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Microbial communities in terrestrial fresh water are diverse and dynamic in composition due to different envi-
ronmental factors. The goal of this study was to undertake a comprehensive analysis of bacterial composition
along different rivers and creeks and correlate these to land-use practices and pollutant sources. Here we used
454 pyrosequencing to determine the total bacterial community composition, and bacterial communities that
are potentially of fecal origin, and of relevance to water quality assessment. The results were analyzed using
UniFrac coupled with principal coordinate analysis (PCoA) to compare diversity, abundance, and community
composition. Detrended correspondence analysis (DCA) and canonical correspondence analysis (CCA) were
used to correlate bacterial composition in streams and creeks to different environmental parameters impacting
bacterial communities in the sediment and surface water within the watershed. Bacteria were dominated by
the phyla Proteobacteria, Bacteroidetes, Acidobacteria, and Actinobacteria, with Bacteroidetes significantly
(P b 0.001) higher in all water samples than sediment, where as Acidobacteria and Actinobacteriawhere signifi-
cantly higher (P b 0.05) in all the sediment samples than surfacewater. Overall results, using theβ diversitymea-
sures, coupled with PCoA and DCA showed that bacterial composition in sediment and surface water was
significantly different (P b 0.001). Also, there were differences in bacterial community composition between ag-
ricultural runoff and urban runoff based on parsimony tests using 454 pyrosequencing data. Fecal indicator bac-
teria in surface water along different creeks and channels were significantly correlated with pH (P b 0.01), NO2
Keywords:
Pyrosequencing
Microbial diversity
Watershed
Non-point source pollution
Sediment
Surface water
oratory, 450 W. Big Springs Rd, Riverside, CA 92507, USA.
we).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2016.05.168&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2016.05.168
mailto:Mark.Ibekwe@ars.usda.gov
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2016.05.168
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv
kailey.harahan
Typewritten Text

kailey.harahan
Typewritten Text

kailey.harahan
Typewritten Text

kailey.harahan
Typewritten Text
2381



1177A.M. Ibekwe et al. / Science of the Total Environment 566–567 (2016) 1176–1185
(P b 0.03), andNH4N (P b 0.005); and in the sedimentwithNO3 (P b 0.015). Our results suggest thatmicrobial com-
munity compositionswere influenced by several environmental factors, and pH, NO2, and NH4were themajor en-
vironmental factors driving FIB in surfacewater based on CCA analysis, while NO3was the only factor in sediment.

Published by Elsevier B.V.
1. Introduction

Terrestrial fresh water sediment bacterial communities are a major
component of microbial food webs, biogeochemical cycles and energy
flows in the sediment-water interface of rivers and streams (Ruiz-
González et al., 2015). Rivers are the chief source of renewable water for
humansand freshwater ecosystems (Vörösmartyet al., 2010), yetmicrobial
diversity inflowing freshwater (lotic) is less commonly studied than inma-
rine or lake ecosystems (Zinger et al., 2012). Their diversity and structure
are determined by the temporal and spatial variability of physicochemical
and biotic parameters and thus, can reflect local environmental conditions
(Urakawa et al., 1999; Zhang et al., 2008a, 2008b). Any shift in nutrient, en-
vironmental and pollution profiles in the benthic-pelagic ecosystems will
directly influence bacterial communities and that in turnwill further affects
nutrient cycle and other related communities (Hale et al., 2015). Therefore,
microbial communities in rivers are diverse and dynamic in composition
due to environmental stresses and nutrient compositions (Nogales et al.,
2007). Furthermore, the composition of a microbial community in a river
has been suggested as an indicator for pollution (Atlas, 1984).

Microbial communities in polluted rivers may contain not only broad
functional diversities, but also bacteria, which may be pathogenic for
humans and livestock. Escherichia coli and enterococci are widely used to
monitor fecal contamination in drinking and recreational water. The occur-
rence of pathogenic bacteria in river water may increase near large urban
populations following failure in sewage treatment processes. This is very
common indeveloping countrieswith inefficient sewage treatment, low in-
come, fast-growing populations and severe water stress where infection
rates by water-borne pathogens are high (Abraham, 2011). The current
study was conducted in a large urban watershed with varying land use in
southern California with low flowing rivers and creeks. Pollutants in the
watershed mainly consist of pathogens and nutrients due to the densely
populated areas, some agricultural activities, and urban and storm-water
runoff in the region. Different federal, state, and private agencies havemon-
itored fecal bacterial composition from the surface water (Izbicki et al.,
2004; Rice, 2005), but no studies have been done to uncover bacterial com-
positionwithin thewater bodies and sedimentwithin thewatershed using
deep sequencing. Recently, terminal restriction fragment length polymor-
phism (T-RFLP) and Sanger sequencing were used to describe microbial
community structure and composition in low flowing surfacewaterwithin
a small section of the watershed with different sources of pollutants
(Ibekwe et al., 2012). During that study, bacterial community structure
using T-RFLP showed that bacterial contamination of the low flowing
river was not significantly different between concentrated animal feeding
operations (CAFOs) and urban runoff. The current study expands on that
study by using pyrosequencing to assess bacterial composition in the wa-
tershed, and correlate this datawith somewater chemistry parameters col-
lected during the sampling period. River pollution is not limited to this
watershed in southern California according to the United States Environ-
mental Protection Agency (US-EPA), 45% of streams and rivers, and 32%
of bays and estuaries in the United States are impacted by pathogens and
sewagedischarge (USEPA, 1986). Therefore, due to thepresenceof bacterial
pollutants in some rivers in themiddle Santa Ana River watershed, there is
a need for the comprehensive analysis of bacterial composition in water
bodies in order to understand their fate and transport.

In a recent study to better understand ecosystem health, and obtain
foundational data to answer fundamental questions about microbial
communities in flowing river affected by land use, it was found that se-
quence composition and average genome size vary with sampling site,
environmental conditions, and water chemistry (Van Rossum et al.,
2015). Other studies have shown that using taxonomic characterization of
riverine bacterial microbiomes, bacterioplankton communities vary by lo-
cation and nutrient concentrations (Hu et al., 2014; Jackson et al., 2014;
Read et al., 2015; Ruiz-González et al., 2015; Savio et al., 2015; Wang et
al., 2015), and in a 3-year study focusing on spring and summer,
(Fortunato et al., 2013). In this study, we examined the microbial commu-
nity composition for a year in sediment and surfacewaterwith inputs from
different rivers and creeks impacted by agricultural activities such as con-
centrated animal feeding operations (CAFOs), urban runoff, waste water
treatment plants (WWTPs), and a combination of these pollutant sources
(recreational park) using pyrosequencing. We examined both sediment
and surface flow microbial diversity, since sediment community may act
as amajor source to surfaceflowmicrobial community.We alsomonitored
fecal indicator bacteria (FIB) forwater quality assessments. Our goal was to
identify species richness at the local scales, and differences in diversity
across space and time, with an attempt to identifying both extrinsic and in-
trinsic factors thatmay explain differences in taxon composition amongdif-
ferent communities separated by different sources of pollutants within the
watershed. We hypothesized that bacterial diversity decreases with in-
creasing pollutants, reflecting specific environmental factors along different
rivers and creeks and land-use practices such as agriculture, urban runoff,
and WWTPs. However, due to low water flow volume and concrete lined
channels along urban runoff creeks; we expect to find low diversity com-
pared with recreational water outlets. Finally, other measured chemical
and biological variables were correlated to understand the influence of
these variables on the fate of indicator bacteria in the watershed.

2. Materials and methods

2.1. Study area and sample collection

We conducted this study in the middle Santa Ana River (MSAR) water-
shed in the southwestern corner of San Bernardino County and the north-
western corner of Riverside County (Fig. 1) in southern California, USA. The
current population of the watershed is ~1.9 million people, based upon the
2010censusdata. Approximately32%of landuse in thewatershed is residen-
tial, commercial or industrial, and with the rest, urban and agriculture. The
area contained approximately 385,000 cows in 1995 (RWQCB, 2005), and
as of January 2009, this numberwas down to about 138,500 (SAWPA, 2013).

In this study, we expanded our sampling sites from 14 to 20 to in-
clude another creek that originates from a lower elevation (N2; 207 m)
as compared to N1 that originates from 1447m elevation (Ibekwe et al.,
2012). The Prado recreational area was also included because surface
flow from the upper section of the watershed empties into this subsec-
tion. Sampling locations with site names, descriptions, and global posi-
tioning system (GPS) coordinates are listed in Table S1; Fig. 1. Sampling
locations were based upon historical data obtained for the Total Maxi-
mum Daily Loads (TMDL) for Bacterial Indicators for MSAR watershed
(Rice, 2005), and divided into five zones (Table S1; Fig. S1). Zone 1 con-
sist of seven sites (UR2, UR3, UR4, UR5, UR9, andUR12, andUR13) along
the Chino Creek and Cucamonga creek representing urban runoff; zone
2 has four sites along Cypress channel (CAFO6, CAFO7, CAFO8, and
CAFO10) representing agricultural activities; zone 3 consist of four
sites (PRADO2, PRADO3, PRADO4, ANDPRADO5) around the Prado Rec-
reational Park; zone 4 consist of samples from three waste-water treat-
ment facilities (WW11, WW13, andWW14); and finally zone 5 consist
of two natural sites (N1 and N2). Table S1 identifies the “zones” and



Fig. 1.Various sampling points along Chino creek and Cypress channelwithin themiddle Santa Ana River (MSAR)watershed.Water flow from the natural site at Ice house Canyon (S1) to
the San Antonio creek and into Chino creek. This flows into the Prado basin and into Santa Ana River and finally empties into the Pacific Ocean. The Santa Ana River is critical for the
replenishment of Orange County's Groundwater Basin since over 2 million residents in Orange County depend on groundwater for 75% of their water supply.
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corresponding sites, alongwith the number of samples acquired at each
site. Water samples were collected from the three waste-water treat-
ment plants (WWTPs) at sampling ports at the end of the plant where
it discharges tertiary-level-treated water into Chino Creek. The sites
along Chino creek had low flow on concrete lined channels resulting
in low bacterial concentrations. Agricultural runoff from CAFOs was
the main source of pollutant into Cypress channel while Chino Creek
was affected more by WWTPs and urban runoff. The natural sites on
Ice House Canyon (N1) andN2 on the lower elevationwere usedmainly
as the control sites, and historical data for fecal coliforms had averaged
9 CFU 100 mL−1 over a five-year time period, from 2000 to 2005 (Rice,
2005). The sites were divided into zones based on pollutant sources.
Analysis of covariance (ANOCOVA)model was used to evaluate our pri-
mary factors of interest which were pollutant sources or sites and other
environmental parameters as additional covariate factors to determine
the effects of zonation on our sampling strategy (Ibekwe et al., 2011).
During this study, it was shown that total bacterial counts (API) did
not significantly differ between sites and seasons. It was also shown
that the summary statistics for the log10 transformed bacteria concen-
tration models for total coliform (TC), fecal coliform (FC), Escherichia
coli, and enterococci based on Shapiro-Wilk (SW) test scores for residu-
al normality were not significantly different between sites along each
zone (Ibekwe et al., 2011). The primary goal of this study was to under-
stand and quantify the spatial-temporal trends in various bacteria mea-
surements along the Chino Creek samples UR2, UR3, UR4, UR5, UR9, and
UR12, and UR13 and Cypress Channel samples CAFO6, CAFO7, CAFO8,
and CAFO10, and Prado recreational area PRADO2, PRADO3, PRADO4,
AND PRADO5, and the natural sites N1 and N2 as baseline control. To-
wards this goal, these sites were sampled quarterly for a year.

Rainfall in thewatershed ispredominantly betweenDecember andApril,
with amean annual rainfall of ≤800mm, resulting in a variable base stream
flow between seasons as previously described (Ibekwe et al., 2011). Briefly,
theUnitedStatesGeological Survey (USGS)gaugeddata shows themeanan-
nual stream flow from Chino Creek (UR 3-Chino Creek) was 133.6 m3 s−1)
representing urban runoff and at Cypress channel, representing agricultural
runoff (CAFO 6 – Cypress channel) was 96.8 m3 s−1. Furthermore, four
water quality parameters were also consistently acquired at each sample
point: water pH, salinity, turbidity, and temperature.

Water sampleswere collected using sterile Nalgene sampling bottles
and field parameters such as salinity, pH, temperature, turbidity, and
dissolved oxygen were taken at each sample location using standard
methods (APHA, 1995). All samples were collected in duplicate. For
sites that were deep enough to obtain samples, grab samples were col-
lected about 10–15 cm below the surface of the water. Sites with a shal-
low flow were sampled using a sterile stainless-steel sampling device.
Sample turbidity was determined using a Hach model 2100P Portable
Turbidimeter (Loveland, CO) according to manufacturer's instructions
and calibrated each day of use. Salinity and pH were recorded with a
standard conductivity/pHmeter. Concentrations of fecal indicator bacteria
were determined within 6 h of sample collection according to Standard
Methods 9222B for total coliform, EPA Methods 1600 for Enterococcus
and 1603 for E. coli (USEPA, 1986), based on membrane filtration.

Sediment samples from the 0–15-cm depth were taken from the
creek or river banks using ethanol-disinfected core tubes and stored in
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Whirl-Pak bags at 4 °C until processed; usually within 24 h. Samples
were transported to the laboratory for analysis in coolersmaintained be-
tween 2°–10 °C using ice packs. Total nitrogen (TN) and organic N were
determined using Flash 2000 NC Analyzers (Thermo Scientific, MA). Sa-
linity (EC, dSm−1) of each soil was obtained by determining the conduc-
tivity of soil water extract (30 min extraction in horizontal shaker with
water to soil ratio of 1:1, vol:wt) using a conductivity meter (Okaton,
IL). Concentrations (mM) of Na+, K+, Ca2+, Mg2+, P, and S in soil
water extracts was determined using an Optima-3300 DV ICP-OES spec-
trometer (Perkin-Elmer, MA) that was calibrated with certified stan-
dards prior to sample analysis. Fecal indicator bacteria (Enterococcus
and E. coli) in sediment samples (10 g) were determined using serial di-
lution method in a 1:9 sediment PBS ratio. In brief, 90 mL of phosphate
buffered saline (PBS) water (0.0425 g/L KH2PO4 and 0.4055 g/L MgCl2)
was added to sediment and shaken for 15 min. Ten milliliters of the sus-
pension was added to Colilert or Enterolert vessel, diluted 1:10 and
mixed. One milliliter from the 1:10 dilution was transferred to another
vessel and was further diluted 1:1000, and an aliquot was added to the
media, mixed, then sealed in QuantiTrays and incubated at 37 °C for
24 h. Samples were processed following the manufacturer's protocol in
accordance with method 9223 (Eaton et al., 1998).

2.2. DNA extraction and purification from sediment and water samples

Total bacterial DNA was extracted from 500 mg of sediment samples
and from water sample from the different sites. DNA was extracted using
Power Soil andWater DNA kits (MO BIO, Inc., Solana Beach, CA), according
to themanufacturer's protocol. ExtractedDNA(2 μL)was quantifiedusing a
Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wil-
mington DE), and run on 1.0% agarose gel before used for pyrosequencing.

2.3. Pyrosequencing

Sediment and water DNA samples were submitted to Core for Ap-
plied Genomics and Ecology at the University of Nebraska Lincoln for
PCR optimization and pyrosequencing analysis. The V1–V2 region of
the 16S rRNA gene was amplified using bar-coded fusion primers with
the Roche-454 A or B titanium sequencing adapters (in italics), followed
by a unique 8-base barcode sequence (B) andfinally the 5′ ends of prim-
er A-8FM (5′-CCATCTCATCCCTGCGTGTCTCCGACTCAGBBBBBBBBAGAG
TTTGATCMTGGCTCAG) and of primer B-357R (5′-CCTATCCCCTGTGTG
CCTT-GGCAGTCTCA GBBBBBBBB CTGCTGCCTYCCGTA-3′ (Benson et al.,
2010). All PCR reactions were quality-controlled for amplicon satura-
tion by gel electrophoresis; band intensity was quantified against stan-
dards usingGeneTools software (Syngene). The resulting productswere
quantified using PicoGreen (Invitrogen, Carlsbad, CA) and a Qubit fluo-
rometer (Invitrogen) before sequencing using Roche-454 GS FLX titani-
um chemistry (Benson et al., 2010; Wu et al., 2010). Raw data were
treated with the Pyrosequencing Pipeline Initial Process (Cole et al.,
2009) of the Ribosomal Database Project (RDP) to match barcodes and
to trim off the adapters, barcodes and primers using the default param-
eters, and to remove sequences containing ambiguous ‘N’ or shorter
than 200 bps (Claesson et al., 2009). These raw reads were further
denoised to remove sequences that are likely due to pyrosequencing
errors (Huse et al., 2010; Roeselers et al., 2011), and chimeras were fil-
tered out using Chimera Slayer (Haas et al., 2011). Bacterial pyrose-
quencing population data were further analyzed by performing
multiple sequence alignment techniques using the dist.seqs function
in MOTHUR, version 1.9.1(Schloss et al., 2009). MOTHUR was also
used to assign sequences to operational taxonomic units (OTUs, 97%
similarity) and calculate both Shannon's diversity index values (H′), and
Chao richness estimates. Taxonomic classificationof thebacterial sequences
of each sample was carried out individually, using the RDP Classifier. A
bootstrap cutoff of 80% suggested by the RDP was applied to assign the se-
quences to different taxonomic levels. The sequence data sets of potential
human pathogen (461 sequences) from our previously study using the
same sites had been deposited in Sequence read Archive under the project
name SRP028870 (Ibekwe et al., 2013), with accession numbers
SRX335804 to SRX335812 (http://www.ncbi.nlm.nih.gov/Traces/sra/sra.
cgi?study=SRP028870). The new dataset used for this study was based
on 12,959 16S rRNA sequence tags generated through454 pyrosequencing.

2.4. Statistics and analysis of pyrosequencing data

Analysis of variance (ANOVA)model using both site and field param-
eter classifications were used as the statistical model for analyzing the
(log-transformed) density of indicator bacteria from the watershed
(Ibekwe et al., 2011). Along with total coliforms, E. coli, and enterococci
densities, four additionalfield parameters, i.e., pH, salinity (EC), turbidity,
and surface water temperature for each sampling point were measured.
Variations in each of these water quality parameters are known to affect
bacterial concentrations. Principal coordinates analysis (PCoA) and hier-
archical clustering in UniFracwere carried out usingMOTHUR. PCoAwas
conducted based on RDP Classifier results from MOTHUR, OTUs, and
weighted UniFrac (Hamady et al., 2010). The relaxed neighbor-joining
algorithm in Clearcut (version 1.0.9) (Sheneman et al., 2006), was used
to construct phylogenetic trees for between-site comparisons as previ-
ously described (Ibekwe et al., 2011) and parsimony tests in Treeclimber
(Schloss andHandelsman, 2006). Pairwise comparisonswith Bonferonni
correction (Neter, 1996; Hollister et al., 2010)was used to test significant
differences (P ≤ 0.001). Additional statistics were performed on pyrose-
quencing data on the relative percentage of each operational taxonomic
unit (OTU), or the sum of OTUs at a specific taxonomic (phylum, class,
order, or family) level. The microbial diversity indices were analyzed
using the vegan package of R software version 3.1.0 (The R foundation
for Statistical Computing: http://www.r-project.org/). Detrended corre-
spondence analysis (DCA)was employed to determine the overall struc-
tural changes in themicrobial communities by R software version v3.1.0.
DCA is an ordination technique that uses detrending to remove the arch
effect, where the data points are organized in a horseshoe-like shape, in
correspondence analysis (Zhou et al., 2012). Canonical correspondence
analysis (CCA) was performed to determine the most significant sedi-
ment and water variables shaping microbial community composition
and structure. The Mantel test (p b 0.001) was used to select the most
significant environmental variables and to examine the correlation be-
tween community structure or fecal indicator bacteria and these vari-
ables (Zhou et al., 2012). Using automatic forward selection in CCA, 11
environmental variables were selected for analysis in sediment and 10
in water, and these include EC, pH, NO2, NO3, NH4N, CA, Mg, Na, K, P, S.
CCA was performed using the vegan package in R. During the analysis
matrices of pollutant sources or sample units (the five zones) versus bac-
terial OTUs were paired with matrices of samples units versus environ-
mental variables from sediments and surface water for CCA.

3. Results

3.1. Environmental variables

Physical and chemical characteristics, such as temperature, turbidity,
salinity, dissolved oxygen (DO), and pH were determined in various
surface water and sediment samples retrieved from the different sites.
Salinity (EC), pH, temperature, turbidity, DO, NO3, NO2, NH4, Ca, Na,
Mg, P, S, and K are summarized in Table S2. The temperature values
for surface water samples and wastewater effluent stream ranged
from 6 °C at Ice House Canyon (S1) to 23 °C at WWTP (S14). Average
turbidity values were below 1 nephelometric turbidity units (NTU) for
the natural site at Ice House Canyon (N1). The basic univariate summary
statistics for the three indicator bacteriameasurements of interest; i.e., TC,
E. coli, and enterococci counts are shown in Fig. 2. The statistics summa-
rized the natural log transformed counts for each of these response vari-
ables. Indicator bacterial counts were not significantly different between
sites in sediment samples (Fig. 2A) and in water samples (Fig. 2B) within

http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?study=RP028870
http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi?study=RP028870
http://www.r-project.org


Fig. 2.Univariate summary statistics for bacterial counts using Shipiro-Wilk test for residual normality for total coliforms, E. coli, and enterococci. (A) Sediment samples (B)water samples.
Error bars represent standard errors of duplicate samples pooled throughout each source. Zone 1 consist of urban runoff (UR) and represents seven sites (UR2, UR3, UR4, UR5, UR9, and
UR12, and UR13) along the Chino Creek and Cucamonga creek representing; zone 2 has four sites along Cypress channel (CAFO6, CAFO7, CAFO8, and CAFO10) representing agricultural
activities; zone3 consist of four sites (PRADO2, PRADO3, PRADO4,ANDPRADO5) around the PradoRecreational Park; zone4 consist of samples from threewaste-water treatment facilities
(WW11, WW13, and WW14); and finally zone 5 consist of two natural sites (N1 and N2). Table S1 identifies the “zones” and corresponding sites, along with the number of samples
acquired at each site.
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each zone. However, FIB counts were significantly different (P b 0.023)
between zones. Examination of each site throughout the watershed indi-
cated that fecal bacterial concentrations along urban runoff creeks and
CAFO channel routinely exceeded the applicable water quality objectives
for E. coli (235 CFU/100 mL) except in the natural site (N1) andWWTPs.

3.2. Community composition, diversity, and estimated richness

A total of 12,959 16S rRNA sequence tags were generated through
454 pyrosequencing, with an average read length of about 200 bp
(Table S3). The 454 sequence libraries ranged in size from 142 sequence
tags (smallest) at water samples from urban runoff to 5666 sequences
at the natural site surface water (largest) and contained between 68
OTUs in water samples to 1770 OTUs in natural site sediment (Table
S3; Fig. S2A&B). All data were normalized to the smallest sequence
tag, and the data reanalyzed to show normal distribution of variances
(Table 1). Shannon diversity index values (H′) suggest that diversity
varied along the study zones, with the lowest diversity associated with
urban runoff water. Diversity values decreased significantly (P b 0.05) be-
tweenwater and sedimentmaterials collected fromurban runoff, agricul-
tural runoff, and control sites. Although we determined hundreds and
thousands of tags per sample, rarefaction curves of OTUs were far from
the plateau, indicating that there were more undetermined tags either
from real rare species or artificial sequences produced by PCR and se-
quencing errors (Fig S2A&B). Chao richness estimates suggest that higher
sequences were captured in sediment than in surface water. Both the
Shannon's diversity index value at a sequencing depth of 142 (Table 1)
and its rarefaction curves showed that the sediment had the highest di-
versity, ranging from 5.82 (natural site) to 5.32 (Prado park), while the
water samples had the lowest, ranging from 4.93 (Prado park) to 4.17
(urban runoff), and there were significant differences (P b 0.05) among
the three groups. Summary statistics of the non-normalized data showed
that higher OTUs, Chao richness, and Shannon diversity index values (H′)
were also higher in sediment than in surface water (Table S3). Therefore,
all analyseswere done on both datasets to see if there are differences in the
grouping pattern of bacterial community structures. However, most of the
data presented are from the normalized dataset, with few exceptions in-
volving sequence library. Furthermore, Fig. S1 shows the physical appear-
ances of sampling locations from the different zones, including zone 1
from urban runoff samples, obtained mainly from concrete lined channels.
These channelshavevery lowvolumeofwaterflowingwith continuousex-
posure to ultraviolet radiation, resulting in low sequence tag (142). The 454
libraries detected 24 bacterial phyla from the non-normalized dataset with
Proteobacteria (34.8%) and Bacteroidetes (18.70%) encountered most fre-
quently (Table 2; Fig. S3). The community in the sediment was the most
evenly distributed, while surface water samples were the most skewed
with a dominance of Proteobacteria (Table 2). Two phyla (Proteobacteria
and Bacteroidetes) dominated (N50%) bacterial communities of sediment
and surface water from the nine potential sources of contaminants classi-
fied using RDP Classifier at a confidence threshold of 80%. The two phyla
were followed by a few other major (average abundance N1% in at least
two sources) phyla, including Actinobacteria (3.79%), Acidobacteria
(2.99%), Verrucomicrobia (4.02%), Chloroflexi (1.45%), Planctomycetes
(2.54%), Firmicutes (2.41%), and Gemmatimonadetes (2.54%). A few phyla
withminor abundance (b1%) in one of the 9 sourceswere also determined
(Table 2).Within Proteobacteria, Epsilonproteobacteria only occurred at very
low levels (0.00–1.67%, averaging 0.19%) (Table S4). The Beta-subdivision
on the average was the most dominant Proteobacteria, followed by
Gamma, Delta, and Alphaproteobacteria. However, Gammaproteobacteria
was the dominant class of Proteobacteria in surface water from all the
sources, and Delta and Alphaproteobacteriawere in the sediment except in
the natural sites for Alphaproteobacteria.

3.3. Phylogenetic structure of bacterial community from different zones

Phylogenetic structures of microbial communities, as indicated by
detrended correspondence analysis (DCA)-based ordination revealed
that the phylogenetic community structureswere significantly different
between water and sediment samples (Fig. 3A). Further analysis
showed pollutant sources correlated with factors influencing bacterial
assemblages (R2 = 0.32, P b 0.001) since bacteria grouped according
to the sources of pollutants such as CAFOs or urban runoff. Samples
from the different sources on the distribution of bacterial similarity
were sorted into different groups such as CAFO or urban runoff by ap-
plying principal coordinates analysis (PCoA), and the UPGMA hierarchi-
cal clustering analysis to amatrix of UniFrac distances using the UniFrac
web interface in MOTHUR. The PCoA (Fig. 3B) showed that microbial
community structure were significantly different (P = 0.001) between
water samples from urban runoff (zone 1) and CAFOs (Cypress chan-
nel-zone 2). These samples clustered to the middle portion of Fig. 3B.

Image of Fig. 2


Table 1
Normalized summary of sequence library, OTUs, and diversity and richness estimates at 97% level.

Groupa Nseqsb OTUs Chao Invsimpson Npshannon Simpson Coverage

CAFO S 142 113 641.11 154.01 5.73 0.006 0.309
CAFO W 142 73 167.23 42.24 4.39 0.023 0.647
UR S 142 104 289.88 161.46 5.38 0.006 0.435
UR W 142 68 162.09 19.59 4.17 0.051 0.676
N S 142 115 440.71 270.56 5.82 0.003 0.323
N W 142 75 139.47 30.71 4.44 0.032 0.647
Prado S 142 102 278.64 130.01 5.32 0.007 0.450
Prado W 142 90 220.20 103.21 4.93 0.009 0.556
WWTPs 142 76 186.50 30.06 4.45 0.033 0.634

a CAFO S= agricultural runoff sediment, CAFOW= agricultural runoff water, UR S= urban runoff sediment, URW=urban runoff water, N S= natural site sediment, NW=natural
site water, Prado S = Prado sediment, Prado W. = Prado water, WWTPs = waste water treatment plant.

b Nseqs = number of sequence tags, OTUs = operational taxonomic units.
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This result was different from our previous study using T-RFLP that sug-
gested no significant differences between CAFO runoff and urban runoff
(Ibekwe et al., 2012). Furthermore, samples from WWTPs clustered to
the bottom right, while sample from Prado region (zone 3) clustered
to the far left, and those from the natural sites clustered at the top
(zone 5), and these were significantly different (P b 0.05). Microbial
community structure in sediment samples were also analyzed using
the same procedure (Fig. 3C). Parsimony tests confirmed that commu-
nity structures of the four sources were significantly different from
each other (P b 0.001), with urban, CAFO, and natural sites clustering
on PCoA 1 and Prado samples on PCoA 2. Hierarchical clustering analysis
(Fig. 3D) with Jackknife supporting values using both water and sedi-
ment samples showed that microbial community structure from the
five zones were significantly different from each other when sediment
and water samples were analyzed together.

Canonical correspondence analysis (CCA) was performed to deter-
mine the most significant water and sediment variables shapingmicro-
bial community composition and structure. CCA showed that microbial
community structure was significantly shaped by several key physical
and chemical variables for water (Fig. 4A), such as NO2, pH, and NO3.
The biplot score showed 30.5% of the variations were explained by
CCA1 while 28.6 were explained by CCA2. In the sediment (Fig. 4B),
Table 2
Santa Ana River percent sample counts byphylum. The abundance is presented in terms of perce
threshold of 50%.

Phyla Total CAFO S⁎ CAFO W UR. S UR W

Acidobacteria 2.99 4.05 0.45 4.00 0.00
Actinobacteria 3.79 9.54 1.35 4.80 0.00
Armatimonadetes 0.55 0.58 0.00 0.00 0.00
Bacteroidetes 18.7 11.2 32.43 6.40 51.67
BRC1 0.03 0.00 0.00 0.00 0.00
Chlorobi 0.26 0.00 0.00 2.40 0.00
Chloroflexi 1.45 1.73 0.00 0.00 0.00
Deinococcus-Thermus 0.16 0.00 0.00 0.80 1.67
Firmicutes 2.41 3.47 1.35 0.80 0.00
Fusobacteria 0.10 0.00 0.00 0.80 0.00
Gemmatimonadetes 0.35 0.87 0.00 0.00 0.00
Lentisphaerae 0.06 0.00 0.00 0.00 0.00
Nitrospira 0.16 0.87 0.45 0.80 0.00
OD1 0.55 0.58 0.00 0.80 1.67
OP11 0.03 0.29 0.00 0.00 0.00
Planctomycetes 2.54 1.45 0.45 0.80 0.00
Proteobacteria 34.8 39.3 44.59 50.40 41.67
Spirochaetes 0.42 1.16 0.45 0.00 0.00
SR1 0.10 0.00 0.00 0.00 0.00
Synergistetes 0.03 0.00 0.00 0.00 0.00
Tenericutes 0.06 0.00 0.00 0.00 0.00
TM7 0.51 0.29 0.00 0.80 0.00
unclassified 25.5 20.2 16.67 23.20 3.33
Verrucomicrobia 4.02 4.34 1.80 2.40 0.00
WS3 0.29 0.00 0.00 0.80 0.00

⁎ CAFO S= agricultural runoff sediment, CAFOW= agricultural runoff water, UR S= urban
site water, Prado S = Prado sediment, Prado W. = Prado water, WWTPs = waste water treatm
NO3 (P b 0.015) was the strongest environmental variable contributing
to the biplot. In the sediment 35.9% of the variations were explained by
CCA1, while by 32.0% of the variations were explained by CCA2.
3.4. Correlation of environmental variables with fecal indicator bacterial
populations

CCA was performed to determine the most significant water and
sediment variables shaping fecal indicator bacterial population in
the watershed. The Mantel test was used to examine the correlation
between fecal indicator bacteria population and each variable (Fig.
5). CCA of fecal indicator bacterial data and water variables showed
that indicator bacterial population were significantly shaped by sev-
eral key environmental factors (Fig. 5A): pH (F=4.69, p b 0.01), NO2

(F=2.85, p b 0.03), and NH3N (F=8.77, p b 0.005), with 13.6% of the
constrained variance explained by CCA1and 4.8% by CCA2. However,
in the sediment the effects of environmental factors were not as
strong as in thewater column (Fig. 5B), with 8.73% of the constrained
variance explained by CCA1and 5.46% by CCA2. Fecal indicator bacte-
rial population were significantly shaped by NO3 (F = 3.05,
p b 0.015).
ntage in total bacterial sequences in a sample, classifiedusing RDP classifier at a confidence

Natural. Site. S Natural Site. W PradoS PradoW WWTP

4.41 0.68 2.24 0.35 0.76
4.81 1.90 2.75 4.59 1.53
0.52 0.41 0.52 1.06 0.00

14.55 28.86 13.94 27.21 42.75
0.06 0.00 0.00 0.00 0.00
0.23 0.00 0.17 0.35 0.00
1.39 0.27 4.65 0.00 0.76
0.12 0.14 0.00 0.00 0.00
2.32 1.90 3.96 1.06 1.91
0.12 0.14 0.34 0.35 0.00
0.52 0.54 0.34 0.00 0.00
0.00 0.27 0.00 0.00 0.00
0.23 0.14 0.34 0.00 0.00
0.35 0.81% 0.52 1.41 1.15
0.00 0.00% 0.00 0.00 0.00
3.25 1.08 2.07 0.71 0.38

36.17 42.28 41.14 42.05 30.92
0.41 0.41 0.86 0.35 0.38
0.00 0.27 0.00 0.00 0.38
0.00 0.00 0.17 0.00 0.00
0.06 0.14 0.00 0.00 0.00
0.87 0.41 0.52 0.00 0.00

23.88 16.26 21.69 15.55 16.03
5.39 3.12 3.44 4.59 3.05
0.35 0.00 0.34 0.35 0.00

runoff sediment, URW=urban runoff water, N S= natural site sediment, NW=natural
ent plant.



Fig. 3. Detrended correspondence analysis (DCA) of bacterial community structure data showing that sediment and river water samples were significantly separated on DCA1 based on
bacterial community composition (3 A). Principal coordinate analysis (PCoA) obtained using the UniFrac distance matrix comparing the five sources of pollutants. Principal coordinate 1
(P1) vs principal coordinate 2 (P2) are represented. Samples are from pyrosequencing to a matrix of UniFrac distances using the UniFrac web interface in MOTHUR. The PCoA (Fig. 3B)
showed samples from urban runoff (Chino creek) and CAFO runoff (Cypress channel) clustering to the middle portion while samples from WWTPs clustered to the bottom right and
Prado clustered to the far left and the natural site to the top. Microbial community structure in sediment samples were also analyzed using the same procedure (Fig. 3C). Cluster
analysis of normalized jackknife (1000 permutations) of pyrosequencing data (3D) from both sediment and water samples from all the sampling points throughout the watershed.
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3.5. Potential bacterial community sequence richness for fecal pollution
assessment

The assessment of some potential bacterial community sequence
relative richness for FIB across the different pollutant sources are pre-
sented in Table 3. The top phyla with the highest degree of relative rich-
ness associated with fecal pollution were Proteobacteria, Firmicutes,
Actinobacteria, Bacteroidetes, and Spirochaetes. Proteobacterial sequences
dominated our sample with more than 40% OTUs on the average from
each source (Table 3). Proteobacteria contributed the highest proportion
of bacterial richness thatmay be associatedwith fecal sources that could
cause diseases in humans (Table 3). Some of the potential sequence tags
were associated with sequences from Arcobacter, Citrobacter, Shigella,
Aeromonas, and Legionella and were detected in all the sources except
urban runoff. The next dominant phylum was the Actinobacteria,
and the sequences at the genus levelwere dominated byNocardia, Cory-
nebacterium and Mycobacterium. Another phylum with a major contri-
bution of bacterial communities that may be associated with fecal
sources was Bacteroidetes. Bacteroides was the dominant genus from
this phylum (Table 3), with the highest percent richness in sediment
from Prado recreational water. The Phylum Fermicutes produced a
very diverse group of bacteria of fecal origin thatmay be very important
for water quality assessment. These include Bacillus, Staphylococcus and
Clostridium (Table 3), with Bacillus dominating CAFO runoff sediment,
natural site sediment and WWTP, and with Clostridium in Prado park
recreational area sediment and natural site sediment.

4. Discussion

In this study, we employed high-throughput 454 pyrosequencing
techniques to quantify bacterial community structures in a large
urban watershed impacted by many pollutant sources such as 3
WWTPs, large developing urban population of about 1.9 million,
and a dwindling cow population. Within our samples, the natural
sites showed the highest bacterial richness and diversity, while
urban runoff was the lowest both in the sediment and surface

Image of Fig. 3


Fig. 4. Canonical correspondence analysis (CCA) of bacterial community structure of the most significant water and sediment variables shaping microbial community composition and
structure. Canonical correspondence analysis (CCA) showed that microbial community structure was significantly shaped by several key physical and chemical variables for water (Fig.
4A), such as electrical conductivity (EC), NO3, NO2, and pH; and for sediment (Fig. 4B) such as EC, pH, and NO2.
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water. It should be noted that the natural sites were not influenced
by pollutants because the water source was dominated mostly by
melting snow and FIB from the natural sites as previously shown to
be less than 9.0 CFU/mL (Ibekwe et al., 2011). The main reason for
the low bacterial diversity in urban runoff could be that the river
flows mainly through a concrete channel (Fig. S1), and about 90%
of the flow are from tertiary treated waste water. Furthermore, the
volume of flow during the dry season (April–August) may be less
than 20 cm deep, resulting in continuous exposure to ultra-violet ra-
diation. Also, sediment samples were localized deposits of soil parti-
cles on the concrete channel. Therefore, the sediment and water
samples from the concrete lines were subjected to extreme condi-
tions during dry weather. During the wet season (November–
March) the volume of flow may triple or even higher depending on
the amount of rainfall, but are still subjected to the same extreme
weather conditions. These data were consistent with recent sedi-
ment bacterial community analyses results of pyrosequencing data
from urban areas affected by WWTPs showing bacterial communities
significantly decreased in population and diversity (Drury et al., 2013)
due to the influence of treated waste water. In our results, the Chao
index from the natural sites sediment and surface water were signifi-
cantly higher than all other sites with the non-normalized data (Table
S3), although richness estimators may be extremely sensitive to the
Fig. 5. Canonical correspondence analysis (CCA) was performed to determine the most signi
watershed. CCA of fecal indicator bacterial data and water variables showed that indicator b
sediment the effects of environmental factors were not as strong as in the water column (Fi
NO3. The Mantel test was used to examine the correlation between fecal indicator bacteria and
error-prone sequences (Quince et al., 2009; Reeder and Knight, 2009).
However, the Shannon's diversity index which is less sensitive to se-
quencing and PCR errors (Wang et al., 2012) showed the highest diver-
sity in the natural site sediment using both the normalized and the non-
normalized data (Table 1 and Table S3).

Ourwork in thiswatershed has produced results that are very similar
to results produced fromother large/urban rivers in Chicago (Drury et al.,
2013). Here we examined the quality of the river water about 75 km
from the ocean and observed that FIB were higher than the state and
EPA standards (Fig. 2). The high numbers may be associated with nitro-
gen sources of nutrients as they correlate significantly with FIB from up-
stream (Fig. 5A). This is not surprising, because urban areas have the
potential to pollute water in many ways as this may contain pollutants
such as fecal coliform bacteria, nitrates, phosphorus, chemicals, and
other bacteria. Therefore, preventing pollution in the middle Santa Ana
river watershed may help reduce pollutants entering Pacific Ocean.

Our study showed thatmicrobial communities in sedimentwere sig-
nificantly different from microbial communities in surface water (Fig.
3A) as the water samples clustered together and away from sediments.
Microbial communities in surface waters are highly responsive to per-
turbation, dissolved organic matter concentration, and chemical stress
among others (Bodtker et al., 2008; Wassel and Mills, 1983; Nelson,
2009; Hirayama et al., 2005). The detection of diverse community
ficant water and sediment variables shaping fecal indicator bacterial composition in the
acterial composition were significantly shaped by pH, NO2, and NH3N (Fig. 5A): in the
g. 5B). Fecal indicator bacterial composition and structure were significantly shaped by
each variable.

Image of Fig. 4
Image of Fig. 5


Table 3
Percent of potential bacterial pathogen sequences at the genus level that may be of concern to the assessment of water quality.

Phyllum Genus CAFO S ⁎ CAFO W ⁎⁎ UR. S UR W Natural site S Natural site. W PradoS PradoW WWTP

Actinobacteria Nocardia 0 0 0 0 0.012 0 0 0 0
Corynebacterium 0 0 0 0 0.012 0.022 0 0 0
Mycobacterium 0.2144 0 0 0 0.122 0.011 0 0 0

Bacteroidetes Bacteroides 0 0 0 0 0 0 0 0.123 0
Proteobacteria Arcobacter 0.4287 0.360 0 0.4545 0.036 0.123 0.329 0 0.068

Citrobacter 0 0 0 0 0 0 0.188 0 0
Shigella 0 0.072 0 0 0.012 0 0 0 0
Aeromonas 0 0.432 0 0.0136 0.305 0.653 0.047 0.00134 0
Legionella 0 0 0 0 0.024 0.022 0 0 0

Spirochaetes Leptospira 0 0.144 0 0 0 0.056 0 0 0
Firmicutes Bacillus cereus 1.9293 0 0 0 0.195 0 0 0 0.068

Staphylococcus 0 0 0 0 0 0.022 0 0 0
Clostridium 0 0 0 0 0.171 0 0.094 0 0

⁎ CAFO S= agricultural runoff sediment, ⁎⁎ CAFOW= agricultural runoff water, UR S= urban runoff sediment, URW= urban runoff water, N S= natural site sediment, NW=natural
site water, Prado S = Prado sediment, Prado W. = Prado water, WWTPs = waste water treatment plant.
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composition and structure within the different zones of the watershed
suggests changes in environmental microbial communities in surface wa-
ters are highly responsive to changes environmental factors such as nutri-
ents, salinity (EC), andpH(Fig.4 B&C). For instancemicrobial communities
were quite different between the natural sites and urban runoff as well as
the other zones. The main drivers may be differences in nutrients and sa-
linity from the urban area that may be influenced by household waste
(Table S2), whereas microbial communities from agricultural area may
be influenced by excess nutrients impacted by concentrated animal feed-
ing operations (CAFOs). Nutrients from the different zonesmay enrich dif-
ferent bacterial populations depending on their sources into the Santa Ana
River. For instance, fast unifrac analysis showed that the populations of
river water were quite different among the five zones (Fig. 3B).

The order Bacteroidales is enriched within the gut microbiota of
many mammals (Dowd et al., 2008; Cotta and Forster, 2006; Ishii et
al., 2006; Fogarty and Voytek, 2005; Juteau et al., 2005), and specific
species within this order have been proposed as fecal indicators
(Weary et al., 2008). Sequences of the genus Bacteroideswas commonly
identify in the recreational water samples from Prado Park (Table 4).
Some species from this genus has been identified as indicators of fecal
pollution originating from mammalian sources (Savichtcheva et al.,
2007; Savichtcheva and Okabe, 2006). Bacteroides, have a high degree
of host specificity that reflects differences in the digestive system of
the host animal (Bernhard and Field, 2000) and have a small potential
to grow in the environment (Kreader, 1998) thusmaking it a good indi-
cator of recent fecal contamination. The members of this phylum con-
tain diverse bacterial species that have colonized virtually all types of
habitats. They are among the major members of the microbiota of ani-
mals, especially in the gastrointestinal tract, and are frequently used
for microbial source tracking (Dubinsky et al., 2012; Li et al., 2015;
Gomi et al., 2014). The presence of DNA sequences in surface water in
Prado recreational area may suggest some recent fecal contamination
close to sampling. Another group of bacteria that are commonly used
as indicator bacteria are the Enterococcus. Although we were able to
grow pure cultures from the genus (Fig. 2A and B), the pyrosequencing
method could not detect their DNA sequences suggesting that this tech-
nique may have some limitations when it comes to detecting less abun-
dant members of the community (Table S4). It was also interesting to
note that other fecal indicator bacterial DNA sequences, such as Clostridia,
were found mainly in sediment samples associated with recreational
water sediment at Prado recreational area and in the sediment of natural
sites. This indicates the wide distribution of Clostridia DNA in sediment
samples more than surface water and suggests that the sediment may
be a major source of this class of bacteria (Weary et al., 2008). The high
prevalence of Enterobacteriales DNA sequences in Table S4 falls in line
with the high FIB counts observed in Fig. 2A&B. Again, DNA sequences be-
longing to the genus Escherichia and Salmonella were not detected with
this method, but Shigella DNA sequences were identified in surface
water from agricultural runoff and in the sediment from natural sites.
5. Conclusions

Our data showed that pH, NO2, and NH4were themajor environmen-
tal factors correlating significantly with FIB sequences in urban river run-
off water based on CCA analysis, while NO3 was the only factor in
sediment. Using pyrosequencing, we were able to understand some of
the relationships between microbial community structures, nutrient,
and environmental factors in a large watershed as they relate to changes
in microbial communities from different sources. It shows that microbial
communities in the sediment-water interface in terrestrial fresh water
with low flow were significant reduced in composition due to different
environmental factors. The reductionwas the highest from urban sources
in comparison to CAFO and recreational sources. The higher level of bac-
terial composition in the CAFO and recreational sourceswas due to higher
sediment nutrient availability to surface water in these zones.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.05.168.
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