 0.39) and temperature (r = —0.66). V. vulnificus
rapidly responded to the changes in the water column after Hurricane Matthew and
had the highest normalized read abundances in samples taken immediately after the
storm. The V. vulnificus normalized read abundance was also significantly correlated
with DOC (r = 0.36) and DON (r = 0.42). Only a subset of correlations between V.
vulnificus, V. parahaemolyticus, V. cholerae, and quantitative environmental parameters
are listed here, see Fig. S7 for a full summary of significant correlations. The presence
of V. parahaemolyticus, V. vulnificus, and V. cholerae in the water column was confirmed
by digital droplet PCR using previously published primer sets (37-39) (data not shown).

Inter- and intraspecies relationships. Potential species-level interactions between
Vibrio taxa were investigated using correlation analyses (Fig. 4). Significant relationships
were identified between Vibrio species, which were grouped based on the angular
order of eigenvectors (AOE) into clusters of cooccurring taxa. Total Vibrio abundance,
which has been suggested as a proxy for estimating the concentrations of potential
human pathogens (40), was only weakly correlated to V. parahaemolyticus (r = 0.19), V.
vulnificus (r = 0.09), and V. cholerae (r = 0.16). We also used correlations to test for
interactions between Vibrio and phytoplankton photopigments, which represent dis-
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FIG 3 (A) Distance-based redundancy analysis (dbRDA) plot of the fitted distLM model for Vibrio communities in the NRE. Each point in the ordination represents
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range for each species.

tinct classes of primary producers in the NRE (41) (Fig. 4; see Table 2 for a list of the
dominant phytoplankton classes associated with each photopigment). V. parahaemo-
lyticus was positively correlated with nearly every photopigment measured, with the
exception of alloxanthin. V. parahaemolyticus, V. ordalii, V. cholerae, V. mimicus, and V.
alginolyticus also had positive correlations with many photopigments, with the stron-
gest between V. cholerae and fucoxanthin (r = 0.47) and total chlorophyll a (r = 0.40).
The photopigment peridinin, which is associated with dinoflagellates and was the
major contributor to both phytoplankton blooms observed during this study, was
significantly positively correlated with this group of Vibrio taxa.

Significant correlational relationships with r > 0.4 between Vibrio species and the
top 15 most abundant phyla identified in the 16S rRNA data are plotted for all samples
(Fig. 5A) and for Hurricane Matthew samples only (Fig. 5B). Figure 5A shows a corre-
lation between V. parahaemolyticus and the Cyanobacteria (r = 0.53). This relationship
was correspondingly observed in the phytoplankton photopigment data, where the
Cyanobacteria-associated photopigment zeaxanthin was also correlated with V. para-
haemolyticus (r = 0.41). The Cyanobacteria were negatively associated with V. fluvialis
(r = —0.49) and V. vulnificus (r = —0.46). Total Vibrio spp. and several individual Vibrio
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FIG 4 Spearman rank correlation plot showing correlations between Vibrio taxa and between Vibrio taxa
and phytoplankton photopigments. The black dotted line distinguishes Vibrio-Vibrio relationships from
Vibrio-pigment relationships. Only significant correlations (P < 0.05) are plotted.

taxa were not included in the overall network, as their correlations fell below the
threshold of an r value >0.4, though total Vibrio spp. did correlate with the Acidobac-
teria (r = —0.41). The network analysis presented in Fig. 5B, which includes only
samples associated with Hurricane Matthew, had a greater complexity and contained
a higher number of correlational relationships above the r > 0.4 threshold. V. vulnificus
and cooccurring Vibrio species abundances increased rapidly immediately after the
storm (Fig. 3C, Fig. 4). This corresponded to decreases in V. cholerae and several other
Vibrio and 16S rRNA taxa.

DISCUSSION

Next-generation sequencing of hsp60 amplicons enabled us to accomplish our
objective of achieving enhanced taxonomic resolution for the Vibrio in the NRE, which
provides an important advantage for studying the genus. This approach also enabled
us to meet our second objective of examining Vibrio dynamics in the context of the
environment. We were able to characterize and more deeply understand how both the
Vibrio community as a whole and individual species relate to a wide range of ecological

TABLE 2 Dominant phytoplankton classes associated with accessory photopigments in
the NRE“

Dominant contributors to phytoplankton classes

Photopigment

represented by the photopigment in the NRE

Chlorophyll a
Fucoxanthin
Peridinin
Chlorophyll b
Alloxanthin
Zeaxanthin

All classes

Diatoms, raphidophytes®
Dinoflagellates
Chlorophytes (green algae)
Cryptophytes®
Cyanobacteria®

aData from reference 41.

bMinor contributions from other classes (see reference 41).

July 2018 Volume 84 Issue 13 e00333-18

Applied and Environmental Microbiology

aem.asm.org 9


http://aem.asm.org

Jesser and Noble Applied and Environmental Microbiology

A All samples
V.cholerae -- Negative correlation
V.corallilyticus \V‘hagas” g
V. flUVlahS ; V.breoganii
V.harveyi.V. campbel i Proteobactena
V.mimicué Planctomycetes

V.nigripulchritudo Latesmbacterla
V.ordalii | N Flrmlcutes
V.parahaemolyticus Euryarchaeota
I ‘\\ /] ZZ
: A

V.scophthalmi C¥anobacter|a
/ i
V.tapetis A C/re“n/archaeota
V tasmaniensis < Chlorobi
‘ v
V.tubiashii // Caldithrix
|

V.vulnificus < Bacteroidetes
Actinobacteria

Gemmatimonadetes
Total.Vibrio V.cyclftrqphicus V.metschnilkovii Y.crassqstrege
V.furnissii  Verrucomicrobia V.cincinnatiensis

Acidobacteria Chloroflexi | V.alginolyticus ' | V.anguillarum

B Hurricane Matthew samples

V.chagasii

__V.cholerae ' V.breoganii
V.cincinnatiensis V.anguillarum

V.corallilyticus | < Total.Vibrio
V. crassostreae =X : Proteobactena

V. quvnalls Planctomycetes
X A
V.furnissii '7 tescnbactena

/ Gemmaﬂmonadetes
// J
/ /’ Flrmlcutes

Byl

V.harveyi.V.campbellii /"

V.metschﬁikovii :

V.mimjéus // PG Euryarchaeota
V.ordalii / > ;/ Cyanobacteria
T a8
V. parahaemolytlcus R 7/ \C\renarchaeota
V. scophthalml > 7 f) /Qﬂomﬂe’(i
0
Vtapetls N T/ . /Chlorobl
V.tasmaniensis /> Caldithrix
V. vulmflcuisr -/ Bacteroidetes

Verrucomicrobia~; Actinobacteria

V.alginolyticus Acidobacteria

V.tubiashii  V.nigripulchritudo

FIG 5 Network plots showing positive and negative Spearman rank correlations (Spearman’s r > 0.4)
between Vibrio species identified using hsp60 and the top 15 most abundant bacterial phyla identified
using 16S rRNA for all samples (A) and for samples associated with Hurricane Matthew (B). Vector width
is proportional to the strength of the correlation.

factors. Here, we present a number of the prominent relationships observed as a result
of our nonparametric modeling effort. In addition, we highlight a series of correlational
associations across Vibrio species, phytoplankton groups, and 16S rRNA taxa, particu-
larly focusing on storm effects and potentially virulent taxa.

Total Vibrio dynamics. The shifts in total Vibrio abundance mirrored the changes in
the abiotic conditions in the water column (Fig. 2). We saw total Vibrio increase in the
bottom water and decrease in the surface water following Tropical Storm Colin and
Hurricane Matthew. This was caused by fluctuations in the overall Vibrio community in
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response to changing environmental conditions, which were especially prominent after
Hurricane Matthew. Because it was primarily an inland rain event in eastern North
Carolina, Hurricane Matthew caused major flooding upstream of the NRE, resulting in
a notable increase in freshwater discharge and persistently low salinities for weeks after
the storm (Fig. 2). This storm-related increase in discharge also resulted in elevated
concentrations of organic matter as runoff and floodwaters entered the estuary (Fig. 2).

Total Vibrio abundance increased during the summer months, as has been seen in
numerous studies (42-46). However, concentrations remained relatively high in the
winter months, even as water temperatures dipped to <11°C. This may be tied to
organisms which had entered the viable but nonculturable (VBNC) state, which would
have still been detected using NGS and other molecular methods. The VBNC state has
been well documented for Vibrio species under temperature stress (47). However,
recent findings of a culture-based monitoring effort which ran in the NRE from 2003 to
2013 found increasing total culturable Vibrio over time and determined that the largest
monthly increases were in the winter months when Vibrio had previously been unde-
tectable (B. A. Froelich, R. Gonzalez, A. D. Blackwood, K. Lauer, and R. T. Noble,
submitted for publication). The storm seemed to interrupt this downward trend in
concentrations, and Vibrio numbers rose >100-fold at some stations following Hurri-
cane Matthew. This storm-related increase may have contributed to persistent Vibrio
presence in the water column through the end of the study period in December 2016
despite winter water temperatures, corresponding to previous observations that the
impact of a storm can persist for weeks to months after the event (21).

Vibrio reads represented a maximum of 3.24% of total hsp60 reads in a given sample,
with an average of 0.5% Vibrio reads across all samples. This result was not unexpected
given that, despite their prevalence, Vibrio populations typically represent <1% of
bacterioplankton (1). The development of Vibrio-specific primer sets which have been
tested for a wide array of species would ensure greater sequencing depth for Vibrio taxa
than was achieved in the current study and might be useful in future amplicon
sequencing surveys. Vibrio spp. have been shown to proliferate rapidly in response to
nutrient pulses and other environmental changes and can form blooms, in which Vibrio
taxa become dominant members of the bacterioplankton (10, 48). We did not observe
this phenomenon during the course of our study, perhaps because Vibrio bloom
conditions are transient and can occur and resolve within 48 h (48), and our approxi-
mately biweekly sampling schedule did not have sufficient temporal resolution to
capture such an event.

Relationships to environmental parameters. The month in which samples were
taken explained the greatest proportion of variation in Vibrio community composition
as revealed by the distLM analysis (Table 1). This result was not surprising, since
seasonal shifts in temperature, salinity, and other factors in the NRE are well docu-
mented, as is the seasonality of Vibrio populations (19, 42, 49). Temperature and
nutrient concentrations significantly impacted Vibrio communities in the distLM mar-
ginal tests but explained relatively little variation in the sequential model after month,
salinity, and days post-Hurricane Matthew were considered. This is because variations
caused by shifts in temperature and nutrient concentrations were autocorrelated with
month, salinity, and days poststorm, which were already included in the model and
accounted for more variation overall. Salinity, which also varies month to month in the
NRE as the water column becomes stratified during periods of moderate freshwater
discharge or long intervals when there is minimal wind-driven vertical mixing (49),
explained the second largest proportion of variation in Vibrio abundance (Table 1). This
salinity effect was not surprising, since salinity is often correlated with Vibrio concen-
trations, though previous studies found that temperature accounted for more variation
(19). In 2016, the salinity in the NRE was hugely affected by Hurricane Matthew, which
had a particularly dramatic impact on the hydrographic structure of the estuary based
on the shift to near freshwater salinities following the storm (Fig. 2). This shift in salinity
post-hurricane caused striking changes in the Vibrio community, and the magnitude of
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this change is likely why salinity accounted for an overall greater proportion of variance
than temperature in the current study.

Despite the aforementioned link between Hurricane Matthew and low salinities,
days post-Hurricane Matthew accounted for an additional 6.7% of variation (Table 1)
even after salinity and month were fitted to the model. This lead us to hypothesize that
the increase in organic matter after the storm (Fig. 2) had a large impact on Vibrio
community structure despite the fact that DON and DOC were not substantial contrib-
utors to the fitted sequential model. While the immediate storm-related changes in the
Vibrio community did not persist, there were distinct differences between the pre- and
poststorm communities (Fig. 3). Additional studies with longer time series are needed
to see if these storm-related changes persist, as they could potentially change Vibrio
dynamics in the future.

V. parahaemolyticus, V. vulnificus, and V. cholerae. There was substantial varia-
tion in the abundances of V. parahaemolyticus, V. vulnificus, and V. cholerae over time
and in relation to environmental gradients (Fig. 3B to D). Since salinity was the most
important environmental factor associated with changes in the Vibrio community as a
whole, it is likely that much of the species-level differences we observed were also tied
to salinity. V. parahaemolyticus, which causes most human vibriosis in the United States
and early mortality syndrome in shrimp, was most abundant in the spring and summer
months, as has been observed in many other studies (50-52). V. parahaemolyticus
almost completely disappeared after Hurricane Matthew when salinities dropped to
near freshwater levels (Fig. 2). This was not surprising, since the optimal salinity range
for V. parahaemolyticus is between 25 and 35 ppt (53), and V. parahaemolyticus likely
could not tolerate the near-freshwater salinities observed after the storm. The V.
parahaemolyticus decline could also have been caused by temperature, which had been
gradually decreasing from peak summer temperatures when the storm hit in early
October 2016 (Fig. 2). However, V. parahaemolyticus reemerged, albeit at lower con-
centrations, in November and December despite falling water temperatures. This may
be because DNA sequencing methods, as mentioned previously, can detect VBNC cells
under temperature stress or because V. parahaemolyticus in the NRE is able to cope
with lower temperatures than previously thought. Despite reports that V. parahaemo-
lyticus is seldom isolated from waters <15°C (54), there is some evidence for growth at
a minimum temperature of 8.3°C (55), which is colder than our observed December
temperatures of ~10°C (Fig. 2). Continued winter monitoring efforts are needed to
understand the effects of cold temperatures on V. parahaemolyticus in the environ-
ment.

V. vulnificus, another potential pathogen which causes both seafood-related and
wound infections, was present in nearly all samples and became much more prolific
after Hurricane Matthew (Fig. 3C). This is an interesting finding, especially since one of
the largest single outbreaks of V. vulnificus, which included 22 total cases and 5
confirmed deaths, was reported after Hurricane Katrina in 2005 due to contact with
estuarine flood waters (56). V. vulnificus has been shown to have the greatest abun-
dances at salinities between 5 and 10 ppt (57) and, as a Vibrio species that can tolerate
lower salinities, likely benefitted from the drop in salinity poststorm, which may have
negatively impacted competitors just as nutrient-rich storm waters flooded the system.
The correlations between V. vulnificus abundances and organic matter (see Fig. S7 in
the supplemental material), which noticeably increased after Hurricane Matthew
(Fig. 2), suggest that V. vulnificus was able to exploit the increasing availability of
nutrients in the estuary. This relationship between V. vulnificus and the availability of
organic matter was demonstrated in previous microcosm experiments in which re-
searchers showed that V. vulnificus abundances increased following inputs of organic
matter (9). The results of the present study add to a growing body of literature showing
that V. vulnificus populations can respond rapidly to changes in salinity and enhanced
nutrient concentrations associated with floodwaters, enabling rapid poststorm prolif-
eration and contributing to higher disease risk (3, 56, 58).
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V. cholerae, the causative agent of cholera, had the highest abundances in the spring
and winter months. On the basis of salinity alone, V. cholerae, which has a salinity range
of 1to 10 ppt (19), should have been able to take advantage of the low salinities after
Hurricane Matthew. However, there was no increase in V. cholerae levels after Hurricane
Matthew, and V. cholerae was negatively correlated with V. vulnificus and other taxa
which increased in abundance after the storm (Fig. 4). This may be because V. cholerae
abundances in the water column were relatively low in the months prior to the storm
(Fig. 3D), indicating that perhaps some other environmental factor was controlling V.
cholerae before the storm hit. The negative relationship we observed between V.
cholerae and temperature (Fig. 3; Fig. S7) was surprising, and seemed to be driven by
high December numbers. V. cholerae has been shown to grow at temperatures be-
tween 10 and 15°C, but it becomes VBNC below that temperature range (59, 60).
Despite this, the presence of V. cholerae was confirmed in these winter samples by
digital droplet PCR; so, it is possible that a cold-tolerant population of V. cholerae
emerged. Continued research efforts are necessary to determine whether the winter
reemergence of V. cholerae is a recurring or persistent trend and, if so, to further
investigate the causes.

Ecology of Vibrio associations. As ubiquitous members of the bacterioplankton,
Vibrio taxa constantly intermingle with each other, with other microbes, and with
phytoplankton communities. There is evidence in the present study (Fig. 4) and in the
scientific literature that Vibrio taxa are associated with phytoplankton generally; Turner
et al. (42) found that the abundances of culturable Vibrio were significantly correlated
with phytoplankton abundance, and numerous other studies have identified links
between Vibrio and chlorophyll a concentrations (19). The dinoflagellate-associated
phytoplankton photopigment peridinin was the major contributor to the bloom events
observed in July and October 2016 and was positively correlated with V. parahaemo-
lyticus, V. ordalii, V. cholerae, and V. mimicus (Fig. 4). While the precise nature of the
positive correlations between these specific Vibrio taxa and dinoflagellates is currently
unknown, these results contribute to existing evidence that dinoflagellate-dominated
phytoplankton assemblages may encourage Vibrio survival or growth in coastal waters
(61-63).

The same Vibrio taxa that were correlated with peridinin/dinoflagellates, V. parah-
aemolyticus, V. ordalii, V. cholerae, and V. mimicus, had positive associations with several
other photopigments. Of these, three species, V. ordalii, V. cholerae, and V. mimicus,
were also highly correlated with each other. Although correlations between Vibrio
species may not elucidate the details of direct interactions, they do reflect overlapping
ecologies (40), and we observed similar correlational patterns between distinct groups
of Vibrio species across our entire investigation, providing evidence that there are
ecological drivers of cooccurring species. All three of the aforementioned species have
pathogenic potential: V. cholerae is the causative agent of cholera, V. mimicus is so
named because it can cause gastrointestinal illness with symptoms and biochemical
characteristics that mimic cholera (64), and V. ordalii can cause vibriosis in fish (65). V.
mimicus, like V. cholerae, has been shown to thrive at relatively low salinities (1 to 10
ppt, 4 ppt optimal salinity for V. mimicus) compared to other Vibrio, many of which have
higher salinity requirements (19, 66). On the other hand, relatively little is known about
the ecology of V. ordalii, though previous studies of diseased fish have recorded
salinities of >33 ppt (67). Since the bulk of academic literature has focused on Vibrio
that are pathogenic to humans, identifying ecological similarities between Vibrio that
have been less thoroughly studied, such as V. ordalii, and those for which we have more
comprehensive academic knowledge, such as V. cholerae, can help us to define the
ecologies of lesser-known Vibrio taxa.

There were several correlations across all samples (Fig. 5A) between hsp60 Vibrio
taxa and 16S rRNA bacterial phyla. Notably, V. parahaemolyticus was associated with
Cyanobacteria, a result which was confirmed in the phytoplankton photopigment data
(see relationship between V. parahaemolyticus and Cyanobacteria-associated zeaxan-
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thin in Fig. 4). Cyanobacteria have been associated with Vibrio species in a variety of
contexts, perhaps most notably in studies which have identified relationships between
toxin-producing Cyanobacteria blooms and V. cholerae (68) and identified Cyanobacte-
ria as contributors to V. cholerae persistence or growth (9, 69, 70). Very little research
has been done to investigate specific linkages between V. parahaemolyticus and
Cyanobacteria, though there is evidence that some strains of V. parahaemolyticus may
nonrandomly associate with cyanobacterial mats (71). Physical interactions between V.
parahaemolyticus and Cyanobacteria could have important implications for the growth
and survival of V. parahaemolyticus, as has been shown for V. cholerae (68-70). Addi-
tional studies investigating the possible interactions between V. parahaemolyticus and
Cyanobacteria are warranted based on these results.

The correlation network for Hurricane Matthew samples (Fig. 5B) was different and
more complex than that for all samples (Fig. 5A), illustrating the shifting dynamics in
both the Vibrio and entire bacterioplankton communities as the water column fresh-
ened and nutrient concentrations increased. In the context of Vibrio species succession,
this heightened complexity highlights a need to further understand the relative im-
portance of temperature, salinity, nutrients, and phytoplankton populations as drivers
of specific Vibrio species in response to disruptive changes in the water column
associated with extreme events.

Conclusions. NGS sequencing of hsp60 and other protein-coding marker genes
paired with information generated from sequencing the more widely used 16S rRNA
gene can dramatically improve the study of Vibrio and/or other closely related microbes
and provide important information about the potential emergence of pathogens. This
study demonstrates the utility of hsp60 amplicon sequencing for Vibrio populations,
reveals the complexity of Vibrio dynamics in the NRE, and illustrates how those
dynamics can shift seasonally and in response to storm events. Although they repre-
sented only a small percentage of the total diversity in both our 16S rRNA and hsp60
data, our results indicate that members of the Vibrio genus are themselves a complex
and ever-changing community. The associations between cooccurring subgroups of
species reveals cohorts of Vibrio taxa with similar ecologies, and relationships with
various phytoplankton groups provide additional evidence for interactions between
Vibrio and phytoplankton. A major outcome of this study is that there may be
considerable benefit from the Vibrio research community adapting to the use of
species-specific methods, since total Vibrio abundance was not strongly correlated with
the presence of potential pathogens. We suggest that sequence-based approaches are
useful in combination with quantitative and digital PCR-based assays that have the
benefit of tracking Vibrio species and pathogenic subgroups of those species with high
specificity. This type of approach would yield information that can be pitted against
environmental and phytoplankton abundance data to more completely understand the
ecology of this complex genus.

MATERIALS AND METHODS

Study site and environmental sampling. The NRE is a shallow, eutrophic density-stratified estuary
in eastern North Carolina. It is an ecologically and economically important tributary of Pamlico Sound, the
second largest lagoonal estuary in the United States. The estuary has minimal tidal influence due to
buffering by North Carolina’s extensive barrier island system, and flow variability is largely governed by
wind and river inflow (72). The NRE is subject to climatic shifts, including storm and drought events,
which affect freshwater inflow and residence times in the estuary. These events have been shown to
affect Vibrio densities in the NRE due to changes in salinity, temperature, and the resuspension of shallow
bottom sediments during storms, which can reintroduce Vibrio cells to the water column (21, 22). Both
recreational water use and oyster harvesting are actively conducted in the NRE and its feeder creeks, and
the watershed includes communities that depend on aquaculture and tourism.

The water quality in the NRE has been monitored for more than 40 years through multiple projects,
most notably, the ongoing NRE Modeling and Monitoring program (ModMon), which has been in
operation since the mid-1990s. In coordination with ModMon, water samples for this study were
collected from the surface and bottom waters at ModMon stations 70 (28 km downstream from the head
of the estuary) and 120 (43 km downstream). The locations of the stations are shown in Fig. 6. Samples
were collected biweekly May through December 2016, with additional sampling efforts after two named
storm events. Tropical Storm Colin passed over eastern North Carolina on 6 June 2016, and additional
storm-associated samples were collected daily from 6 to 8 June and on 13 June 2016. Hurricane Matthew,
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FIG 6 Sampling locations in the Neuse River Estuary (NRE) in eastern North Carolina.

which brought heavy rainfall, catastrophic flooding, strong winds, and moderate storm surge to eastern
North Carolina, passed over on 8 to 9 October 2016. In response to Hurricane Matthew, sampling was
increased from biweekly to weekly from the first poststorm sampling date on 17 October through the
end of November 2016. Freshwater discharge from the Neuse River was elevated following both storm
events, and samples collected on dates after Tropical Storm Colin and Hurricane Matthew were
considered “storm samples” if they were taken before freshwater discharge returned to or below the
average for the sampling period. In total, samples were collected on 23 trips, 3 of which were associated
with Tropical Storm Colin and 4 of which were associated Hurricane Matthew. Samples were also
categorized by month and season, with samples collected in May designated “spring samples,” samples
collected June to August designated “summer samples,” samples collected September to November
designated “fall samples,” and samples collected in December designated “winter samples.” All water
samples were collected using a diaphragm pump and a weighted hose, with the exception of the
post-Tropical Storm Colin samples, which were collected using a Van Dorn bottle. Surface samples were
collected at approximately 0.2 m below the water surface, and bottom samples were collected approx-
imately 0.5 m above the bottom sediments. Measurements of depth, salinity, water temperature, DO, pH,
and turbidity were measured in situ using a fully calibrated YSI 6000 multiprobe sonde (Yellow Springs
Instruments, Yellow Springs, OH). Bottles containing water samples were insulated from outside tem-
peratures in a cooler in the shade and were returned to the laboratory for sample processing within 6
h of collection for water quality, phytoplankton photopigment, and molecular analyses. A previous study
of the effect of storage time on total Vibrio, V. parahaemolyticus, and V. vulnificus abundances found no
significant change in concentrations for up to 24 h (73). The field and laboratory methods for all water
quality and phytoplankton photopigment analyses are summarized in Table 3.

gDNA extraction and amplicon sequencing. Undiluted water was filtered through 47-mm 0.4-um-
pore-size polycarbonate filters (HTTP; Millipore) in 100-ml aliquots and stored at —80°C until extraction.
Genomic DNA (gDNA) was extracted from duplicate polycarbonate filters (2 filters per sample) using the
PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA) according to the manufacturer’s protocol.
A mini bead beater (BioSpec Products) was used at speed 3 for 2 min to optimize cellular lysis, and gDNA
was eluted into 10 mM Tris buffer (pH 8). A Qubit fluorometer (Thermo Fisher) was used to determine
the concentrations of all nucleic acid samples. Duplicate gDNA samples were not pooled and were PCR
amplified and sequenced individually.

Extracted gDNA was submitted to the UNC Chapel Hill High-Throughput Sequencing Facility for PCR
amplification of the hsp60 universal target (UT) and V4V5 region of the 16S rRNA genes (see Table 4 for
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TABLE 3 Summary of measurement methods for environmental parameters

Measured parameter Abbreviation Unit Method, instrument, or source for measurement Reference(s)
Salinity ppt Measured in situ using water quality sonde
Temperature °C Measured in situ using water quality sonde
pH Measured in situ using water quality sonde
Dissolved oxygen DO mg/liter Measured in situ using water quality sonde
Turbidity NTU Measured in situ using water quality sonde
Total suspended solids TSS mg/liter Dry mass captured by filtering 200 ml of sample water 3
through 0.7-um glass fiber filters
Extracted chlorophyll a ug C/liter Fluorometric measurement using acetone extract 94
Particulate organic carbon POC ng C/liter Costech ECS 4010 analyzer 36
Particulate nitrogen PN ug N/liter Costech ECS 4010 analyzer 36
Dissolved organic carbon DOC mg C/liter Shimadzu TOC 5000-A 36
Dissolved inorganic carbon DIC mg C/liter Shimadzu TOC 5000-A 95
Nitrate/nitrite NO;/NO, ug N/liter Lachat QuikChem 8000 automated ion analyzer 36
Ammonium NH, ng N/liter Lachat QuikChem 8000 automated ion analyzer 36
Dissolved organic nitrogen DON ug N/liter Lachat QuikChem 8000 automated ion analyzer 34
Dissolved inorganic nitrogen DIN ug N/liter Sum of NO5/NO, and NH, 34
Total dissolved nitrogen TDN ug N/liter Lachat QuikChem 8000 automated ion analyzer 34
Carbon-to-nitrogen molar ratio CN Ratio of POC to PN 36
Phosphate PO, ug P/liter Lachat QuikChem 8000 automated ion analyzer 34
Silicate Sio, uM Lachat QuikChem 8000 automated ion analyzer 96
Primary productivity PPR mg C/m3/h Light/dark [“C]bicarbonate incorporation 97, 98
River discharge m/s Daily avg from USGS gauging station 02089500 at Ft.
Barnwell, 30 km upstream from the head of the NRE
Rainfall cm Daily sum from NWS station at New Bern, NC, airport
Daily avg wind speed m/s Daily avg from NWS station at New Bern, NC, airport
Phytoplankton photopigments ng/liter HPLCe 41

aHPLC, high-pressure liquid chromatography.

primer sequences), library preparation, and amplicon sequencing. The hsp60 primers we used are
universal for chaperonin sequences found in bacteria, some archaea, mitochondria, and plasmids and
have been used as targets for the detection and identification of Vibrio and other clinically relevant
bacteria (26, 32, 33, 74). For the hsp60 PCR, primers were mixed at a 1:3 ratio of H279/H280 to
H1612/H1613 to improve template representation of amplicon sequences as described by Hill et al. (75).
A total of four PCR-barcoded and pooled amplicon libraries for each gene target were created; two
libraries were created for each gene target, one for water samples collected from May to August 2016
and one for samples collected September to December 2016. The barcode sequences are listed in Table
S1 in the supplemental material. Two-step library preparation was performed according to a modified
system from Lundberg et al. (76). The library preparation did not include peptide nucleic acid (PNA)
probes for blocking unwanted amplicons, and we did not use the molecular barcoding protocol, since
the first thermocycling step involved more than 2 cycles of PCR amplification. For 16S rRNA PCR
amplification (step 1), samples were thermocycled using a program of denaturing at 95°C for 1 min, 10
cycles of primer annealing at 50°C for 2 min and extension at 72°C for 2 min, followed by a cooldown
to 4°C. For hsp60 PCR amplification (step 1), samples were thermocycled using a program of denaturing
at 95°C for 1 min, 2 cycles of primer annealing at 42°C for 2 min and extension at 72°C for 2 min, 2 cycles
of primer annealing at 46.5°C for 2 min and extension at 72°C for 2 min, 2 cycles of primer annealing at
50°C for 2 min and extension at 72°C for 2 min, and 6 cycles of primer annealing at 56°C for 2 min and
extension at 72°C for 2 min, followed by a cooldown to 4°C. Multiple annealing temperatures were used

TABLE 4 Amplicon sequencing primers

Gene target Primer name Primer sequence? Reference
16S SSU rRNA (V4-V5) 515F GCCTCCCTCGCGCCATCAGAGATGTGTATAAGAGACAGNNNN 929
GTGYCAGCMGCCGCGGTAA
926R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN 99
CCGYCAATTYMTTTRAGTTT
hsp60 UT H279 GCCTCCCCTCGCGCCATCAGAGATGTGATAAGAGACAGNNNN 100
GAIlIIGCIGGIGAYGGIACIACIAC
H1612 GCCTCCCCTCGCGCCATCAGAGATGTGATAAGAGACAGNNNN 75
AGAIINIGCIGGYGACGGYACSACSAC
H280 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN 100
YKIYKITCICCRAAICCIGGIGCYTT
H1613 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNN 75

ACGRCGRTCRCCGAAGCCSGGIGCCTT

aUnderlined sequences indicate the molecular adaptor.
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for hsp60 PCR amplification to reduce bias at any one temperature (75). The final (step 2) thermocycling
conditions were the same for both amplicon reactions: denaturing at 95°C for 45 s followed by 4 cycles
of denaturation at 95°C for 15 s with primer annealing at 63°C for 30 s, and 17 cycles of denaturation at
95°C for 15 s with primer annealing at 65°C for 30 s, a final extension at 72°C for 30 s, and a cooldown
to 4°C. Magnetic bead size selection was used after each step of amplification. Each pooled library was
sequenced in a separate lllumina MiSeq (San Diego, CA) run using 2 X 300 nucleotide (nt) chemistry. All
water samples were sequenced in duplicate, and a mock community obtained through BEI Resources,
NIAID, NIH as part of the Human Microbiome Project (genomic DNA from microbial mock community B
[staggered, low concentration], V5.2L, for 16S rRNA gene sequencing, HM-783D) and negative controls
were included in each sequencing run.

Sequence QC and processing. Sequences for the 16S rRNA gene target and the hsp60 gene target
were analyzed independently but using the same data analysis pipeline unless otherwise noted. lllumina
MiSeq software was implemented for base calling and initial quality filtering to generate demultiplexed
paired FastQ files containing forward and reverse sequencing reads and quality scores. Residual primer
and adapter content was trimmed using the JGI BBDuk tool (k = 20, ktrim = r, hdist = 1, minlength =
200). Read quality was assessed before and after trimming using FastQC (77). Trimmed sequences were
analyzed using the Qiime pipeline (78) under default parameters unless otherwise indicated. Forward
and reverse reads were joined based on overlapping regions and both joined and forward unjoined reads
were used for further analysis as described in previous amplicon studies (79, 80). UCLUST (81) as
implemented in Qiime was used for de novo operational taxonomic unit (OTU) picking at 97% nucleotide
identity, and representative sequences were selected for each OTU. The 97% nucleotide identity
threshold is commonly used for 16S rRNA amplicons (82) and has previously been used for hsp60 in a
clinical bacterial survey (74). Taxonomy for 16S rRNA sequences was assigned to the Greengenes
reference database (http://greengenes.secondgenome.com, accessed February 2017) to the highest
similarity score using BLAST (83) in Qiime. For hsp60 sequences, a reference database was created
by downloading all nonredundant nucleotide sequences for the hsp60 UT from the manually curated
chaperonin database (http://www.cpndb.ca, accessed February 2017). All Vibrio sequences from this
database were aligned using MUSCLE (84), and a phylogenetic tree was created using RAXML v8.2.11 (85)
in Geneious v10 (86) to ensure sufficient phylogenetic resolution in the reference database (data not
shown). An hsp60 taxonomy mapping file was created using a python script for generating Qiime
input files (87), and taxonomy was assigned to the curated chaperonin database using the highest
BLAST similarity score in Qiime. OTUs that did not return significant hits at >90% sequence similarity
and E values <1e—5 were labeled as “no blast hit.” Chimeric sequences were detected using the
BLAST fragments method in Qiime. All chimeric sequences, chloroplast sequences, mitochondrial
sequences, and OTUs that appeared in fewer than two samples were filtered from downstream analyses.

Data analysis. Alpha diversity metrics were obtained using the estimate_richness function of
phyloseq (88) in R v.3.4.0 (89) for both whole-sequence libraries and for subsetted Vibrio taxa. The
observed (number of OTUs), chao1 (richness), and Shannon entropy (OTU-based diversity) metrics were
plotted using the plot_richness function of phyloseq. Nonparametric Wilcoxon signed-rank tests in SPSS
v24 (IBM, Armonk, NY) were used to test whether alpha diversity estimates for hsp60 versus 16S rRNA
amplicons were significantly different. Pearson correlations were used to test for correlations between
diversity metrics calculated for both amplicons. Singleton OTUs were included for alpha diversity
estimates, as many of these metrics are dependent on the number of singletons, but were filtered prior
to further analyses. After alpha diversity calculations, the data were normalized by random subsampling
to the lowest number of sequences per sample for each amplicon (20,053 for hsp60 and 22,139 for 16S
rRNA). The abundances of Vibrio taxa in both the 16S rRNA and hsp60 libraries were determined by
subsetting Vibrio reads at the genus level in phyloseq. Taxa comprising <1% of the Vibrio population
were removed from the analysis. Vibrio reads not assigned to the species level were categorized as “Vibrio
spp.” Vibrio harveyi and Vibrio campbellii reference sequences for hsp60 were phylogenetically indistin-
guishable and are presented as a single taxonomic group. Total Vibrio abundance was calculated as the
sum of normalized reads for each sample. Because Vibrio taxa identified in the hsp60 sequence data were
more abundant, diverse, and of greater clinical relevance than those identified using the 16S rRNA
marker, we used hsp60 for all subsequent analyses of Vibrio taxa.

Normalized Vibrio hsp60 read counts were imported into Primer-e v7 (35) for multivariate analyses
using the Permanova+ add-on package. Data were square root transformed to preserve subsampled
abundances, allowing abundant species to play a greater role while taking into account contributions
from less-dominant taxa, as suggested by Nguyen et al. (90) for ecological analysis of read abundance
data. Distance-based linear modeling (distLM), a distance-based regression tool for the analysis of
multivariate data, was used to assess the relationship between the multivariate cloud, generated using
a Bray-Curtis dissimilarity matrix, and environmental, temporal, or categorical predictor variables based
on stepwise adjusted R? selection criteria and 9,999 model permutations. Each variable was initially
analyzed separately in the marginal test and then subjected to a stepwise sequential selection procedure,
where the amount of multivariate variability explained by each variable added to the model is condi-
tional on the variables already included in the model. Both named storms were included in the distLM
in two ways: first, as categorical variables, where samples were labeled either storm samples (samples
associated with increased freshwater discharge into the estuary after a storm event) or nonstorm
samples, and second, as temporal variables in which the number of days after the storm was considered.
A full list of tested variables is in Table S2. A dbRDA plot was used to visualize the ordination of the fitted
distLM analysis. An unfitted ordination (principle components ordination) was also plotted and is
available in the supplemental material. The relative abundances of potentially pathogenic species V.
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vulnificus, V. parahaemolyticus, and V. cholerae are presented in the dbRDA ordination using the bubble
plot function in Primer-e. Quantitative environmental variables that were significant in the distLM were
projected as vectors on the dbRDA ordination and indicate both the strength and direction of significant
environmental gradients. ANOSIM tests with 9,999 permutations were used to test whether the Vibrio
communities in samples associated with Tropical Storm Colin and Hurricane Matthew were more similar
to each other than to communities not associated with a storm.

To investigate the potential links between Vibrio, phytoplankton, and the dominant bacterial phyla

in the water column, the following Spearman rank correlation matrices were calculated in R: (i) for Vibrio
taxa and phytoplankton photopigments and (ii) for Vibrio taxa and the top 15 most abundant 16S rRNA
phyla. Significant (P < 0.05) Vibrio-Vibrio and Vibrio-phytoplankton photopigment correlations were
plotted using the package corrplot (91) in R. Vibrio species were ordered into cooccurring groups within
the plot using the AOE. Vibrio-16S rRNA phyla correlations (P < 0.05, r > 0.4) were plotted as networks
using the Metscape plugin (92) for Cytoscape v3.5.1 (93). Spearman rank correlations were also used to
assess the relationships between V. vulnificus, V. parahaemolyticus, V. cholerae, and various environmental
parameters and were plotted in corrplot.

Accession numbers. Raw sequence data are available in NCBI's SRA database by sample under

accession numbers SRR6843512 to SRR6843673 (16S rRNA) and SRR6873873 to SRR6874034 (hsp60).

SUPPLEMENTAL MATERIAL
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