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Abstract: Typical investigations into the biological consequences of suspected xenobiotics
or nutrients introduced in watersheds include analytical chemistry screens of environ-
mental samples—such as periphyton responses or studies of fish condition—which are all
costly in terms of equipment, reagents, time, and human resources. An alternative is to
assess pollutant effects on waterborne bacteria. A flow cytometric method was developed
to yield rapid, same-day results that could be used to proactively screen for suspected
chemical inputs into watersheds using water sampling methods that are identical to those
in standard use. The analytical methods are microbe cultivation-independent, for use
with waterborne bacteria that are typically viable but not culturable. The procedure is
quick and inexpensive, generating measures of bacterial esterase that reflect metabolic
activity and are sensitive and statistically robust. After phosphate-EDTA incubation to
increase cell wall permeability, staining was performed with 5(6) carboxyfluorescein diac-
etate (enzyme activity) and propidium iodide (cell viability) with three bacterial species
in exponential phase growth having been incubated with organic wastewater compounds
(atrazine, pharmaceuticals [17α-ethynylestradiol and trenbolone], and antimicrobials [ty-
losin and butylparaben]). This method successfully detected metabolic changes in all
bacterial species, with atrazine inducing the greatest change. Additional fluorescent stains
can target specific microbial structures or functions of interest in a particular watershed.
This biotechnology can inform analytical chemistry and study of biota at sites of interest
and has the potential to be automated.

Keywords: flow cytometry; biomarker; atrazine; tylosin; organic wastewater contaminants

1. Introduction
Risks associated with unknown, unrecognized, or suspected chemical pollutants

in the aquatic environment have been a concern for environmental scientists [1,2]. Typ-
ical investigations of the quality of streams and natural waters include sampling for
nutrient enrichment [3,4] screening biota for analytical chemical concentrations [5–8],
and innovative analytical chemistry methods that assess complex environmental con-
taminant mixtures [8–10]. The flux of chemicals through watersheds is derived from
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agricultural, industrial, and domestic uses, with complexities dependent on spatial
and temporal parameters [11]. Aquatic ecosystem resource managers routinely mon-
itor water quality [12] yet atypically investigate it in conjunction with unanticipated
events such as enigmatic biota declines, with an example being freshwater mussels’ mass
mortalities in the Clinch River, USA [13–16], or in remediation and conservation [17]
efforts. Ecosystems are subject to daily and seasonal precipitation variations or sudden
events; regions dominated by karst topography can intensify inputs of such chemicals
into streams [18–20]. Although obvious environmental interferences such as impervious
surfaces or wastewater discharge can lead to the lower quality of receiving waters [21,22],
the exact sources of aquatic perturbations to biota can be elusive. However, the aquatic
microbiota itself reflects water condition.

Bacterial functions and responses can be measured by metabolic activity, respiration,
cell counts, and viability assays [23–25]. Conditions inducing viable but not culturable
(VBNC) states have included low temperatures, low-nutrient oligotrophic environments,
osmotic shock, oxidative stress, disinfection processes, and sunlight exposure [26,27], with
the survival-stressed VBNC remaining metabolically active [28,29]. Direct microscopic
counts exceed viable cell counts by several orders of magnitude, whereby the standard
heterotrophic plate count characterizing microbial parameters would be erroneous [27].
The rapid enumeration of total (including VBNC) microbes from environmental samples
can be accomplished using fluorescent staining and bio-adhesive slides, but the slides result
in substantial mortality of certain microbe strains [30].

Flow cytometry (FCM) uses in aquatic microbiology include cell counts, size measures,
nucleic acid content determination, live cell numbers, enzyme function, and assessments
of community homogeneity and function in water systems, as well as for wastewater
management [23,28,31,32]. Fluorescent staining coupled with FCM can be applied in bacte-
rial monitoring, quantification, and characterization in environmental waters, wastewater,
industrial bioreactors, drinking water, seawater, and freshwater, as well as in studies of
antibacterial action [33–36]. Flow cytometric studies targeting aquatic microbiota provide
opportunities for investigating cellular processes, thus affording a better understanding
of cause-and-effect relationships [33]. At the base of the food web, microbes drive impor-
tant ecosystem processes, where pollutants and their metabolites can alter community
structure [37]. Given that the size, mass, nucleic acid, and protein content of bacteria
are approximately 1/1000 the magnitude of those same parameters in eukaryotic cells,
designing multiparametric staining protocols that work across a wide range of bacterial
species can be problematic [24,38].

To explore the capacity of microbiota to reflect ambient water quality, we advanced
methods using FCM for measuring bacterial metabolic activity. Because bacterial respi-
ratory and enzymatic activity are generally higher in nutrient-rich and polluted aquatic
environments [25], the hypothesis was that the influence of a swine confined animal feed-
ing operation (CAFO) at a tributary’s confluence with a large oligotrophic river (Buffalo
National River, Arkansas, AR, USA) would increase aquatic bacterial metabolic activity
there, as compared to up- and down-stream sites [18]. Nitrogen and phosphorus levels
in animal manure produced at CAFOs are copious, often entering watersheds through
runoff, percolation into groundwater, and the connectivity of surface and groundwater
systems [39]. However, in our oligotrophic river study, bacterial esterase activity was unex-
pectedly significantly lowest (~56%) at the CAFO-influenced site for 71% of the months
(12 of 17) [18]. CAFOs also can be a source of androgens, estrogens, glucocorticoids, and
antibiotics in the environment [29,40]. Thus, to investigate if unidentified anthropogenic
compounds could have been influential [41], organic wastewater compounds (OWCs)
previously detected in this watershed were tested on specific bacterial strains that did or
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could occur in the watershed [18], whereby this current presentation elaborates on flow
cytometric nuance not previously described [42].

The aim of the current study is to highlight this FCM method for use with waterborne
bacteria; in this case, the endpoint was metabolic activity. It does not depend on growing
the bacteria on Petri plates and can be tailored to address questions relevant to the studies at
hand. Monitoring for nutrients is routine for U.S. Geological Survey (USGS) investigations,
yet no concurrent way to sample and study bacterial function is operative. The results of
this study demonstrate the utility of measuring microbial enzyme function as a biomarker
reflecting OWC presence. In conducting aquatic ecosystem conservation studies, prior to
implementing resource-intensive analytical chemistry detections, Ames tests, or laboratory
studies on plankton, periphyton, or fish health and reproductive condition at a site of
concern for potential OWC input in vulnerable watersheds [21,43], this FCM method is
a useful predictor based on evaluating physiological activity of bacteria from the water
column. The field water sampling was identical to that in current use, thus serving as
a complement to typical nutrient sampling [12], and it can aid in ascertaining whether
there is a need for further water testing or in-depth analytical chemistry of water or biota
(Table 1).

Table 1. Examples of applications for analysis by flow cytometry of metabolic activity of heterotrophic
bacteria from aquatic ecosystems. OWC = organic wastewater compounds.

Adjunct to Routine Nutrient Monitoring

Adjunct to routine fecal indicator bacteria testing
Analysis of drinking water for safe management practices

Up- and down-stream investigations of suspected OWC inputs to explain ecosystem
service change (e.g., mussel habitat loss)

Monitor microbial function along with gene expression and metabolic profiles
Monitoring wastewater treatment plant operations

Complement to investigations of specific antibiotic resistance elements and
minimum inhibitory concentrations

Nonpoint source management, Section 319 of the Clean Water Act (CWA§319)
Complement to community structure analysis 1

1 Refer to [18].

2. Materials and Methods
2.1. Processing Bacteria from River Water Samples

Water from Buffalo National River, AR, was collected at a tributary’s confluence with a
large CAFO, as well as two sites up-stream and three down-stream, by using sterile replicate
250 mL bottles (n = 33 samplings) [12,18] sent on wet ice overnight to the laboratory for
metabolic testing within 24 h. Field sampling occurred monthly on two consecutive days
for 17 months from June 2017–November 2018. Once water reached 24 ◦C, bottles were
inverted for bacterial resuspension, and then 200 mL of water was filtered through 7 µm
nylon mesh (Component Supply, Sparta, TN, USA) to remove algae and large particulates.
Using vacuum filtration (EMD Millipore Corporation, Billerica, MA, USA) with 0.22 µm
membranes (EM Millipore Corp., Tullagreen Carrigtwohill County Cork, Ireland), filtrate
was concentrated to 10 mL, then resuspended 15× for staining to measure enzyme activity,
as well as for spread-plating to determine numbers of culturable colony forming units
(CFUs) and fixation for cells for counts including viable, non-viable, and VBNC by FCM [18].
To ensure sterility of the filtering unit in between water samples, the 0.22 µm membrane
was discarded, the unit was rinsed with 70% ethanol, and then the membrane was rinsed
three times with full unit volumes of filtered, autoclaved water.
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2.2. Bacterial Controls for Culturability and Metabolic Staining

For use as a staining control for known dead cells, with each water sample, a 10 µL
aliquot of an overnight Escherichia coli (ATCC 35218) at 2 × 106 cells mL−1 was heat-killed
in a water bath at 75 ◦C for at least 30 min. The heat-killed bacteria were spread on Luria
(LB) agar to ensure cells were no longer viable after 48 h of culture. Prior to FCM, cultured
live and dead cell controls were pelleted at 3000× g for 12 min and diluted to 2 × 106 cells
mL−1 in sterile, autoclaved, and filtered water. Live cells from the field samples and live E.
coli served as positive controls, and heat-killed E. coli served as negative metabolic controls
for FCM and CFUs. (Two other bacterial strains for the laboratory exposures with OWCs
were similarly heat-killed as staining controls; refer to Section 2.5).

2.3. Staining for Esterase

Replicate sterile 1.5 mL microfuge tubes with 900 µL of concentrated, resuspended
filtrates were pretreated for 10 min in the dark at room temperature by the addition of
90 µL of 1 M phosphate buffer (pH 8.0) and 10 µL of 50 mM ethylenediaminetetraacetic
acid (J.T. Baker, Charleston, SC, USA) to increase cell permeability for staining [28,44,45].
Bacteria were then stained with 10 µL of 5(6)carboxyfluorescein diacetate (CFDA) (stock at
5 mg CFDA mL−1 dimethyl-sulfoxide, Life Technologies, Eugene, OR, USA) and counter-
stained with 50 µL propidium iodide (PI; Sigma-Aldrich Chemical Co., St. Louis, MO,
USA) modified from [25,28]. The PI staining solution included 0.5 mg mL−1 PI in 0.1 M
Tris-HCl and 0.1 M NaCl (pH 7.5) made fresh for use over two days. Cell-permeant CFDA
nonspecific substrate measures enzymatic hydrolysis by intracellular esterases yielding
fluorescent carboxyfluorescein that is retained intracellularly [25]. Cell-impermeant PI
penetrates inactive or compromised membranes, intercalates into double-stranded nucleic
acids, and fluoresces red under blue light excitation [25].

2.4. Flow Cytometry

Using a FACSCalibur® (Becton Dickinson Immunocytometry Systems [BDIS], San
Jose, CA, USA) with a 488 nm laser and CellQuestPro Version 5.2.1 software for data
acquisition, data were acquired. Calibrite beads (BDIS) were used with FACSComp
software v. 6.0 (BDIS) for instrument calibration. Events for each replicate were collected
in duplicate at >1000 s−1, with ~300 K total event counts for each metabolic assay. Density
plots using green (FL1-H) (CFDA) and red fluorescence (FL3-H) (PI), with FSC-H as
threshold were used to present metabolic data. Unstained and auto-fluorescent cells
were gated out of analyses (Figure 1). For analysis, density plots were used with FlowJo™
software, Version 10.7.0 (FlowJo Flow Cytometry Analysis Software, Ashland, OR, USA).
To validate staining and optimize instrument settings, staining controls included live
and heat-killed E. coli that were unstained, dual-stained, or individually stained with PI
or 5(6)-CFDA (Figure 1).
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Figure 1. Cytograms from Escherichia coli (E. coli) staining controls for metabolic activity of live
(left column) or heat-killed (right column) cells. Unstained bacteria and auto-fluorescent bacteria,
concentrated near the origin, were excluded (out-gated; round gates above) for statistical computa-
tions. Bacteria stained with CDFA (5(6)-carboxyfluorescein diacetate) yield a fluorescent product
because of hydrolysis by esterases (FL1-H axis; green fluorescence) shown here as populations fo-
cused at the bottom portion of the cytograms. Bacteria stained with propidium iodide (that fluoresces
when intercalated into double-stranded nucleic acids of membrane-damaged cells) (FL3-H axis; red
fluorescence) shown here as populations focused on the left portions of the cytograms.
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2.5. Controlled Incubations with Organic Wastewater Contaminants

Based on prior findings that nutrients are higher at the CAFO site than at sites up-
stream and down-stream [12] and that CFUs are highest at the CAFO while esterase activity
was lowest there, the influence of potential OWCs on esterase activity was examined
using bacteria that may be found in oligotrophic CAFO-associated waters [18]. Species
included E. coli (ATCC 35218), Streptococcus suis (avirulent, from swine), and S. dysgalactiae
(virulent, from silver carp, Hypophthalmichthys molitrix). The strains were cultured in LB
broth at 35 ◦C until exponential phase, pelleted at 3000× g for 12 min, and resuspended
at 2 × 106 cells mL−1 of the selected OWC in sterile water and incubated with shaking for
2.5 and 21 h at 35 ◦C. The OWCs were at environmentally relevant concentrations: atrazine
(herbicide), pharmaceuticals (17 α-ethynylestradiol and trenbolone), or antimicrobials
(tylosin and butylparaben) (Table 2). Esterase activity was measured in triplicate at 2.5 h
and 21 h, as further described [18,42,46].

2.6. Statistical Analyses

To measure if OWC exposure time, treatment, or concentration influenced esterase
activity of bacterial species studied, activity data as proportions were arcsine(sqrt) trans-
formed [47] and ANOVAs performed, including Tukey’s HSD multiple comparisons. Ho-
mogeneity and normality of residuals held. The alpha level was 0.05.

Table 2. Laboratory exposures of bacterial species with organic wastewater contaminants at low
or high concentrations 1 in context with aquatic environmental concentrations derived from the
scientific literature.

Compound Source Low High References

Atrazine Sigma 2, cat. 49085
CAS 1912-24-9 3 µg L−1 10 µg L−1 [48–55]

17α-ethynylestradiol Sigma, cat. E4876
CAS 57-63-6 5 ng L−1 25 ng L−1 [1,52,56,57]

17β-trenbolone Sigma, cat. T3925
CAS 10161-33-8 40 ng L−1 80 ng L−1 [58,59]

Tylosin tartrate Sigma, cat. 33847
CAS 74610-55-2 500 µg L−1 1000 µg L−1 [10,60–62]

Butylparaben 3 Spectrum 4, Cat. BU115
CAS 94-26-8 12.5 ng L−1 25 ng L−1 [2,63–67]

1 Flow cytometry FCS files are in [42]. 2 Sigma-Aldrich, Burlington, MA, USA. 3 Required initial dissolution in
acetone. 4 Spectrum Chemical, New Brunswick, NJ, USA.

3. Results
3.1. Bacterial Controls

Live and heat-killed E. coli suspensions in equal volumes were analyzed using FCM
contour and density plots performed as expected in the bi-color fluorescence assay for
esterase, with density plots employed for data analyses [18]. Only clearly stained cells
were enumerated for the analysis gating of metabolic and non-metabolic cells (Figure 2),
whereby unstained and auto-fluorescent populations and debris were out-gated (Figure 1).
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Figure 2. Representative flow cytometric zebra plots display representative analyses of metabolic
activity in strains of bacteria that were laboratory-exposed to organic wastewater compounds. Per-
centages of stained cells are presented, whereby the upper gate is that of the metabolically inactive
cells and the right-hand gate shows the metabolically active percentage. In panels (A,B): Escherichia
coli was incubated with atrazine and tylosin, respectively. (C,D): Streptococcus suis was incubated
with trenbolone and butylparaben, respectively. (E,F): Streptococcus dysgalactiae was incubated with
atrazine and tylosin, respectively. Staining with 5(6)-carboxyfluorescein diacetate yields a fluorescent
product upon hydrolysis by esterases (horizontal axis; FL1-H; green fluorescence), and propidium io-
dide counter-stains nucleic acids in membrane-damaged cells (vertical axis; FL3-H; red fluorescence).
Unstained or auto-fluorescent particles were out-gated for the analyses (e.g., ungated population
near the origin) (Figure 1).
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3.2. Bacterial Exposures to Contaminants

The OWCs that previously were detected in an oligotrophic watershed [18] influenced
esterase activity in this study. Overall, the bacterial species were differentially susceptible
to compound exposure, with metabolic inhibition levels varying with exposure time and
compound, thus substantiating that xenobiotics entering waterways are influencing mi-
crobial ecology. Atrazine decreased metabolic activity the most of any of the xenobiotics.
Esterase activity declined with exposure time and varied with OWC type but not with con-
centration. At 2.5 h exposure, metabolic activity was similarly inhibited among all bacterial
species tested in vitro across all OWCs (Table 3); differences among species emerged at the
21 h treatment duration, and it was decreased most in S. suis for all xenobiotics (Table 3;
Figure 2). Data are in [42,46].

Table 3. Statistical main effects and two-way interactions of inhibition of reductase activity measured
by flow cytometry after exponential phase bacterial strains were exposed to organic wastewater
compounds (OWCs) 1 that had been, or were likely to occur, in Buffalo National River 2.

Bacteria OWC Concentration 3 Incubation
Time (h)

Interaction
OWC and Time

Signif. Pairs for Two-Way Time
and Treatment Interaction

Escherichia coli Az > Ty = Bp = EE2 = Tb 2.5 > 21
p < 0.0001 ns p < 0.0001 ns

Streptococcus suis ns ns ns p = 0.0001 Within 2.5 h Bp > Tb (p < 0.0015)
EE2 > Tb (p < 0.0001)

Within 21 h Tb > Bp (p = 0.0010)
Within Tb 21 > 2.5 (p = 0.0004)

Streptococcus
dysgalactiae

Az > Tb = Ty = Bp = EE2 ns 2.5 > 21 p = 0.0024 Within 2.5 h Az > Bp (p = 0.0010)
p < 0.0001 p < 0.0001 Az > EE2 (p < 0.0010)

Ty > EE2 (p = 0.0013)
Within 21 h Az > Bp (p < 0.0001)

Az > EE2 (p = 0.0006)
Az > Tb (p < 0.0001)
Az > Ty (p < 0.0001)

Within Tb 2.5 > 21 (p < 0.0001)

1 Az = atrazine at 3 and 10 ng L−1; Bp = butylparaben at 12.5 and 25 ng L−1; EE2 = α–ethynylestradiol at 5 and
25 ng L−1; Tb = trenbolone 40 and 80 ng L−1; Ty = tylosin 500 and 1000 µL−1. 2 [18]; briefly each strain was
incubated with the OWC at two concentrations for two time periods, and triplicate samples were analyzed.
3 See Table 2.

4. Discussion
The FCM approach described here showed altered microbial enzyme activity along

the stretch of an oligotrophic river alongside a CAFO [18]. The reduction in bacterial
esterase activity in response to OWC exposure is proof of the concept that xenobiotic
micropollutants in an aquatic ecosystem have effects at the base of the food web and alter
the local microbial ecology.

In swine CAFO management, antibiotics are applied at each animal life stage for
growth enhancement or treating infection, and typically, swine liquid manure is applied
to farmland as fertilizer [68,69]. In this study, the macrolide antibiotic tylosin at the
concentrations and times of exposure did not demonstrate the statistically significant
inhibition of reductase in S. suis or the other bacterial strains tested (Table 3). The most
likely macrolide present in agricultural runoff is tylosin [60], which is often used in swine
production facilities, may not be fully metabolized in livestock, and can be excreted as
the parent compound or as a metabolite [10]. Distributions of tylosin, nutrients, and
agriculturally applied chemicals such as atrazine to watersheds are often episodic due to
hydrological conditions and seasons [10,12,70].

Atrazine, a highly soluble herbicide, is the second most used pesticide in the United
States [51] and has been among the most frequently detected compounds in agricultural
streams [71]. Because of its distribution and potential environmental persistence, atrazine
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contamination of freshwater ecosystems will remain a concern [51]. The results of this
study showed that atrazine resulted in the most decreased esterase activity compared to
the other four OWCs tested (Table 3). Studies on atrazine and microbes often address
compound breakdown by bacteria for soil remediation or impacts on photosynthetic
processes in bacterioplankton and phytoplankton communities [72,73]. Atrazine did not
directly affect the survival of fecal indicator bacteria, but it altered phytoplankton and
periphyton communities, thus indirectly influencing the distribution and abundance of E.
coli [74]. Our study is the first to show that atrazine directly affected metabolic function in
bacteria (Table 3). Moreover, atrazine reduces reproduction in fathead minnows (Pimephales
promelas) [75], thus underscoring the potential utility of this flow cytometric method for
use as an early warning assessment for aquatic ecosystems of interest.

As part of metabolic activity, cells operate a suite of esterases and dehydrogenases that
are linked to the respiratory activity of metabolically active cells [76]. Esterases represent
a diverse group of hydrolases distributed in animals, plants, and microorganisms that
catalyze the cleavage and formation of ester bonds [77]. Being stable and not requiring
cofactors, they are involved in microbial catabolism and peptidoglycan maintenance [77,78].
Dehydrogenases are oxidoreductases occurring intracellularly in all microbial cells and
are directly linked with respiratory processes [76,79]. Another enzyme of potential interest
is superoxide dismutase, which responds to reactive oxygen species (ROS) generated
during oxidative stress. An increase in ROS may be detected using dihydroethidium (HE),
where the oxidation of HE results in the cleavage of ethidium which fluoresces with the
intercalation with DNA [80]. Comparing the standard direct plate count with rapid FCM
enzyme measurements, metabolic activity is reflected by FCM despite stressed cells likely
having entered a non-culturable state [76,81]. Various nucleic acid stains can be added, with
attention being paid to the concentrations, potential permeabilization methods, incubation
temperatures and times [80].

Butylparaben — a preservative in foodstuffs, cosmetics, and pharmaceuticals — as
well as the hormones used in this study, act as endocrine disrupter chemicals [66,82,83].
The results showed that trenbolone’s effects on esterase activity in S. suis were increased
with time compared to butylparaben (Table 3). Trenbolone is more influential with time
in S. suis, but at 2.5 h EE2 was more inhibitive than trenbolone (Table 3). Further direct
bacterial exposures with single compounds would be insightful. In S. dysgalactiae, time and
treatment interactions showed that atrazine was significantly inhibitive (Table 3).

Freshwater microbial communities exhibit high compositional and functional vari-
ability across spatial and temporal scales, reflecting changes in water chemistry and hy-
drodynamic processes occurring in time and space [11,84,85]. The extents of impervious
surfaces, urbanization, agriculture, and nutrients vary greatly across large ecoregions and
smaller landscapes, with all of them influencing watersheds and interconnected biota and
microbiota [11,21,84,86]. Contaminants of emerging concern such as OWCs enter water
systems from non-point sources, introducing fecal matter, runoff, and landfill leeching, and
from point sources such as combined sewer overflows, failed septic systems, spills, and
industrial outflows. Many of these contribute to multiple pollutant types such as pesticides,
industrial compounds, nutrients, and hormones [82]. These OWCs can persist in freshwater
and are typically present in low environmental concentrations (ng/L to µg/L range), yet
they vary among water compartments such as influent, effluent, surface or groundwater,
or estuaries (Table 2) [2,8,62,82]. All aquatic organisms are exposed to OWCs in a contami-
nated system; in eukaryotes, the consequences of pollutants triggering sublethal toxicity
on physiological pathways are underestimated [2]. Some studies on reproductive effects
in male fish have demonstrated organismal and cellular effects [6,7,43,87,88]. Prioritizing
the detection and risk assessment of OWC pollution is difficult because sub-lethal concen-
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trations vary, mixtures are pervasive, and consequent physiological effects at sub-lethal
concentrations are not clearly established per compound [1,2,8].

Because the primary microbial entities and communities are vulnerable to pollu-
tants [62], the FCM detection of heterotrophic functional changes in natural microbial
communities in aquatic ecosystems can offer an early warning for further studies at higher
levels of biological organization to investigate linkages among potential anthropogenic
inputs and organismal responses, as well as other applications (Table 1). With its notable
sensitivity, a FCM approach comparing aquatic microbial function from reference and
potentially contaminated sites could serve as a prescreening option prior to more extensive
studies on animal conditions and costly analytical chemistry detections.

Although FCM has become an increasingly applied tool in aquatic microbiology [89],
the smaller size and general cellular characteristics of bacteria can present challenges in
protocol development as compared with eukaryotic cells [38]. Bacteria behave differently
in the interaction with reagents, whereby the cell wall and the presence of efflux pumps
and pores may differ from eukaryotes, and Gram-negative bacteria exclude lipophilic or hy-
drophilic molecules. Chemicals such as citrate or ethylenediaminetetraacetic acid (EDTA),
as used in this experiment, may be used to increase cell wall permeability [28,38,45,80,90].
Gram-positive nucleic acid staining has been variable among species [91], with staining
combinations shown to be effective in assessing Gram and viability status in complex
mixtures [92].

Analysis at the single cell level is required for insight into cellular responses to stresses,
whereby structural variations, membrane and wall charges, intracellular contents, metabo-
lites, species and subpopulation identifications within consortia, as well as enzyme activity
have been measured in freshwater and marine studies and in medical device sterilization
studies [23,76,77]. Generally, dyes used to monitor enzymatic activity are cleaved upon
uptake, leading to the production of a fluorescent signal [38]. As with this study, carboxyflu-
orescein diacetate (cFDA) is cleaved by esterases to release the fluorescent fluorescein; pH
conditions may affect fluorescein’s fluorescence emission intensity, with pH 9 being the
most intense [80]. As novel stains and markers continue to be developed for use with flow
cytometry, more microbial biomarker responses can be measured [93]. One advantage of
this FCM is the immediate measurement of functions of microbiota in the watershed; one
disadvantage is the skill level needed to perform FCM.

Flow cytometric analyses for measuring specific aquatic bacterial parameters of interest
from ecosystems of concern can be tailored to hypotheses ranging in topical areas from
listed species in riverine systems to questionable outfalls above or below drinking water
sources. The sampling of the water was performed using USGS guidelines in conjunction
with routine nutrient monitoring [12]. These data provide proof of concept that individual
OWCs influence the metabolic function of primary producers in an ecosystem and may
provide impetus for further studies.

Summarily, to explore the capacity of microbiota to reflect water quality, we advanced
methods using FCM for measuring bacterial metabolic activity. After exposure to three
bacterial species, atrazine decreased bacterial esterase over tylosin, butylparaben, EE2, and
trenbolone. This method can serve to prescreen aquatic conditions prior to more costly
investigations into aquatic animal conditions or analytical chemistry. Microbial primary
producers are vulnerable to pollutants.
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