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Abstract

Prolific heterotrophic biofilm growth is a common occurrence in airport receiving streams
containing deicers and anti-icers, which are composed of low-molecular weight organic
compounds. This study investigated biofilm spatiotemporal patterns and responses to con-
current and antecedent (i.e., preceding biofilm sampling) environmental conditions at
stream sites upstream and downstream from Milwaukee Mitchell International Airport in Mil-
waukee, Wisconsin, during two deicing seasons (2009-2010; 2010-2011). Biofilm abun-
dance and community composition were investigated along spatial and temporal gradients
using field surveys and microarray analyses, respectively. Given the recognized role of
Sphaerotilus in organically enriched environments, additional analyses were pursued to
specifically characterize its abundance: a consensus sthA sequence was determined via
comparison of whole metagenome sequences with a previously identified sthA sequence,
the primers developed for this gene were used to characterize relative Sphaerotilus abun-
dance using quantitative real-time PCR, and a Sphaerotilus strain was isolated to validate
the determined sthA sequence. Results indicated that biofilm abundance was stimulated by
elevated antecedent chemical oxygen demand concentrations, a surrogate for deicer con-
centrations, with minimal biofilm volumes observed when antecedent chemical oxygen
demand concentrations remained below 48 mg/L. Biofilms were composed of diverse com-
munities (including sheathed bacterium Thiothrix) whose composition appeared to shift in
relation to antecedent temperature and chemical oxygen demand. The relative abundance
of sthA correlated most strongly with heterotrophic biofilm volume (positive) and dissolved
oxygen (negative), indicating that Sphaerotilus was likely a consistent biofilm member and
thrived under low oxygen conditions. Additional investigations identified the isolate as a new
strain of Sphaerotilus montanus (strain KMKE) able to use deicer components as carbon
sources and found that stream dissolved oxygen concentrations related inversely to biofilm
volume as well as to antecedent temperature and chemical oxygen demand. The airport
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setting provides insight into potential consequences of widescale adoption of organic deic-
ers for roadway deicing.

Introduction

Organic deicers are increasingly making their way into more widespread roadway application
due to observed performance enhancements (over salt alone) and increased awareness of the
persistent ecological effects of road salt application [1-5]. Within the roadway deicing commu-
nity, the effects of organic deicers on short-term dissolved oxygen (DO) in nearby waterways
are generally recognized; however, the potential for biofilm proliferation is not. The consistent,
long-term use of organic deicers within airport settings makes their receiving streams useful
ecosystems for studying a broad range of potential effects of widespread organic deicer use on
aquatic systems.

Airfield pavement and aircraft deicers are frequently applied to aircraft surfaces and airfield
pavements to enhance the safety of air travel in cold weather. The freezing point depressants in
airfield pavement deicing materials (PDMs) and aircraft deicer and anti-icer fluids (ADAFs)
are low-molecular-weight organic compounds that are miscible in water and can be readily
consumed by heterotrophic bacteria (i.e., bacteria requiring external organic compounds for
growth) in the environment [6]. As a result, the oxygen demands posed by deicers are high. At
the time of this study (i.e., 2009-2014), the deicer and anti-icer products used at Milwaukee
Mitchell International Airport (MMIA) ranged in chemical oxygen demand (COD) from
250,000 to 818,000 mg/L as applied formulations [7], and included liquid potassium acetate
PDM, propylene glycol (PG) Type I aircraft deicer, and PG Type IV aircraft anti-icer. To pro-
vide context, the typical COD of untreated domestic sewage is many orders of magnitude
lower, at approximately 750 mg/L [8]. Airports commonly administer runoff management
programs to recover deicers before they reach receiving waters. Effectiveness of these programs
varies, but can be as high as 60% in overall ADAF collection efficiency [9]. Much of the uncol-
lected ADAFs (and PDMs) enter into surface water systems, while some degrade on airfield
surfaces or move into groundwater systems [10]. The strong oxygen demands exerted by
decay of these chemicals strain the absorptive capacity of the small receiving streams that typi-
cally drain airports [10]. This oxygen depletion, coupled with toxicological effects observed
from PDMs and ADAFs [10], create a challenging environment for maintenance of healthy
aquatic communities. For many receiving streams, this challenge is further compounded, and
in some cases potentially superseded, by the degradation of habitat, water quality, and biologi-
cal communities associated with drainage of an urban watershed [11-13].

In waters receiving external organic carbon inputs, the presence of biofilms dominated by
bacteria in the Sphaerotilus-Leptothrix group is common and has been noted for nearly two
centuries [14-19]. Literature in the more recent past has noted the presence of these organisms
and their associated biofilms in streams receiving effluent from airports that conduct deicing,
paper mills, dairy factories, and slaughterhouses, as well as within wastewater treatment plants
(as an agent in activated sludge bulking) [20-22]. The Sphaerotilus-Leptothrix group is a small
group of organisms that are both genetically and phenotypically similar [23]. However, only
two of its members have been shown to exhibit growth stimulation in nutrient-rich environ-
ments: Sphaerotilus natans and Leptothrix cholodnii [23]. Of these, Sphaerotilus natans is con-
sidered the typical organism in waters with excess organic material [24].

In a broad context, stream biofilms are ubiquitous and serve important ecological functions
[25]; however, in organic-rich settings, biofilms often coat the stream bottom in thick blankets
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of growth that degrade normal macroinvertebrate communities [26,27] and impede fish
spawning [28]. Many airport receiving streams have been classified as impaired under Section
303(d) of the Clean Water Act [10]. The literature describes several common environmental
effects on airport receiving streams related to deicing/anti-icing activities: DO depletion, fish
kills, contamination of human drinking water supplies, aquatic community degradation, and
aesthetic effects such as foaming, odor, and discoloration [10]. The presence of heterotrophic
biofilms in these streams is intimately intertwined in many of these environmental effects,
although these biofilms do not appear to have been rigorously studied in this setting.

The overall aim of this study was to enhance understanding of the environmental drivers
prompting heterotrophic biofilm proliferation in a manner that could help inform prevention
strategies and allow for the potential reestablishment of healthier and more diverse aquatic
communities in streams receiving organic deicer runoff. The first study objective was to sys-
tematically characterize spatial and temporal patterns in biofilm abundance and community
composition. The second study objective was to characterize biofilm response to environmen-
tal conditions in terms of (1) biofilm abundance, (2) biofilm community composition, and (3)
the relative abundance of Sphaerotilus within the biofilm community. Expectations were that
(1) biofilm abundances would be enhanced when COD concentrations were high, (2) that
community composition would vary along COD and temperature gradients, and that (3)
representation of Sphaerotilus in the biofilm would be highest when COD concentrations were
high. This study utilized a field- and laboratory-based approach. Given the likely influence of
deicer contributions, sites were selected upstream and downstream from the airport to maxi-
mize differences in organic loading to the different sites. Samples were collected along spatial
and temporal gradients: biofilm field surveys were used to characterize abundance; microarray
was used to characterize biofilm community composition; and quantitative real-time polymer-
ase chain reaction (qQPCR) was used to investigate the relative abundance of Sphaerotilus within
biofilms. This additional characterization of Sphaerotilus abundance was performed due to a
combined expectation of their importance within the biofilm (based on literature) and the
dearth of sequence representation in public databases (and on the microarray chip). Water-
quality data, including grab and flow-weighted composite samples, were collected throughout
both deicing seasons, and regressions and correlations were used to explore relations with bio-
film metrics.

Materials and methods
Sampling locations and frequency

In an effort to assess differences along a spatial gradient, four primary sites were selected on
two streams surrounding the airport grounds. The most upstream site (US1) was located on
Edgerton Channel, upstream from the airport; the remaining three sites (DS1, DS2, and DS3)
were located downstream from the airport on Wilson Park Creek (S1 Table; Fig 1). Edgerton
Channel flows into Wilson Park Creek approximately 23 meters downstream from the DS1
site. Both streams drain urban settings and are small watersheds, with drainage areas to sites
ranging from 2.1 to 30.6 square kilometers. Data collection also occurred at two stream gages
near the DS1 and DS3 sites on Wilson Park Creek (S1 Table; Fig 1).

Sites DS1 and DS1-gage were both located within MMIA grounds; approval for access to
the sites and sample collection from the sites was requested and granted by MMIA. All other
sites were in unrestricted stream reaches and were accessed using public bridge crossings or
with the permission of local land owners. No protected species were sampled.

Sampling trips were conducted during low-flow periods at each of the four main sites. In an
effort to assess differences along a temporal gradient, sampling occurred approximately
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Fig 1. Location of study area and sampling sites. Brown circles indicate biofilm sampling sites and blue triangles
indicate stream gages. Light gray area represents Milwaukee Mitchell International Airport (MMIA) grounds.

https://doi.org/10.1371/journal.pone.0227567.g001

monthly throughout two deicing seasons (December 2009-June 2010 and November 2010-
June 2011), with twice-monthly sampling during 2 months in the spring/early summer. Addi-
tional, continuous water-quality measurements and samples were collected during this time at
the two nearby stream gages. Given study objectives to characterize the effects of deicers and
anti-icers, sampling was primarily done during months with deicer influence, with a smaller
subset of samples collected during months without deicer influence for the purpose of compar-
ison. Deicing activity typically starts in late November and continues into April; stream COD
concentrations often remain elevated into May due to deicer contributions from the shallow
groundwater system. Samples collected in November of 2010 preceded deicer application, so
these samples were considered not to have deicer influence. Samples collected from December
through May were considered deicer influenced.

Water data

Water quality data were collected to document environmental conditions in the stream, and to
investigate the environmental factors potentially affecting biofilms. Water-quality samples
were collected during each trip as grab samples from the centroid of flow. Samples were ana-
lyzed for nutrients (dissolved nitrate+nitrite, total Kjeldahl nitrogen (TKN), and total phos-
phorus) and COD. All water-quality analyses were performed by the Wisconsin State
Laboratory of Hygiene (WSLH) in accordance with standard analytical methods: USEPA
353.2 for nitrate+nitrite, USEPA 351.2 for TKN, USEPA 365.1 for total phosphorus, and
ASTM D1252-95(B) for COD [29,30]. Field properties were measured during each trip using a
portable, multiparameter sonde (YSI Incorporated, Yellow Springs, Ohio, USA) and included
temperature, specific conductance (SC), DO, and pH. Field properties were typically measured

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 4/27


https://doi.org/10.1371/journal.pone.0227567.g001
https://doi.org/10.1371/journal.pone.0227567

@ PLOS|ONE

Advanced biofilm analysis in streams receiving organic deicer runoff

at each site during the same general time of day to minimize the effect of diurnal fluctuations
across sampling trips.

Year-round, continuous monitoring data for streamflow and temperature were collected at
streamgages near the DS1 and DS3 sites. Streamflow was determined using standard methods
[31]. Calibration of the continuous temperature monitors were checked against a pre-cali-
brated multiparameter sonde. At the remaining two sites, US1 and DS2, temperature sensors
were used to measure temperature every 15 minutes throughout both deicing seasons (Onset
Computer Corporation, Bourne, Massachusetts, USA). Temperature data from all sites were
corrected to remove erroneous readings and were stored in the USGS Automated Data Pro-
cessing System (ADAPS) database. At the DS1-gage site, weekly flow-weighted composite
COD and intermittent (n = 11) deicer samples (i.e., acetate and PG, the two main freezing
point depressants utilized at MMIA) were collected throughout the two deicing seasons; analy-
ses were performed by the WSLH. Acetate was analyzed on the DIONEX AS15 separator col-
umn (DIONEX, Sunnyvale, California, USA) per manufacturer instructions [12]. PG was
analyzed using USEPA 8015C [32].

Temperature data for all four sites were retrieved from the USGS ADAPS database as
15-minute data. At each of the ungaged sites, data from the two thermocouples were averaged.
Averaged data showed strong relations with data collected at nearby gaged sites (US1 and
DS1-gage: Temperatureys, = 1.13 * Temperatureps;_gage — 1.71, R? = 0.85; and DS2 and
DS3-gage: Temperatureps, = 1.01 * Temperaturepss_gage + 0.16, R? = 0.98), and determined
relations were used to fill in gaps in the records at the ungaged sites. Various temperature sta-
tistics (mean, maximum, minimum, median, and standard deviation) were calculated for mul-
tiple time windows (0.5, 1, 2, 4, 6, 8, 12, 16, and 20 weeks) preceding each biofilm sample.

Likewise, detailed COD data were only available at the DS1-gage site, and data from this
site were used to estimate concentrations at downstream sites through a series of steps. First,
the time required for water to flow from DS1-gage to DS3-gage was calculated for each flow
composite sample, using the following equation:

T = 2935 * QD337gage70.62 (1)

Where T is the time of travel between DS1-gage and DS3-gage, in hours, and Qpgs_gage is the
streamflow value nearest the event midpoint at DS3-gage. This flow-dependent relation was
determined previously for these two sites through dye-tracer studies (methods are described in
the Supporting Information). Next, the volume of water associated with the time period repre-
sented by each flow-composite sample at each gage was calculated. Associated timing and vol-
ume estimates at DS2 were calculated through drainage area scaling of data from DS1-gage
and DS3-gage using the following equation:

V V
Vo — DS DS3 9) %« DA 2
i ((DADSI " DA pg, " @

Where V is the event volume and DA is the drainage area at the sites indicated in subscripted
text. The load associated with each flow-composite event at DS1-gage was calculated (as event
volume * concentration); the load associated with each event was then used to calculate associ-
ated concentrations at the downstream sites (using DS1-gage load/downstream site event vol-
ume). This flow-composite dataset was then used as the basis for calculating flow-weighted
mean concentrations and loads for multiple antecedent time windows (2, 4, 6, 8, 12, 16, and 20
weeks) preceding each biofilm sample. Calculations utilized the middle date/time of the flow-
composite sample. For DS1-gage and DS3-gage, measured (variable time-step) streamflow
data were used. For DS2, streamflow was estimated (from 15-minute time-step data) using

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 5/27


https://doi.org/10.1371/journal.pone.0227567

@ PLOS|ONE

Advanced biofilm analysis in streams receiving organic deicer runoff

drainage area scaling of data from DS1-gage and DS3-gage using the following equation:

_ Qps: Qps;
Qo = ((DADSI " DADSS)/2> * Dl (3)

Where Q is streamflow and DA is drainage area at the sites indicated in subscripted text.
Quality control (QC) samples were collected in association with both point and flow-

weighted composite samples, and results are described in the Supporting Information.

All water-quality (regular and QC), streamflow, and temperature data are available elsewhere

[33].

Biofilm field surveys

Biofilm field surveys were done in order to systematically document observable biofilm preva-
lence in the streams and explore changes in biofilm volume with relation to time, space, and
the effects of environmental factors. Data collection approaches were adapted from established
rapid periphyton survey and stream habitat protocols [34-36]. Data were collected at multiple
spatial scales: reach, transect, and transect point. Briefly, a short reach was established at each
of the four primary sites and revisited each sampling trip as conditions allowed; each reach
contained five equidistant transects along which data were collected describing biofilm and
physical stream channel characteristics from approximately 50 (total) points. Additional
details on biofilm field survey methods can be found in the Supporting Information.

Using data collected during field surveys, biofilms were categorized into one of four opera-
tional classes according to dominant color and morphology: ‘soft algae’, “transition’ (soft
algae-heterotroph mix), ‘heterotrophs’, and ‘diatoms’ (Fig A in S1 Appendix). This study
focused on heterotrophic biofilms, operationally defined for surveying purposes as biofilms
without visual algal representation. To allow for comparisons between sites, biofilm volumes
have been standardized to a 50 square-meter reach. Calculations of biofilm volume were per-
formed for each class of organisms (example here is for heterotrophs) in each sample using the
following equation:

v

Heterotrophs =

(F

Heterotrophs

* 50) * THeterotrophs (4)

Where V is biofilm volume, F is the fraction of survey points, 50 is the (standardized) reach
area, and T is the median biofilm thickness measured at survey points categorized into the
specified class of organisms. In samples where heterotrophic biofilms were not observed, vol-
umes calculated to zero due to a zero value for F. Raw and aggregated biofilm field survey data
are available elsewhere [33].

Regressions

Linear regression analyses were performed to more fully understand the relation of organic
measures collected during the study. First, regressions (in log10 space) were run between con-
currently collected COD and total deicer (i.e., acetate and PG) concentrations to explore the
utility of using COD as a surrogate for deicer concentrations. Second, regressions (in log10
space) were run between grab COD and the nearest flow-composite COD concentrations to
determine how similar grab COD and measured (at DS1) or estimated (at DS2 and DS3) flow-
composite COD concentrations were to each other; regressions were done by site and across
sites.

To explore factors affecting heterotrophic biofilm volume and DO, regression analysis was
performed using a suite of environmental measures as predictors (as defined in S2 Table).
Notably, DO was not used in the biofilm regression because the presence of biofilms could
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substantially affect DO. Linear regression models were estimated using stepwise ordinary least
squares regression with forward and backward selection; variable selection within the stepwise
regression was based upon minimization of the Bayesian Information Criterion. Data analyses
were done using the R project for statistical computing with core functionality [37]. The data
and script for running these two regressions are available elsewhere [33]. To facilitate log-
transformation of biofilm volume data for these regressions, zero values were substituted with
a value that was half of the minimum non-zero biofilm volume. All regressions (and correla-
tions) run for this study utilized reporting level values in the event of left-censored data (i.e.,
values reported as less than a reporting level).

Biofilm sample collection and laboratory analyses

Sample collection. During 2009-2011, samples were collected from DS1 every sampling
event, and twice each spring/early summer from several other locations including US1, stream
gage lines at DS1-gage, the sandy mid-channel of DS2, the rip-rapped stream edge of DS2, and
DS3 (Fig 1, Fig B in S1 Appendix, S3 Table). Samples represented composites of the major, vis-
ibly distinct (via color and structure) benthic biofilm types noted during the field survey at
each site. Samples were collected by scraping the benthic substrate using a sterile, disposable
petri dish and depositing into two sterile centrifuge tubes. Each day, tubes were stored on wet
ice in the field, and then shipped overnight on ice packs to the Vermont Integrative Genomics
Resource (VIGR) laboratory at the University of Vermont Cancer Center. Upon receipt, tubes
used for microscopic analysis were stored at 4°C, and tubes used for genetic analyses were fro-
zen at -80°C. The only deviation from this shipping regimen pertained to the samples collected
in June of 2010: these samples were collected on a Thursday and Friday, held over the weekend
at the temperatures described above, and then shipped overnight on ice packs the following
Monday. Following preliminary analyses of data from these samples, more specific identifica-
tion and characterization of the primary observed filamentous organism was sought. As a
result, an additional sample was collected in May 2014 from a site approximately 296 meters
downstream from DS1 and was used exclusively as inoculum for culturing isolates. This sam-
ple was collected using the same basic method as previous samples; however, instead of target-
ing the full length of major, distinct biofilm types, collection for this sample focused on just the
filamentous ends of the heterotrophic biofilms.

Microscopy. Microscopy was performed on all samples (S3 Table) to characterize
basic community composition. Particular emphasis was given to assessing the presence or
absence of filamentous sheathed bacteria having morphologies consistent with Sphaerotilus,
Leptothrix, and Thiothrix species. Samples were examined at 200, 400, and 1000x magnifica-
tion using a Zeiss Axio Scope (Jena, Thuringia, Germany) using standard bright light, differen-
tial interference contrast, and epifluorescence at 485 and 525 nm excitation with long pass
emission filters to distinguish chlorophyll- or phytopigment-containing organisms from
sheathed bacteria. Photomicrographs were collected for all samples. QC samples were collected
from each of the sites and results are described in the Supporting Information. Microscopic
assessments were reported as text descriptions of sample composition; text descriptions were
used to assess the presence or absence of sheathed bacteria in samples. These data are available
elsewhere [33].

DNA extractions. Three DNA extraction approaches were tested to determine which
would provide the highest DNA yields from biofilm samples: (1) hot phenol chloroform, (2) a
cetyl trimethyl ammonium bromide method from Omega Bio-tek (D3373-01; Norcross, Geor-
gia, USA), and (3) Qiagen DNA QIAamp system (Hilden, Germany). The Omega Bio-tek
method showed the highest yields and was used to extract DNA from all samples using
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approximately 200 mg (wet weight) of sample; extracted DNA was quantified using a Nano-
Drop spectrophotometer (ND-1000; Thermo Fisher Scientific, Waltham, Massachusetts, USA)
and Bioanalyzer 2100 (Agilent; Santa Clara, California, USA). Additional details are provided
in the Supporting Information.

Microarray. Microarray techniques were used to explore community composition on a
subset of 11 samples collected across spatial and temporal scales (53 Table), using the second-
generation (G2) PhyloChip (Affymetrix; Thermo Fisher Scientific) microarray platform as
previously described [38]. Despite the static nature of sequences available on the chip, microar-
ray technology continues to offer broad assessments of microbial community composition
[39-42] and allowed for genus-level taxonomic resolution here. PhyloChip G2 .CEL files were
analyzed by Second Genome (South San Francisco, California, USA) using an empirical
approach to define unique operational taxonomic units (eOTUs) [43-45]. The criteria for
scoring the probe-level fluorescence intensity (FI) and the process by which individual probes
are clustered into probesets, aka eOTUs, are described in detail elsewhere [43]. The eOTU
abundances from the analysis of PhyloChip data were further analyzed using MeV (MultiEx-
periment Viewer) in the TM4 software [46]. Hierarchical clustering of microbial genera uti-
lized the average linkage method and Pearson Correlation distance metric [47,48].
Additionally, a principal coordinates analysis (PCoA) was performed to assess relations
between samples using Fast UniFrac [49]. Additional details are provided in the Supporting
Information; data are available on the NCBI Gene Expression Omnibus (GEO) repository
(series: GSE129990), and in a companion data report [33].

Whole metagenome sequencing. Whole genome shotgun DNA sequence data were used
to characterize the metagenome of two biofilm samples collected from DS1 (February 24,
2010, and March 18, 2010; S3 Table). Sequence data were obtained primarily to determine a
consensus sthA gene sequence for primer development and subsequent exploration via gPCR;
however, sequences also provided insights into community composition. Total DNA from the
two samples was extracted and prepared into whole-genome sequencing libraries using the
[lumina (San Diego, California, USA) TrueSeq DNA library kit. Libraries were checked for
quality using a Qubit spectrofluorometer (Thermo Fisher Scientific; Waltham, Massachusetts,
USA), NanoDrop spectrophotometer (Thermo Fisher), Agilent 2100 Bioanalyzer (Santa Clara,
California, USA) and KAPA NGS library quantification kit (Roche; Basel, Switzerland). DNA
was sequenced using a paired-end flow cell (2x100 bp) using the Illumina HiSeq 1500.

A consensus sthA sequence was assembled by aligning whole metagenome sequencing
(WMS) data to existing sthA information from the NCBI sequence repository (namely, S.
natans sthA sequence, GenBank AB050640.1) using DNASTAR SeqMan NGen 12.3.1
(Madison, Wisconsin, USA). This consensus sequence was used to develop primers using
NCBI Primer-BLAST software (Bethesda, Maryland, USA) and DNASTAR SeqBuilder Pro.
Due to the high GC content of the target gene, primer Tms were between 61 and 64 degrees
Celsius. Primers were validated using qPCR and standard PCR assays, and the resulting 905
and 302 base pair amplicon products were validated using Sanger sequencing with the same
forward and reverse primers. Developed primers were used for subsequent sample exploration
using qPCR, as well as amplification and sequencing of the sthA gene from the cultured isolate.
The final consensus sequence was compared back against the S. natans GenBank sequence
(GenBank AB050640.1).

For community composition analyses, sequence data was converted to FASTQ format
using CASAVA software (Illumina) and submitted to the One Codex (San Francisco, Califor-
nia, USA) software platform for microbiome profiling against the RefSeq Complete Genomes,
One Codex genomes, and targeted loci databases (5S, 16S, 23S, gyrB, rpoB, 188, 28S, and ITS
genes) [50]. Results were filtered to genera having at least 3% classified reads.
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Additional details are provided in the Supporting Information. Sequences have been depos-
ited into Sequence Read Archive (SRA) (accession numbers: SRX2476746 and SRX2476747,
respectively).

Quantitative real-time PCR. qPCR methods were used on all samples (S3 Table) to quan-
tify the number of sthA and 16S copies within the biofilm to characterize the abundance of
Sphaerotilus relative to the total bacterial population. qPCR was performed using an Applied
Biosystems (Foster City, California, USA) 7900HT sequence detection system with SYBR
green chemistry. Genomic copy number for DNA targets were determined using a SYBR
green standard curve method derived from pure genomic bacterial DNA with a known
genome copy number for normalization purposes. Careful examination of the qPCR dissocia-
tion curves was necessary because the custom primers were designed around a very difficult
region of the GC-rich sthA gene and had the unavoidable side effect of amplifying off-target
amplicons present in the sample. A total of four amplicons were noted in the qPCR data with
differing thermal melting temperatures (Tms) and dissociation curves (80, 86, 88, 90°C), but
only the 80°C and 90°C amplicons were specific for the sthA gene as determined by Sanger
sequencing of the qPCR products. Genomic copy numbers were adjusted to correct for the
proportion of on-target amplicons in each sample. Additional details are provided in the Sup-
porting Information.

Spearman rank correlations [51] were used to investigate relations between relative (to bac-
terial population) abundance of Sphaerotilus to environmental conditions.

QC samples were collected from each of the sites; results are described in the Supporting
Information. qPCR data (for both regular and QC samples) are available elsewhere [33].

Isolating and sequencing pure strains of sheathed bacteria. An isolate was sought to
verify the filamentous bacterium’s identity (via ribosomal gene sequencing and sheath compo-
sition analyses) as well as to determine the degree of alignment with the sthA consensus
sequence yielded from WMS. Culturing of the May 2014 sample was done on three media and
examined under a dissecting microscope over the course of 3 weeks until a sheathed bacterium
was observed. Subculturing was performed using a micromanipulator until pure (Fig C in S1
Appendix). A total of 23 colonies were recovered; the 16S rRNA gene of each was PCR-ampli-
fied and Sanger sequenced using two sets of standard 16S rRNA gene primers (519F/1390R
and 27F/1492R; Table A in S1 Appendix; [52]). Sequence information from the 23 colonies
indicated that they were all composed of the same bacterial strain.

Additional Sanger sequencing was performed to characterize the entire 16S-ITS and partial
23S rRNA gene of the ribosomal operon (16S primers: 27F, 519F, 536R, 1055F, 1330F, 1492R;
and 23S primers: 37R, and 127R; Table A in S1 Appendix; [53]). The resulting sequences were
used to assemble two contigs using ChromasPro (Technelysium Pty Ltd, Brisbane, Australia)
and were deposited into the NCBI NR database (accession numbers: KP096714.1 and
KP096715.1, respectively) (Fig D in S1 Appendix). BLAST comparisons of the 16S-ITS
sequence against the NCBI nucleotide NR database showed highest max score and identity
(2599 and 100%, respectively) with Sphaerotilus montanus strain HS (GenBank NR_116396.1),
and indicated this organism was likely a new strain of Sphaerotilus montanus. The purified
strain was deposited into the American Type Culture Collection (ATCC) as Sphaerotilus mon-
tanus strain KMKE (ATCC BAA-2725).

Sanger sequencing was also performed for the sthA gene using PCR primers designed from
the WMS sequence data (primers 134F and 1041R; Table A in S1 Appendix), and the resulting
sequence was deposited into NCBI GenBank as a putative glycosyltransferase (sthA) gene
(accession number: KF614510.1). In an effort to verify the presence of the gene in the biofilm,
the isolate sthA sequence was also aligned to the sthA consensus sequence determined from
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WMS of environmental samples. Additional details are provided in the Supporting
Information.

Sheath composition analysis. Sheath composition analysis was performed to further ver-
ify the identity of the isolated filamentous bacterium. The isolate and a reference organism
(Sphaerotilus natans JCM 20382 = NBRC (IFO) 13543 = ATCC 15291) were statically cultured
and the sheaths were prepared according to the method established for S. natans [54]. The
sheath was hydrolyzed and the neutral and amino sugars released were derivatized to alditol
acetates according to a previously described method [55], followed by gas chromatography
(GC) under the conditions as reported previously [56]. Isolate sheath composition data are
available elsewhere [33].

Carbon source utilization test. The capacity of the isolate to utilize various carbon com-
pounds, which known Sphaerotilus strains commonly utilize, was tested using Armbruster
medium [57] as a basal medium. Cultivation was statically done at 25°C. Utilization was
judged by an increase in the optical density (at 660 nm) of the cultures. The capacity to utilize
the deicer-related compounds (ethylene glycol, PG, sodium acetate, and sodium formate) was
compared with a reference organism, S. natans JCM 20382 (= NBRC (IFO) 13543 = ATCC
15291).

Results
Biofilm prevalence characteristics

The prevalence of heterotrophic biofilms showed patterns across temporal and spatial gradi-
ents (Fig 2). Temporally, sites downstream from the airport had greater biofilm volumes dur-
ing months with deicer influence (December through May) than those without deicer
influence (June through November) (Kruskal-Wallis, p<0.05). Spatially, when compared with
DS, sites farther downstream from the airport generally had lower volumes during months
both with and without deicer influence. The upstream site had no notable biofilms regardless
of timing.

Water-quality characteristics

Samples collected concurrently for COD, acetate, and PG showed strong relations between
COD and total deicer (i.e., acetate plus PG) concentrations (S1 Fig; logio[total deicer] = 1.03 *
log;[COD] - 0.47, R%=0.93). Due to this strong relation, as well as the greater expense associ-
ated with acetate and PG analyses, COD was used throughout this study as a surrogate for
deicer concentrations.

COD concentrations showed notable patterns along both spatial and temporal gradients.
Concentrations in grab samples were highest at DS1 and decreased with increasing distance
from the airport; lowest concentrations were observed at the upstream site (where values ran-
ged from <8 to 40 mg/L with a median of 16 mg/L; Fig 3A). Highest concentrations at down-
stream sites were generally observed between mid-December and late March. Similar trends
were observed among flow-composite COD samples (S2 Fig). Despite the inherent differences
between flow-composite and grab samples, these two types of COD data related well to each
other (log;o[grab COD] = 0.97 * log,,[flow composite COD] + 0.04, R* = 0.86; S3 and S4 Figs).

DO concentrations measured during biofilm field surveys also indicated spatial and tempo-
ral patterns. Highest overall concentrations were observed upstream from the airport; concen-
trations at downstream sites typically increased with increasing distance from the airport.
Concentrations at US1 peaked in early spring, exhibiting supersaturated concentrations reflec-
tive of in-stream photosynthesis [59,60]. During the same time period, DO at all three down-
stream sites were near their lowest concentrations (Fig 3B).
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Fig 2. Volume of biofilms dominated by heterotrophic bacteria during months with deicer influence (December-
May) and those without deicer influence (June-November). Volumes have been normalized to a standard reach size
of 50 square meters; number of samples included in each box are given above the graph. Boxplot components
represent the following statistics: the midline is the median, the box extends from the 25% to 75 percentiles (i.e., the
interquartile range), the whiskers extend to the farthest data point within 1.5 times the interquartile range from the
edge of the box in either direction, and circles are individual data points falling beyond that distance.

https://doi.org/10.1371/journal.pone.0227567.9002

Multiple linear regressions

Results of regression analyses for heterotrophic biofilm volumes indicated that variability in
volumes was best explained by 2-week, flow-weighted mean COD concentration, together
with both site indicator terms (log;o[biofilm volume] = 0.79 * log10[2 week, flow weighted mean
COD] + 1.1 * DS1 + 0.61 * DS2 — 3.9,R? = 0.62; S4 Table). Site indicator terms used here were
binary fields denoting whether or not samples were from a given site. Of note, biofilm volumes
remained minimal across all sites at mean 2-week, flow-weighted concentrations below 48 mg/
L (Fig 4); biofilm volumes also remained minimal above this value for some samples, the con-
sistency of which increased with increasing distance downstream from the airport.

Results of regression analysis for DO indicated that variability in concentrations was best ex-
plained by heterotrophic biofilm volume, 2-week temperature maximum, and 8-week, flow-weighted
mean COD concentration ([dissolved oxygen] = —2.2 * log;o[biofilm volume] —0.35 * [2 week maxi-
mum temperature] —4.4 * log,o[8 week, flow weighted mean COD] + 20, R? = 0.74; $4 Table).

Microscopy

Microscopy results provided descriptions of the organisms observed in biofilm samples, with
special emphasis paid to the presence/absence of filamentous sheathed bacteria such as
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Fig 3. Water-quality results for grab samples collected during biofilm field investigations. (a) chemical oxygen
demand (COD) concentrations (left-censored values graphed at the reporting limit (of 8 mg/L)) and (b) dissolved
oxygen (DO) concentrations.

https://doi.org/10.1371/journal.pone.0227567.9003
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Sphaerotilus, Leptothrix, and Thiothrix. Results from all samples were binned and graphed (Fig
5). Sheathed bacteria were present in most samples collected from the three downstream sites
and were absent in all four of the samples collected at the upstream site. Overall, microscopy
results provided a basic context for interpretation of genetic analyses used for this study.

Microarray

PhyloChip results yielded genetic community structure data with 858 eOTUs for biofilm sam-
ples collected across spatial and temporal scales. The resulting genus-level heatmap (Fig 6)
shows the abundance of Sphaerotilus detected by the PhyloChip was low in many samples, and
nonexistent in some, and the abundance of Thiothrix ranged from nonexistent to moderate;
results were consistent with microscopy assessments (Fig 5), with the exception of the Novem-
ber DS1 sample where sheathed bacteria were observed via microscopy but not via PhyloChip.
This difference presumably stems from differences between the 16S sequences present in bio-
film sheathed bacteria and those present on the PhyloChip. Although several eOTUs in the
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family Comamonadaceae were recovered from the PhyloChip analysis results, the genus Lepto-

thrix, specifically, was not among them.
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Fig 6. Heatmap showing genus-level biofilm community composition, based on PhyloChip results. Dendrograms for the subset of samples analyzed with
PhyloChip show relative similarity of biofilm communities at the sample level (columns) and similarity of samples at the genus level (rows). Color scale is based on
hybridization scores, which reflect organism abundance; black boxes indicate values of zero. Heatmap created in MeV (MultiExperiment Viewer) in the TM4

software suite [46].

https://doi.org/10.1371/journal.pone.0227567.9006

Principal coordinates analysis (PCoA) of PhyloChip data allowed for a more holistic explo-
ration of patterns of ecological change across temporal and spatial scales. PCoA results for
samples collected downstream from the airport (during deicer-influenced months) varied pri-
marily along the first axis (Fig 7), with most samples from DS1 clustering towards the left, and
all those from DS2 and DS3 clustering towards the right. A notable exception to this trend was
the May sample from DS1, which showed greater similarity to March samples collected from
DS2 and DS3 than it did to other samples collected at any other time from DS1. Clusters
reflecting similarity in microbial community structure corresponded with relatively similar
antecedent temperature and COD conditions.
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Fig 7. Principal coordinates analysis plot showing differences in biofilm community composition, based on
PhyloChip results. (a) axes 1 and 2, and (b) axes 2 and 3. White symbol shapes distinguish sampling sites; point size
reflects the log-10 mean 2-week flow-weighted COD concentration at each site (except at US1 site, where only grab
samples were available); point color reflects the maximum 2-week temperature at each site.

https://doi.org/10.1371/journal.pone.0227567.g007
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In addition, notable differences were observed between all of these samples and the samples
collected upstream from the airport (at US1) and downstream from the airport (at DS1) just
prior to the start of deicing.

Whole metagenome sequencing

Sequence data from the two samples analyzed with WMS were used to generate a consensus
sequence for the sthA gene present in the samples. The resulting sequence showed 89% con-
cordance with the Sphaerotilus sthA sequence described by Suzuki et al. (GenBank
AB050640.1; [61]).

Metagenomic whole genome shotgun sequence data were also used to explore community
composition through sequence comparison with the NCBI RefSeq Complete Genomes, the
One Codex, and targeted loci databases. Metagenomic taxonomy results (RefSeq Complete
Genomes and One Codex) indicated microbiome profiles that included Thiothrix, Pseudomo-
nas, Janthinobacterium, and Hydrogenophaga (Fig 8). Sequence comparisons with the targeted
loci database indicated microbial profiles that included Spiromyces, Flavobacterium, Pseudo-
monas, Leptothrix, and Polaromonas. When taken together, the high relative readcount of fila-
mentous sheath bacteria (i.e., Sphaerotilus, Leptothrix, and Thiothrix) were consistent with the
presence of sheathed bacteria noted during microscopic analyses of this sample. Results from
the genomic databases show substantially higher relative readcounts for Thiothrix when com-
pared with Sphaerotilus and Leptothrix. This difference was likely affected, in part, by sequence
representation in the various databases. Thiothrix sequences were more populous than those
of Sphaerotilus and Leptothrix in all three databases: RefSeq Complete Genomes (4, 0, and 0
sequences, respectively), One Codex (8, 3, and 2 sequences, respectively), and targeted loci (10,
3, and 3 sequences, respectively).

Quantitative real-time PCR

Primers designed to target the WMS consensus sequence showed specificity (at Tms of 80°C
and 90°C) for Sphaerotilus sthA sequence and allowed for determinations of sthA gene abun-
dance via qPCR.

The ratio of sthA DNA to 16S rDNA provided a measure of overall abundance of Sphaeroti-
lus, relative to the total bacterial population. This ratio showed strongest positive Spearman
rank correlations with heterotrophic biofilm volumes (rho = +0.73), total phosphorus (rho =
+0.56), and a number of COD concentration measures—the strongest of which was the
2-week, flow-weighted value (rho = +0.53) (S5 Table). Strongest negative Spearman rank cor-
relations were observed with DO concentration (rho = -0.77), aggregated autotrophic biofilm
volume (i.e., the sum of soft algae, transition, and diatom biofilm volumes) (rho = -0.55), and
dissolved nitrate+nitrite (rho = -0.51).

Isolate sequencing analysis, sheath composition analysis, and carbon
utilization test

Identical 16S rRNA gene sequences were obtained from all 23 isolates. Sequence analysis and
BLAST comparisons of the full, assembled 16S-ITS region of the ribosomal operon to the
NCBI nucleotide NR database, indicated that the isolate was a new strain of Sphaerotilus mon-
tanus (stt KMKE). The presence of sthA gene was confirmed by amplification and sequencing
using developed primers; subsequent comparison showed it to be identical to the WMS con-
sensus sequence from environmental samples. In GC analysis of the hydrolysate of the sheath,
glucose and galactosamine were detected showing the biochemical makeup of the isolate
sheath to be consistent with that of S. natans [54,55]. Supporting the results of the sequencing
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https://doi.org/10.1371/journal.pone.0227567.9008

analysis, the uniqueness of the isolate was revealed by its carbon source utilization pattern
(Tables 1 and 2). The carbon sources listed in Table 1 are defined to be commonly utilized by
Sphaerotilus strains [62]. However, the isolate did not utilize some of these carbon sources
indicating the novelty of the isolate. For further characterization, utilization of deicer-related
compounds was compared with a well-studied strain of Sphaerotilus [54,55]. As shown in
Table 2, the isolate utilized PG while the reference strain (S. natans) did not. Both organisms
utilized acetate.
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Table 1. Typical carbon compound utilization.

Carbon source® Isolate Sphaerotilus strains®
Succinate + +
Lactate
Pyruvate

Malate

+ |+ |+ |+

Oxaloacetate
Malonate -
Glucose +
Sucrose -
Maltose +©
Fructose -

Glycerol

Glutamate

e o B e O I S S IS o S

+
Ethanol +
+
+

Proline

“Commonly utilized by known Sphaerotilus strains.
Data from Gridneva et al., 2011 [62].

“Poor growth.

https://doi.org/10.1371/journal.pone.0227567.t001

Discussion
Biofilm prevalence and response to environmental conditions

Airport biofilms respond to environmental conditions at multiple levels, with differences in
biofilm volumes providing the most visible manifestation of this response. In this study, stimu-
lation of biofilm growth by deicers was indicated by the co-occurrence of elevated biofilm
abundance and COD concentrations (used here as a surrogate for deicer concentrations) and
was supported by regression analysis. This is consistent with an extensive body of literature
documenting the frequent occurrence of Sphaerotilus-like biofilms in areas of organic pollu-
tion [14,16-21,63,64,23]; although explicit investigation of this linkage in the airport setting
has been lacking in the literature, it has generally been assumed [63,64].

The observation that minimal biofilm volumes were reliably maintained across downstream
sites when antecedent (mean 2-week, flow-weighted) COD concentrations remained below 48
mg/L, and at the upstream site where (grab sample) concentrations remained below 41 mg/L
is consistent with recently published observations at a nearby site [64]. This site, Kinnickinnic
1" Street, is located downstream from the confluence with Wilson Park Creek, and
showed no heterotrophic biofilm growth when (grab sample) COD concentrations remained

River at 1

consistently below 66 mg/L.

Table 2. Deicer-related compound utilization.

Compound Isolate Sphaerotilus natans®
Diethylene glycol - i
Propylene glycol + i

Acetate + +
Formate - _

3JCM 20382 (= NBRC (IFO) 13543 = ATCC 15291).

https://doi.org/10.1371/journal.pone.0227567.t1002
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The differential response of biofilm volumes at different sites to (2-week, flow-weighted)
COD concentrations above 48 mg/L is consistent with the importance of site-specific differences
observed in the regression. Likewise, although Cincinnati/Northern Kentucky International Air-
port has shown success in reducing biofilm proliferation by consistently maintaining 5-day bio-
chemical oxygen demand (BODs) concentrations below 50 mg/L [64], BOD; alone has not been
shown to be a reliable predictor of biofilm growth in all airport settings [64]. For context, accord-
ing to data in the USGS National Water Information System (NWIS; [65]) from the gaged sites in
this study, a BODs concentration of 50 mg/L (+/- 5 mg/L) corresponds to COD concentrations
ranging from 81 to 140 mg/L. Such site-specific differences likely reflect a combination of distinct
physical, chemical, and biological factors affecting the various sites. Recent studies investigating
the effects of light, nutrient ratios, and channel depth in this setting found little or no response
within the ranges measured [64]. Additional investigations into the effects of environmental vari-
ables are warranted, while keeping in mind the important role of organic carbon.

Biofilm community composition

Traditionally, members of the genus Sphaerotilus (S. natans, in particular) have been consid-
ered the primary organisms driving biofilm formation in areas of organic pollution [14,17-
20,23,63,64]. Likewise, microscopic assessments in the current study indicated the relatively
consistent presence of sheathed bacteria in heterotrophic biofilms observed at sites receiving
deicer runoff; however, these assessments did not include definitive genus-level identifications
due to the obvious limitations of visual microscopic identification. Microarray results
expanded the descriptive potential of samples by yielding taxonomic assignments together
with measures of relative abundances, with microarray results providing insights into commu-
nity differences across both temporal and spatial scales. WMS results provided additional com-
munity composition data for two overlapping samples. Overall, both approaches showed
minimal representation by Sphaerotilus and indicated that Thiothrix may play an important
role in the biofilm. However, the relative lack of sequence data available in public databases for
organisms in the Sphaerotilus-Leptothrix group likely caused some distortion in these results.
In the case of microarray, the diversity of 16S sequences for sheathed bacteria were limited by
sequence availability at the time of array construction (2006). Likewise, taxonomic hits of com-
munity sequences obtained via WMS were skewed by relative population of the databases.
Notably, Thiothrix appeared most dominant when sequences were compared against genomic
databases where there were few or no Sphaerotilus or Leptothrix sequences. Although microar-
ray and metagenomic sequencing could not definitively identify the predominant sheath bac-
terium in the biofilm, both approaches showed these biofilms to be diverse communities that
included Thiothrix, Pseudomonas, Janthinobacterium, Hydrogenophaga, Spiromyces, Flavobac-
terium, Leptothrix, and Polaromonas.

Results from microarray and WMS data yielded some similarities and some differences in
the samples analyzed by both. Most notably, microarray showed very high abundance of Pseu-
domonas while WMS indicated abundance to be on par with other represented organisms.
Conversely, WMS showed alignment with Hydrogenophaga, but this genus was not observed
in the microarray dataset. WMS also indicated alignment with Janthinobacterium, Spiromyces,
and Leptothrix; however, these organisms were not represented among the eOTUs on the chip.
Opverall, the predominance of Proteobacteria (and specifically Alphaproteobacteria and Beta-
proteobacteria) in WMS 168 results were consistent with the broader literature describing sim-
ilar WMS 168 patterns in typical stream biofilms [25]. Microarray results showing higher than
normal representation of Gammaproteobacteria are believed to be an artifact of sequence
representation on the chip [25].
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In an effort to circumvent issues related to sequence availability in the databases, sthA
sequences (from the WMS dataset) unique to Sphaerotilus were targeted using qPCR. Strong
positive correlation between the proportion (relative to total bacteria) of sthA DNA and het-
erotrophic biofilm volume (as well as a complementary negative correlation with autotrophic
biofilm volume) indicated the consistent presence and potential importance of these organ-
isms within the heterotrophic biofilm community. Subsequently, a pure strain of filamentous
sheathed bacteria from the biofilm was isolated and purified, and additional tests were run to
definitively identify the organism; GC analysis of the sheath as well as full-length 16S rDNA
sequencing both indicated the closest taxonomic relation to S. natans and S. montanus, and
identified it as a new strain (str KMKE) belonging to S. montanus [62]. This identification
extends the list of organisms in the Sphaerotilus-Leptothrix group known to thrive in high
organic settings. When taken together, the similarity of sequences obtained from isolate and
WMS datasets as well as the positive correlation of Sphaerotilus-specific sthA (from qPCR anal-
yses) with biofilm volumes indicated that S. montanus was potentially a consistent member of
the biofilms observed throughout this study. Based on carbon source utilization, the isolate
was distinguishable from other known Sphaerotilus strains [62] isolated from ecosystems free
from deicer and anti-icer contamination. It is probable that the Sphaerotilus strains present in
streams contaminated with deicer and anti-icer have distinctive taxonomic features that have
adapted to enable them to utilize deicer compounds, such as PG, as carbon sources.

Opverall, techniques for accurate and rapid identification of sheathed bacteria are lacking.
Traditional microscopic techniques have led to numerous mis-assignments over the years, and
genetic taxonomic tools are still being resolved. Thiothrix has not traditionally been discussed
in these types of settings, and additional study is warranted to determine to what extent these
organisms drive biofilm production in areas of organic pollution. Future studies are needed to
further characterize new and existing taxonomy and to continue annotating genomic databases.

Community response to environmental conditions

Despite the limitations of microarray results in identifying specific organisms with rare
sequence representation, results did provide detailed community profiles that served as a basis
to explore patterns of ecological change across temporal and spatial scales. Clustering patterns
in PCoA plots indicated the importance of antecedent COD and temperature characteristics
on the community composition of biofilms. Though site-specific differences still appeared to
be important at the genetic level, clustering of the DS1 sample from late spring with early
spring samples from sites farther downstream, as well as differences observed between the DS1
samples before and during deicer influence further indicated the potential importance of ante-
cedent temperature and COD concentrations on overall biofilm community structure.

In addition to the relations to biofilm volume noted above, qPCR results for sthA DNA pro-
portion (relative to bacteria) provided insights into the response of Sphaerotilus to changes in
environmental conditions. The responses observed were largely in line with expectations. The
negative relation of sthA with dissolved nitrate+nitrite was consistent with these organisms’
known utilization of nitrate as a nitrogen source, and hence higher growth would be expected
to translate into greater assimilation [62,66]. Positive relations of sthA with COD and total
phosphorus were consistent with literature indicating that, in phosphorus-limited, organic-
rich systems, increases in phosphorus concentrations correspond with enhanced biofilm
growth [64,67]. The strong negative correlation of sthA with DO is also consistent with the lit-
erature indicating that, despite being an obligate aerobe, S. natans preferentially grows at
lower DO concentrations [68], thereby conferring a competitive advantage over other aerobic
chemoorganoheterotrophs in depressed DO environments [24].
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Future studies would benefit from the identification of a gene required for, and exclusively
used in filament formation (unlike sthA, which is also used in exopolysaccharide generation).
Such a gene could be used to identify (via quantitative reverse transcription PCR) the environ-
mental factors that trigger free-swimming cells to switch to a filamentous growth form.

Dissolved oxygen

DO concentrations are of perennial concern in streams receiving deicer inputs. The observa-
tion here that DO concentrations were negatively related to measures of temperature and
COD was largely consistent with expectations: with regard to temperature, oxygen solubility is
known to increase as temperatures decreases; with regard to COD, depressed DO concentra-
tions in airport receiving streams affected by PDMs and ADAFs are well documented in the
literature [10]. Previous research in this same stream system found no correlation between DO
and BODs concentrations [11]; however, those investigations considered only concurrent
measurements. Findings in the current study found antecedent conditions to be more strongly
related than concurrent measurements—a finding that indicates the additional influence of a
biological mechanism. Influence by a biological mechanism was further supported by the
importance of heterotrophic biofilm volume as the third (negative) predictor of DO concen-
tration. Presumably, DO in the stream is consumed by heterotrophic biofilms feeding off the
abundant, readily biodegradable organic molecules present, with increased consumption
when temperatures are more favorable for them. Typical temperature ranges for S. montanus
are in the range of 7 to 36 degrees Celsius (optimum: 28-30 degrees Celsius; [62]), however,
Sphaerotilus species have been shown to adapt to temperatures outside of this range in other
environments [20], and have been frequently observed during winter in other areas of organic
pollution [17,19]. Enhanced S. natans filament formation has been noted in response to low
DO concentrations [69], and the literature further indicates that not only does moderate DO
depletion stimulate S. natans to switch from single-cell to filamentous growth, but that total
growth (in both forms) is suppressed at high oxygen concentrations [68]. Previous research
has indicated that heterotrophic biofilms likely play a role in DO concentrations in airport
receiving streams, but systematic data has previously been lacking to support this.

Broader implications

Although this study focused on biofilm growth in a stream receiving airport deicing and anti-
icing compounds, the implications of this research are far broader. Similar deicers are being
suggested for widespread roadway use due performance enhancements and an increased
awareness of the persistent ecological damage caused by long-term road salt application [1-5].
Like those found in the airport setting, proposed alternative roadway deicers generally derive
their freezing point depression from low-molecular-weight organic molecules [5]. Discussions
of the ecological effects stemming from organic roadway deicers have generally been limited to
DO depletion, contaminant binding, enhanced algal growth (from phosphorus enrichment),
and direct toxicity [70-73]. Heterotrophic biofilm proliferation and the resulting ecological
effects have, to date, not been a substantial part of the discussion; findings from this and other
studies in the airport literature can help provide decision makers with a fuller picture of the
potential effects of widespread alternative deicer use.

Conclusions

Biofilm volumes in airport receiving streams were minimal below antecedent COD concentra-
tions of 48 mg/L across all sites; above this value site-specific differences became important, with
more downstream sites generally having lower biofilm volumes. Biofilms contained a diverse
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microbiome, with representation from multiple genera of sheath forming bacteria (Thiothrix, Lep-
tothrix, and Sphaerotilus), among others. This microbiome appeared to shift in composition in
relation to antecedent temperature and COD characteristics. Carbon utilization patterns of the
isolate S. montanus (strain KMKE) showed a unique ability to consume the deicer PG, as com-
pared with closely related organisms, and is believed to have been a consistent and important
member of the biofilm community throughout the study, although additional confirmation is
warranted. Sphaerotilus showed enhanced biofilm representation as DO concentrations
decreased. DO concentrations themselves responded to antecedent (but not concurrent) COD
concentrations and biofilm volumes, thereby potentially setting up a negative feedback loop.
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rDNA.
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S1 Fig. Comparison of total deicer (propylene glycol (PG) and acetate) and chemical oxy-
gen demand (COD) concentrations at DS1-gage. All samples shown here are flow-composite
samples. For the purposes of this graph, left-censored deicer concentrations are displayed at
one-half the reporting level (5 mg/L for acetate, and 20 mg/L for PG).

(TIF)

$2 Fig. Chemical oxygen demand (COD) concentrations for flow-composite samples at the
three sites downstream from the airport. Values were measured at DS1 and estimated at DS2
and DS3. Concentrations for grab samples collected upstream from the airport, at US1, are
also included for comparison.

(TIF)

$3 Fig. Chemical oxygen demand (COD) concentrations in flow-composite and grab sam-
ples at the three sites downstream from the airport. Flow-composite sample concentrations
were measured at DS1 and estimated at DS2 and DS3.

(TIF)
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$4 Fig. Comparison of chemical oxygen demand (COD) concentrations in grab and (clos-
est) flow-composite samples at the three sites downstream from the airport. Dashed gray
line, 1:1 relation; solid black line, regression (in log10; R? = 0.86) across all sites and samples.
Dark brown points and line, data and regression (in log10; R? = 0.92) between samples col-
lected at DS1; medium brown points and line, data and regression (in log10; R* = 0.80)
between samples collected at DS2; light brown points and line, data and regression (in log10;
R? = 0.83) between samples collected at DS3.

(TIF)

Acknowledgments

Special thanks to Greg Failey for programmatic support; to Timothy Hunter for analytical
guidance and scoping; to Austin Baldwin, Pete Lenaker, and Troy Rutter for field and data
assistance; to Barbara Eikenberry for her guidance on diatoms; and to the Vermont Genetics
Network (VGN) Bioinformatics Core for data analysis. The authors would also like to thank
the University of Vermont Cancer Center Massively Parallel Sequencing Facility and Vermont
Integrative Genomics Resource (VIGR) laboratory for in-kind contributions and devotion to
this project. This publication does not necessarily represent the views of NIGMS or NIH but
does represent the views of the U.S. Geological Survey. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the U.S.
Government.

Author Contributions

Conceptualization: Michelle A. Nott, Steven R. Corsi, Scott W. Tighe.
Formal analysis: Heather E. Driscoll, Mahesh Vangala.

Funding acquisition: Steven R. Corsi.

Investigation: Minoru Takeda, Scott W. Tighe.

Methodology: Michelle A. Nott, Scott W. Tighe.

Software: Mahesh Vangala.

Writing - original draft: Michelle A. Nott.

Writing - review & editing: Heather E. Driscoll, Scott W. Tighe.

References

1. Corsi SR, Graczyk DJ, Geis SW, Booth NL, Richards KD. A fresh look at road salt: Aquatic toxicity and
water-quality impacts on local, regional, and national scales. Environ Sci Technol. 2010; 44: 7376—
7382. https://doi.org/10.1021/es101333u PMID: 20806974

2. Findlay SEG, Kelly VR. Emerging indirect and long-term road salt effects on ecosystems. Ann N Y Acad
Sci. 2011; 1223: 58-68. https://doi.org/10.1111/j.1749-6632.2010.05942.x PMID: 21449965

3. Cafiedo-Arglielles M, Kefford BJ, Piscart C, Prat N, Schafer RB, Schulz C-J. Salinisation of rivers: An
urgent ecological issue. Environ Pollut. 2013; 173: 157—167. https://doi.org/10.1016/j.envpol.2012.10.
011 PMID: 23202646

4. Corsi SR, De Cicco LA, Lutz MA, Hirsch RM. River chloride trends in snow-affected urban watersheds:
increasing concentrations outpace urban growth rate and are common among all seasons. Sci Total
Environ. 2015; 508: 488—497. https://doi.org/10.1016/j.scitotenv.2014.12.012 PMID: 25514764

5. Muthumani A, Fay L, Shi X, Bergner D. Understanding the Effectiveness of Non-Chloride Liquid Agricul-
tural By-Products and Solid Complex Chloride/Mineral Products. St. Paul, MN: Minnesota Department
of Transportation Research Services & Library; 2015 Nov p. 160. Report No.: CR13-02.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 23/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0227567.s010
https://doi.org/10.1021/es101333u
http://www.ncbi.nlm.nih.gov/pubmed/20806974
https://doi.org/10.1111/j.1749-6632.2010.05942.x
http://www.ncbi.nlm.nih.gov/pubmed/21449965
https://doi.org/10.1016/j.envpol.2012.10.011
https://doi.org/10.1016/j.envpol.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23202646
https://doi.org/10.1016/j.scitotenv.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25514764
https://doi.org/10.1371/journal.pone.0227567

@ PLOS|ONE

Advanced biofilm analysis in streams receiving organic deicer runoff

10.

11.

12

13.

14.

15.

16.

17.

18.
19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

Ferguson L, Corsi SR, Geis SW, Anderson G, Joback K, Gold H, et al. Aircraft Deicing and Airfield Anti-
Icing Formulations: Aquatic Toxicity and Biochemical Oxygen Demand. 2008 Nov pp. 1-103.

Corsi SR, Mericas D, Bowman GT. Oxygen Demand of Aircraft and Airfield Pavement Deicers and
Alternative Freezing Point Depressants. Water Air Soil Pollut. 2012; 223: 2447-2461. https://doi.org/10.
1007/s11270-011-1036-x

Henze M, Comeau Y. Wastewater Characterization. 1st ed. Biological Wastewater Treatment: Princi-
ples, Modelling and Design. 1sted. London, England: IWA Publishing; 2008. pp. 33-52.

U.S. Environmental Protection Agency O. Technical Development Document for the Final Effluent Limi-
tations Guidelines and New Source Performance Standards for the Airport Deicing Category. Washing-
ton, D.C.; 2012 Apr p. 193. Report No.: EPA-821-R-12-005.

U.S. Environmental Protection Agency O. Environmental Impact and Benefit Assessment for the Final
Effluent Limitation Guidelines and Standards for the Airport Deicing Category. Washington, D.C.; 2012
Apr p. 98. Report No.: EPA-821-R-12-003.

Corsi SR, Booth NL, Hall DW. Aircraft and runway deicers at General Mitchell International Airport, Mil-
waukee, Wisconsin, USA. 1. Biochemical oxygen demand and dissolved oxygen in receiving streams.
Environ Toxicol Chem SETAC. 2001; 20: 1474-1482.

Corsi SR, Geis SW, Bowman G, Failey GG, Rutter TD. Aquatic toxicity of airfield-pavement deicer
materials and implications for airport runoff. Environ Sci Technol. 2009; 43: 40—46. https://doi.org/10.
1021/es8017732 PMID: 19209582

Pillard DA. Assessment of Benthic Macroinvertebrate and Fish Communities in a Stream Receiving
Storm Water Runoff from a Large Airport. J Freshw Ecol. 1996; 11: 51-59. https://doi.org/10.1080/
02705060.1996.9663493

Dondero NC. The Sphaerotilus-Leptothrix Group. Annu Rev Microbiol. 1975; 29: 407-428. https://doi.
org/10.1146/annurev.mi.29.100175.002203 PMID: 1180519

Dworkin M, Falkow S, Rosenberg E, Schleifer K-H, Stackebrandt E, editors. The Prokaryotes Volume
3: Archaea. Bacteria: Firmicutes, Actinomycetes. 2006. Available: http://www.springerlink.com/content/
978-0-387-25493-7/#section=429768&page=1

Stokes JL. Studies on the Filamentous Sheathed Iron Bacterium Sphaerotilus natans. J Bacteriol.
1954; 278-291. PMID: 13142992

Curtis EJC. Sewage fungus: lts nature and effects. Water Res. 1969; 3: 289-311. https://doi.org/10.
1016/0043-1354(69)90084-0

DeMartini FE. Slime Growths in Sewers. Sew Works J. 1934; 6: 950-955.

Gray NF. Heterotrophic Slimes in Flowing Waters. Biol Rev. 1985; 60: 499-548. https://doi.org/10.
1111/j.1469-185X.1985.tb00621.x

Pellegrin V, Juretschko S, Wagner M, Cottenceau G. Morphological and Biochemical Properties of a
Sphaerotilus sp. Isolated From Paper Mill Slimes. Appl Environ Microbiol. 1999; 65: 156—-162. PMID:
9872774

Quinn JM, Gilliland BW. The Manawatu River Cleanup—Has it worked? Trans Inst Prof Eng N Z. 1988;
16: 22—26.

Ramothokang TR, Drysdale GD, Bux F. Isolation and cultivation of filamentous bacteria implicated in
activated sludge bulking. Water A. 2003; 29: 405—410.

Dworkin M, Falkow S, Rosenberg E, Schleifer K-H, Stackebrandt E, editors. The Prokaryotes Volume
5: Proteobacteria: Alpha and Beta Subclasses. 2006. Available: http://www.springerlink.com/content/
978-0-387-25495-1/#section=687142&page=1

Mulder EG. Iron Bacteria, particularly those of the Sphaerotilus-Leptothrix Group, and Industrial Prob-
lems. J Appl Microbiol. 1964; 27: 151-173. https://doi.org/10.1111/j.1365-2672.1964.tb04824.x

Battin TJ, Besemer K, Bengtsson MM, Romani AM, Packmann Al. The ecology and biogeochemistry of
stream biofilms. Nat Rev Microbiol. 2016; 14: 251-263. https://doi.org/10.1038/nrmicro.2016.15 PMID:
26972916

Hirsch A. Biological evaluation of organic pollution of New Zealand streams. N Z J Sci. 1958; 1: 500—
553.

Hynes HBN. The biology of polluted waters. Liverp Engl Liverp Univ PRESS 1960. 1960 [cited 9 Jul
2012]. Available: http://www.csa.com/partners/viewrecord.php?requester = gs&collection = ENV&recid
=6905004

Smith LL, Kramer RH. Survival of Walleye Eggs in Relation to Wood Fibers and Sphaerotilus natansin
the Rainy River, Minnesota. Trans Am Fish Soc. 1963; 92: 220—-234. https://doi.org/10.1577/1548-8659
(1963)92[220:SOWEIR]2.0.CO;2

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 24/27


https://doi.org/10.1007/s11270-011-1036-x
https://doi.org/10.1007/s11270-011-1036-x
https://doi.org/10.1021/es8017732
https://doi.org/10.1021/es8017732
http://www.ncbi.nlm.nih.gov/pubmed/19209582
https://doi.org/10.1080/02705060.1996.9663493
https://doi.org/10.1080/02705060.1996.9663493
https://doi.org/10.1146/annurev.mi.29.100175.002203
https://doi.org/10.1146/annurev.mi.29.100175.002203
http://www.ncbi.nlm.nih.gov/pubmed/1180519
http://www.springerlink.com/content/978-0-387-25493-7/#section=429768&page=1
http://www.springerlink.com/content/978-0-387-25493-7/#section=429768&page=1
http://www.ncbi.nlm.nih.gov/pubmed/13142992
https://doi.org/10.1016/0043-1354(69)90084-0
https://doi.org/10.1016/0043-1354(69)90084-0
https://doi.org/10.1111/j.1469-185X.1985.tb00621.x
https://doi.org/10.1111/j.1469-185X.1985.tb00621.x
http://www.ncbi.nlm.nih.gov/pubmed/9872774
http://www.springerlink.com/content/978-0-387-25495-1/#section=687142&page=1
http://www.springerlink.com/content/978-0-387-25495-1/#section=687142&page=1
https://doi.org/10.1111/j.1365-2672.1964.tb04824.x
https://doi.org/10.1038/nrmicro.2016.15
http://www.ncbi.nlm.nih.gov/pubmed/26972916
http://www.csa.com/partners/viewrecord.php?requester
https://doi.org/10.1577/1548-8659(1963)92[220:SOWEIR]2.0.CO;2
https://doi.org/10.1577/1548-8659(1963)92[220:SOWEIR]2.0.CO;2
https://doi.org/10.1371/journal.pone.0227567

@ PLOS|ONE

Advanced biofilm analysis in streams receiving organic deicer runoff

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

U.S. Environmental Protection Agency. Methods for the determination of inorganic substances in envi-
ronmental samples. Cincinnati, OH: US EPA, Office of Research and Development; 1993 Aug. Report
No.: EPA/600/R-93/100.

American Society for Testing and Materials. Annual Book of ASTM Standards, Section 11 (Water and
Environmental Technology). Method D-1252-95. Philadelphia, PA: American Society for Testing and
Materials; 1995.

Rantz SE, others. Measurement and computation of streamflow. Washington, D.C.; 1982 p. 631.
Report No.: 2175. Available: http://pubs.usgs.gov/wsp/wsp2175/

U.S. Environmental Protection Agency. Nonhalogenated Organics by Gas Chromatography. 2007 Feb
p. 36. Report No.: USEPA Method 8015C. Available: https://www.epa.gov/sites/production/files/2015-
12/documents/8015c¢.pdf

Nott MA, Driscoll HE, Takeda M, Vangala M, Corsi SR, Tighe SW. Data and regression models describ-
ing biofilms and water quality in streams surrounding Milwaukee Mitchell International Airport, Milwau-
kee, Wisconsin (2009-2014). U.S. Geological Survey; 2019. Available: https://doi.org/10.5066/
F75H7DFS

Stevenson RJ, Bahls LL. Periphyton protocols. 2nd ed. Rapid Bioassessment Protocols for Use in
Streams and Wadeable Rivers: Periphyton, Benthic Macroinvertebrates, and Fish, Second Edition.
2nd ed. Washington, D.C.: U.S. Environmental Protection Agency; Office of Water; 1999. pp. 6—1
through 6-22.

Stevenson RJ, Rollins SL. Chapter 34—Ecological Assessments with Benthic Algae. Methods in
Stream Ecology (Second Edition). San Diego: Academic Press; 2007. pp. 785-803. Available: http://
www.sciencedirect.com/science/article/pii/B9780123329080500474

Fitzpatrick FA, Waite IR, D’Arconte PJ, Meador MR, Maupin MA, Gurtz ME. Revised Methods for Char-
acterizing Stream Habitat in the National Water-Quality Assessment Program. 1998. Report No.: 98—
4052. Available: http://pubs.usgs.gov/wri/wri984052/

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Founda-
tion for Statistical Computing; 2015. Available: http://www.R-project.org/

Kellogg CA, Piceno YM, Tom LM, DeSantis TZ, Gray MA, Andersen GL. Comparing Bacterial Commu-
nity Composition of Healthy and Dark Spot-Affected Siderastrea sidereain Florida and the Caribbean.
PLOS ONE. 2014; 9: e108767. https://doi.org/10.1371/journal.pone.0108767 PMID: 25289937

Yang C, Powell CA, Duan Y, Shatters R, Fang J, Zhang M. Deciphering the Bacterial Microbiome in
Huanglongbing-Affected Citrus Treated with Thermotherapy and Sulfonamide Antibiotics. PLOS ONE.
2016; 11: e0155472. https://doi.org/10.1371/journal.pone.0155472 PMID: 27171468

Piceno YM, Pecora-Black G, Kramer S, Roy M, Reid FC, Dubinsky EA, et al. Bacterial community struc-
ture transformed after thermophilically composting human waste in Haiti. PLOS ONE. 2017; 12:
e0177626. https://doi.org/10.1371/journal.pone.0177626 PMID: 28570610

Berendsen RL, Vismans G, Yu K, Song Y, Jonge R de, Burgman WP, et al. Disease-induced assem-
blage of a plant-beneficial bacterial consortium. ISME J. 2018; 12: 1496—1507. https://doi.org/10.1038/
s$41396-018-0093-1 PMID: 29520025

Mapelli F, Marasco R, Fusi M, Scaglia B, Tsiamis G, Rolli E, et al. The stage of soil development modu-
lates rhizosphere effect along a High Arctic desert chronosequence. ISME J. 2018; 12: 1188—1198.
https://doi.org/10.1038/s41396-017-0026-4 PMID: 29335640

Probst AJ, Lum PY, John B, Dubinsky EA, Piceno YM, Tom LM. Microarray of 16S rRNA gene probes
for quantifying population differences across microbiome samples. Microarrays: Current Technology,
Innovations and Applications. Norfolk, UK: Horizon Scientific Press and Caister Academic Press;
2014. pp. 99-119.

DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a Chimera-
Checked 16S rRNA Gene Database and Workbench Compatible with ARB. Appl Environ Microbiol.
2006; 72: 5069-5072. https://doi.org/10.1128/AEM.03006-05 PMID: 16820507

McDonald D, Price MN, Goodrich J, Nawrocki EP, DeSantis TZ, Probst A, et al. An improved Green-
genes taxonomy with explicit ranks for ecological and evolutionary analyses of bacteria and archaea.
ISME J. 2012; 6: 610-618. https://doi.org/10.1038/ismej.2011.139 PMID: 22134646

Howe E, Holton K, Nair S, Schlauch D, Sinha R, Quackenbush J. MeV: MultiExperiment Viewer. In:
Ochs MF, Casagrande JT, Davuluri RV, editors. Biomedical Informatics for Cancer Research. Boston,
MA: Springer US; 2010. pp. 267-277. https://doi.org/10.1007/978-1-4419-5714-6_15

Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and display of genome-wide expres-
sion patterns. Proc Natl Acad Sci. 1998; 95: 14863—14868. https://doi.org/10.1073/pnas.95.25.14863
PMID: 9843981

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 25/27


http://pubs.usgs.gov/wsp/wsp2175/
https://www.epa.gov/sites/production/files/2015-12/documents/8015c.pdf
https://www.epa.gov/sites/production/files/2015-12/documents/8015c.pdf
https://doi.org/10.5066/F75H7DFS
https://doi.org/10.5066/F75H7DFS
http://www.sciencedirect.com/science/article/pii/B9780123329080500474
http://www.sciencedirect.com/science/article/pii/B9780123329080500474
http://pubs.usgs.gov/wri/wri984052/
http://www.R-project.org/
https://doi.org/10.1371/journal.pone.0108767
http://www.ncbi.nlm.nih.gov/pubmed/25289937
https://doi.org/10.1371/journal.pone.0155472
http://www.ncbi.nlm.nih.gov/pubmed/27171468
https://doi.org/10.1371/journal.pone.0177626
http://www.ncbi.nlm.nih.gov/pubmed/28570610
https://doi.org/10.1038/s41396-018-0093-1
https://doi.org/10.1038/s41396-018-0093-1
http://www.ncbi.nlm.nih.gov/pubmed/29520025
https://doi.org/10.1038/s41396-017-0026-4
http://www.ncbi.nlm.nih.gov/pubmed/29335640
https://doi.org/10.1128/AEM.03006-05
http://www.ncbi.nlm.nih.gov/pubmed/16820507
https://doi.org/10.1038/ismej.2011.139
http://www.ncbi.nlm.nih.gov/pubmed/22134646
https://doi.org/10.1007/978-1-4419-5714-6_15
https://doi.org/10.1073/pnas.95.25.14863
http://www.ncbi.nlm.nih.gov/pubmed/9843981
https://doi.org/10.1371/journal.pone.0227567

@ PLOS|ONE

Advanced biofilm analysis in streams receiving organic deicer runoff

48.

49.

50.

51.

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sokal RR, Michener CD. A statistical method for evaluating systematic relationships. Univ Kans Sci
Bull. 1958; 38: 1409-1438.

Hamady M, Lozupone C, Knight R. Fast UniFrac: facilitating high-throughput phylogenetic analyses of
microbial communities including analysis of pyrosequencing and PhyloChip data. ISME J. 2010; 4: 17—
27. https://doi.org/10.1038/ismej.2009.97 PMID: 19710709

Minot SS, Krumm N, Greenfield NB. One Codex: A Sensitive and Accurate Data Platform for Genomic
Microbial Identification. bioRxiv. 2015; 23. https://doi.org/10.1101/027607

Mendenhall W, Beaver RJ, Beaver BM. Introduction to Probability and Statistics. 10th ed. Pacific
Grove, California, USA: Duxbury Press; 1999.

Mao D-P, Zhou Q, Chen C-Y, Quan Z-X. Coverage evaluation of universal bacterial primers using the
metagenomic datasets. BMC Microbiol. 2012; 12: 66. https://doi.org/10.1186/1471-2180-12-66 PMID:
22554309

Boyer SL, Flechtner VR, Johansen JR. Is the 16S-23S rRNA Internal Transcribed Spacer Region a
Good Tool for Use in Molecular Systematics and Population Genetics? A Case Study in Cyanobacteria.
Mol Biol Evol. 2001; 18: 1057—1069. https://doi.org/10.1093/oxfordjournals.molbev.a003877 PMID:
11371594

Takeda M, Nakano F, Nagase T, lohara K, Koizumi J. Isolation and Chemical Composition of the
Sheath of Sphaerotilus natans. Biosci Biotechnol Biochem. 1998; 62: 1138—1143. https://doi.org/10.
1271/bbb.62.1138 PMID: 9692196

Takeda M, Nakamori T, Hatta M, Yamada H, Koizumi J. Structure of the polysaccharide isolated from
the sheath of Sphaerotilus natans. Int J Biol Macromol. 2003; 33: 245-250. https://doi.org/10.1016/j.
ijpiomac.2003.08.008 PMID: 14607370

Kondo K, Umezu T, Shimura S, Narizuka R, Koizumi J, Mashima T, et al. Structure of perosamine-con-
taining polysaccharide, a component of the sheath of Thiothrix fructosivorans. Int J Biol Macromol.
2013; 59: 59-66. https://doi.org/10.1016/j.ijbiomac.2013.04.013 PMID: 23587998

Armbruster EH. Improved technique for isolation and identification of Sphaerotilus. Appl Microbiol.
1969; 17: 320-321. PMID: 4180407

Nott MA, Driscoll HE, Takeda M, Vangala M, Corsi SR, Tighe SW. Biofilm microbiome and isolated
Sphaerotilus montanus (strain KMKE) gene sequences from streams receiving organic airport deicer
runoff. In: NCBI BioProject https://www.ncbi.nIm.nih.gov/bioproject/PRJINA360543 [Internet]. 2017.
Available: https://www.ncbi.nim.nih.gov/bioproject/PRINA360543

Odum HT. Primary Production in Flowing Waters. Limnol Oceanogr. 1956; 1: 102—-117. https://doi.org/
10.4319/10.1956.1.2.0102

Lampert W, Sommer U. Limnoecology: The Ecology of Lakes and Streams. 2nd ed. New York, United
States: Oxford University Press; 2007.

Suzuki T, Kanagawa T, Kamagata Y. Identification of a Gene Essential for Sheathed Structure Forma-
tion in Sphaerotilus natans, a Filamentous Sheathed Bacterium. Appl Environ Microbiol. 2002; 68: 365—
371. https://doi.org/10.1128/AEM.68.1.365-371.2002 PMID: 11772646

Gridneva E, Chernousova E, Dubinina G, Akimov V, Kuever J, Detkova E, et al. Taxonomic investiga-
tion of representatives of the genus Sphaerotilus: descriptions of Sphaerotilus montanus sp. nov.,
Sphaerotilus hippei sp. nov., Sphaerotilus natans subsp. natans subsp. nov. and Sphaerotilus natans
subsp. sulfidivorans subsp. nov., and an emended description of the genus Sphaerotilus. Int J Syst Evol
Microbiol. 2011; 61: 916-925. https://doi.org/10.1099/ijs.0.023887-0 PMID: 20495027

Koryak M, Stafford LJ, Reilly RJ, Hoskin RH, Haberman MH. The impact of airport deicing runoff on
water quality and aquatic life in a Pennsylvania stream. J Freshw Ecol. 1998; 13: 287-298.

ACRP. Understanding Microbial Biofilms in Receiving Waters Impacted by Airport Deicing Activities.
Washington, D.C.: Transportation Research Board; 2014 p. 63. Report No.: 115. Available: http://www.
trb.org/ACRP/Blurbs/171576.aspx

U.S. Geological Survey. USGS water data for the Nation. In: U.S. Geological Survey National Water
Information System database [Internet]. 2019. Available: http://dx.doi.org/10.5066/F7P55KJN

Bernhardt ES, Likens GE. Dissolved Organic Carbon Enrichment Alters Nitrogen Dynamics in a Forest
Stream. Ecology. 2002; 86: 1689—1700.

Mohamed MN, Lawrence JR, Robarts RD. Phosphorus Limitation of Heterotrophic Biofilms from the
Fraser River, British Columbia, and the Effect of Pulp Mill Effluent. Microb Ecol. 1998; 36: 121—130.
https://doi.org/10.1007/s002489900099 PMID: 9688774

Seder-Colomina M, Goubet A, Lacroix S, Morin G, Ona-Nguema G, Esposito G, et al. Moderate oxygen
depletion as a factor favouring the filamentous growth of Sphaerotilus natans. Antonie Van Leeuwen-
hoek. 2015; 107: 1135—-1144. https://doi.org/10.1007/s10482-015-0405-7 PMID: 25666377

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 26/27


https://doi.org/10.1038/ismej.2009.97
http://www.ncbi.nlm.nih.gov/pubmed/19710709
https://doi.org/10.1101/027607
https://doi.org/10.1186/1471-2180-12-66
http://www.ncbi.nlm.nih.gov/pubmed/22554309
https://doi.org/10.1093/oxfordjournals.molbev.a003877
http://www.ncbi.nlm.nih.gov/pubmed/11371594
https://doi.org/10.1271/bbb.62.1138
https://doi.org/10.1271/bbb.62.1138
http://www.ncbi.nlm.nih.gov/pubmed/9692196
https://doi.org/10.1016/j.ijbiomac.2003.08.008
https://doi.org/10.1016/j.ijbiomac.2003.08.008
http://www.ncbi.nlm.nih.gov/pubmed/14607370
https://doi.org/10.1016/j.ijbiomac.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23587998
http://www.ncbi.nlm.nih.gov/pubmed/4180407
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA360543
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA360543
https://doi.org/10.4319/lo.1956.1.2.0102
https://doi.org/10.4319/lo.1956.1.2.0102
https://doi.org/10.1128/AEM.68.1.365-371.2002
http://www.ncbi.nlm.nih.gov/pubmed/11772646
https://doi.org/10.1099/ijs.0.023887-0
http://www.ncbi.nlm.nih.gov/pubmed/20495027
http://www.trb.org/ACRP/Blurbs/171576.aspx
http://www.trb.org/ACRP/Blurbs/171576.aspx
http://dx.doi.org/10.5066/F7P55KJN
https://doi.org/10.1007/s002489900099
http://www.ncbi.nlm.nih.gov/pubmed/9688774
https://doi.org/10.1007/s10482-015-0405-7
http://www.ncbi.nlm.nih.gov/pubmed/25666377
https://doi.org/10.1371/journal.pone.0227567

@ PLOS|ONE

Advanced biofilm analysis in streams receiving organic deicer runoff

69.

70.

71.

72.

73.

Lau AO, Strom PF, Jenkins D. Growth Kinetics of Sphaerotilus natans and a Floc Former in Pure and
Dual Continuous Culture. J Water Pollut Control Fed. 1984; 56: 41-51.

Barr Engineering Company. Determining the Aquatic Toxicity of Deicing Materials. Minneapolis, MN;
2013 Dec p. 64. Report No.: CR11-02.

Kaushal SS. Increased salinization decreases safe drinking water. Environ Sci Technol. 2016; 50:
2765-2766. https://doi.org/10.1021/acs.est.6b00679 PMID: 26903048

Ramakrishna DM, Viraraghavan T. Environmental Impact of Chemical Deicers—A Review. Water Air
Soil Pollut. 2005; 166: 49—63. https://doi.org/10.1007/s11270-005-8265-9

Schuler MS, Hintz WD, Jones DK, Lind LA, Mattes BM, Stoler AB, et al. How common road salts and
organic additives alter freshwater food webs: in search of safer alternatives. J Appl Ecol. 2017; 54:
1353-1361.

PLOS ONE | https://doi.org/10.1371/journal.pone.0227567  January 22, 2020 27/27


https://doi.org/10.1021/acs.est.6b00679
http://www.ncbi.nlm.nih.gov/pubmed/26903048
https://doi.org/10.1007/s11270-005-8265-9
https://doi.org/10.1371/journal.pone.0227567

