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Abstract
The increasing prevalence of cyanobacterial harmful 

algal blooms and the toxins they produce is a global 
water-quality issue. In the Western Basin of Lake Erie, 
high microcystin concentrations have led to water-quality 
advisories, process adjustments for treating drinking water, 
and increased water-quality monitoring. Biodegradation is 
an environmentally friendly and cost-effective way to reduce 
concentrations of microcystins in drinking water; however, 
few studies have been done to determine biodegradation 
potential of bacteria indigenous to the Lake Erie watershed. 
As part of a cooperative program between the U.S. 
Geological Survey and the U.S. Environmental Protection 
Agency, this study aimed to identify naturally occurring 
microcystin-degrading bacteria in source waters and in the 
sand filters of drinking-water treatment plants in the Western 
Basin of Lake Erie. Biodegradation of microcystin-LR was 
found to occur in microcosms developed with three different 
Lake Erie-area sources—Lake Erie water, water from storage 
reservoirs supplied by inland streams, and water or solid 
medium from sand/anthracite filters at drinking-water plants. 
In microplates with microcystin-LR as the sole carbon source, 
10 isolates exhibited cellular respiration and were, therefore, 
identified as promising microcystin biodegraders; 4 of those 
isolates subsequently were found to have potential to form 
biofilms. The 10 promising isolates along with 14 additional 
isolates from the microcosms were identified by 16S ribosomal 
RNA sequencing: 15 isolates were γ-proteobacteria, 6 isolates 
were β-proteobacteria, 1 isolate was an α-proteobacterium, 
1 isolate was a flavobacterium in the phylum Bacteroidetes, 
and 1 isolate was in the phylum Actinobacteria. Isolates were 
screened for possession of the mlrA gene (found to encode 
for the protein responsible for cleaving the cyclic structure of 
microcystin), and results indicate that, for Lake Erie source 

1U.S. Geological Survey, retired.

2U.S. Geological Survey.

3University of California, Riverside.

4Organic Waste Systems, Inc.

waters and elsewhere, more work would be required to 
identify microcystin-biodegradation pathways and products 
and to confirm biodegradation rates in pure culture isolates.

Introduction
Cyanobacteria cause a multitude of water-quality 

concerns, including the potential to produce potent 
cyanotoxins. Microcystins are one of the most frequently 
detected cyanotoxins in freshwaters. The presence of 
microcystins in lakes and reservoirs led the World Health 
Organization to establish a guideline of 1 microgram per 
liter (µg/L) for finished drinking water (World Health 
Organization, 1999). Treatment methods such as adsorption 
on activated carbon and chlorination are effective techniques 
for reducing microcystins in drinking water. Some treatments 
are costly and (or) may result in disinfection byproducts, 
such as trihalomethanes and halogenic acetic acids, which are 
regulated in drinking water because of the public health risk 
(Eleuterio and Batista, 2010).

An environmentally friendly and cost-effective way 
to augment existing treatments is to reduce microcystin 
concentrations through biodegradation (Gągała and 
Mankiewicz-Boczek, 2012). Early studies identified 
microcystin-degrading bacteria from an Australian river 
(Jones and others, 1994) and a reservoir in Japan (Takenaka 
and Watanabe, 1997). Gene sequencing identified the 
isolates as Sphingomonas sp., a diverse genus belonging to 
the α-proteobacteria class and currently well known to have 
various biodegradation capabilities, including the ability to 
degrade microcystins (Bourne and others, 2001; Aylward 
and others, 2013). Later studies reported the identification 
of additional microcystin-biodegrading species in Europe, 
China, and Florida and Lake Erie in the United States (Hu and 
others, 2009; Manage and others, 2009; Ramani and others, 
2012; Thees and others, 2019). Researchers have reported 
that efficient biodegradation of microcystins appears to be 
site specific (Ho and others, 2012) and that diverse groups 
of microorganisms and metabolic pathways facilitate this 
biodegradation (Edwards and others, 2008).
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One efficient way to use bacteria for microcystin 
biodegradation is through biological filtration processes in 
drinking-water treatment plants (Ho and others, 2012). In 
a laboratory study, investigators showed that the biofilm 
collected from sand filters from an Australian water-treatment 
plant effectively removed microcystins through biodegradation 
(Ho and others, 2006). The biofilm from the sand was shown 
to contain bacteria with the mlrA gene, which is a gene that 
encodes for the protein responsible for cleaving the cyclic 
structure of microcystin. A microcystin-degrading Morganella 
sp. was isolated from the biofilm of an active anthracite 
biofilter from a Los Angeles drinking-water plant and from the 
water source for this plant, Lake Mead in Arizona and Nevada 
(Eleuterio and Batista, 2010). Biofilms play a crucial role in 
removing aqueous pollutants, including toxins (Li and others, 

2017). In addition, biofilms provide cells protection from 
environmental stressors, accumulate nutrients, and provide a 
favorable growth environment for cells.

In Lake Erie over several recent years, researchers 
and local health officials have identified harmful algal 
blooms caused by cyanobacteria during the summer and 
early fall seasons. This has been especially common in 
the Western Basin of Lake Erie (fig. 1), where the City of 
Toledo was forced to issue a do-not-drink water advisory 
for 400,000 residents during August 2–4, 2014, because of 
high microcystin levels. It was determined through the Great 
Lakes Restoration Initiative (U.S. Environmental Protection 
Agency, 2015) that studies were needed to gain knowledge of 
the potential for biodegradation of microcystins by bacteria 
indigenous to Lake Erie and its tributaries, where increasing 
temperatures and continued inputs of nutrients will likely 
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Figure 1.  Map showing the Western Basin of Lake Erie within the Lake Erie Basin.
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cause the control and management of toxins in source waters 
to become more challenging and costly in the future (Thees 
and others, 2019). From 2015 to 2016, the U.S. Geological 
Survey (USGS), in cooperation with the U.S. Environmental 
Protection Agency, sought to determine whether 
microcystin-degrading bacteria could be isolated from source 
waters and sand filters from drinking-water plants in areas 
of the Western Basin of Lake Erie affected by cyanobacterial 
harmful algal blooms and identify whether the isolates possess 
the mlrA gene.

Purpose and Scope
The purposes of the study were to identify naturally 

occurring, microcystin-degrading bacteria in source waters and 
in water or solid medium from sand filters of drinking-water 
plants in the Western Basin of Lake Erie and watershed by 
using microcosms and to determine whether the presence 
or quantity of the mlrA gene could be found in the bacteria 
isolates. Additionally, after isolates were identified, the study 
objectives were expanded to include the identification of 
biofilm formation potential, an important characteristic for 
further assessment of the ability of the selected isolates to 
remove contaminants from water. This study provides early 
steps towards using biodegradation as a control strategy for 
removing microcystins from drinking-water supplies. The 
future application of economically feasible and effective 
treatments for toxins caused by cyanobacterial blooms would 
require additional research beyond the scope of this study.

This report presents the changes in microcystin 
concentrations observed in microcosm experiments, the results 
from the screening of selected isolates for the presence of 
the mlrA gene and for microcystin biodegradation potential, 
the identification of selected isolates by 16S ribosomal 
RNA (rRNA) sequencing, and results from the screening of 
promising isolates for biofilm formation. The report discusses 
the insights provided by these results. Raw data used in 
this study are available in a USGS data release (Francy and 
Cicale, 2024).

Materials and Methods

Study Sites and Sampling

Samples were collected from August 2015 to July 2016 
from five drinking-water plants with a history of elevated 
microcystin concentrations in their untreated source waters 
(Ohio Environmental Protection Agency, 2015a). Samples 
were collected either from source waters, from water skimmed 
from the surface of the sand/anthracite filters, or, when access 
was available, from the solid medium of the sand/anthracite 
filters. To collect the solid-medium samples, water was 
drained from the filter well; a sterile scoop was used to take 
multiple samples across the well from the top 3–4 inches; 
and samples were combined as a composite. Two plants 
obtain their water from storage reservoirs supplied by inland 
streams (sites Inland 1 and 2); one plant sources water from 
Lake Erie and is on a Lake Erie island (Lake Erie 1); and two 
plants source water from Lake Erie and are on the Western 
Basin shoreline (Lake Erie 2 and 3) (table 1). Samples were 
transported on ice and analyzed within 24 hours of collection 
in microcosm experiments.

Microcosm Setup and Incubation

Seven batch microcosm experiments were done to isolate 
and identify microorganisms from source waters or sand 
filters that were able to biodegrade microcystin-LR (MC–
LR), the most common and toxic variant in the environment. 
Experiments were done in 500-milliliter (mL) flasks 
containing either source waters or supernatants from sand/
anthracite filters along with buffer and nutrient amendments 
(table 2). For pretreatment of solid-medium samples from 
sand/anthracite filters, 20 grams of sample was added to 
200 mL of sterile, deionized water with a nutrient and salt 
amendment, modified from Sandman and Ecker (2014) 
(table 2). The suspension was placed on a rotary shaker 
for 45 minutes to remove attached microorganisms, then 

Table 1.  Drinking-water treatment plants, sample information, and isolates recovered, Western Basin of Lake Erie, 2015–16.

[µg/L, microgram per liter; ND, not determined; <, less than]

Site name Sample date Type of sample in microcosm
Microcystin in sample 

(µg/L)
Isolates recovered

Inland 1 8/17/2015 Source water 0.4 20
Lake Erie 1 8/17/2015 Source water 1.1 20
Lake Erie 1 8/17/2015 Sand filter, water from surface 5.5 20
Lake Erie 2 10/6/2015 Source water 0.62 20
Inland 2 10/27/2015 Source water 0.32 7
Lake Erie 3 1/26/2016 Sand/anthracite filter medium ND 10
Lake Erie 2 7/13/2016 Sand/anthracite filter medium <0.3 ND
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Table 2.  Nutrient medium used to prepare 200 mL of pretreatment buffer or microcosms to isolate 
microcystin biodegraders in 200-milliliter solution.

[Nutrient mediums adapted from Sandman and Ecker (2014). mL, milliliter]

Reagent Quantity

Pretreatment 10× buffer solution, 20 mL

NaH2PO4 17.85 grams per liter
K2HPO4 26.13 grams per liter
MgSO4•7H2O 5.00 grams per liter

Microcosm nutrient solutions, 2 mL each

CaCl2 0.05 grams per 100 mL
NH4NO3 4.0 grams per 100 mL

allowed to settle for 1 minute; the resultant supernatant was 
then filtered through a 5-micrometer (µm) filter to remove 
large particles, and the filtrate was used in subsequent 
experiments. Microcystin-LR was added in concentrations 
ranging from 18 to 80 µg/L. Flasks were prepared with the 
following treatments: (1) unfiltered source water with MC–
LR added, (2) source water or sand/anthracite supernatant 
filtered through a 5-µm filter with MC–LR added, (3) source 
water or sand/anthracite supernatant filtered through a 0.2-µm 
filter with MC–LR added (abiotic control), and (4) source 
water or sand/anthracite supernatant with no MC–LR added 
(background control).

Flasks were incubated in a shaking water bath at 
28 degrees Celsius (°C) for 14 days. Aliquots (12 mL) were 
removed at various intervals (0, 1, 2, 4, 8, and 14 days), 
stored in a −80 °C freezer, and analyzed by enzyme-linked 
immunosorbent assay (ELISA) in batch for microcystin 
concentrations. At each time step, a second aliquot 
(500 microliters [μL]) was mixed with approximately 100 μL 
of sterile glycerol in a 1.5-mL microcentrifuge tube and 
frozen at −80 °C for later culture analysis. Based on observed 
decreases in microcystin concentrations, aliquots were 
selected to later be cultured to identify and isolate potential 
microcystin degraders. Pure culture isolates were (1) screened 
for the ability to metabolize microcystin as the only carbon 
source and (2) tested for the presence of the mlrA gene. Based 
on the abilities of isolates to metabolize microcystin as the 
only carbon source, a select group of the most promising 
microcystin biodegraders were tested for biofilm formation 
potential and identified by 16S rRNA sequencing.

Microcystin Concentration Measurement

Microcosm aliquots were analyzed for microcystins by 
ELISA based on procedures described in Ohio Environmental 
Protection Agency (2015b). Aliquots were freeze-thawed 
three times at −70 °C/80 °C to lyse cells and release intact 
microcystin, filtered through 0.45-µm glass-fiber filters, 
and added to a microtiter plate kit with ELISA reagents per 
manufacturer’s instructions (Microcystin-ADDA ELISA 

kit, Abraxis LLC, Warminster, Pa.). The immunoassay is a 
direct competitive ELISA in which a toxin in a sample and 
an antibody conjugate compete for binding sites of antibodies 
in solution; then, upon the addition of a substrate reagent to 
the solution, a color signal is generated. Each aliquot was 
analyzed in duplicate, with each aliquot’s absorbance value 
read by microplate reader at 450 nanometers, from which the 
mean absorbance value was calculated. The quality-assurance/
quality-control measures include initial demonstration of 
capability, along with establishment of benchmarks, such as 
a method detection limit (at 0.3 µg/L), calibration standards 
and standard curve requirements, a laboratory diluent blank, 
a positive control, and acceptable coefficients of variation 
in replicates (USGS Ohio Water Microbiology Laboratory, 
accessed November 2017 at https:​//oh.water​.usgs.gov/​micro_​
qaqc_​methods_​for_​cyanobacterial_​toxins.htm).

Culture Isolations

In microcosms where the concentration of microcystin 
decreased over time, frozen culture aliquots from 0-time, 
1-day, 4-day, and 8-day flasks were thawed, and 100 µL of 
the culture aliquot was spread-plated on R2A agar plates 
(BD Difco, Franklin Lakes, N.J., Fisher, catalog no. 218263). 
After 7 to 14 days incubation at 28 °C, the plates were 
inspected for phenotypic differences in colony morphology 
and for an increase in the same colony morphology between 
the 0-time/1-day plates and the 4-day/8-day plates. When 
differences in colony abundance or colony types were 
observed, approximately 10 individual colonies from 
4-day/8-day plates were selected for isolation and enrichment 
as potential biodegraders. Colonies were isolated on 
lysogeny broth (LB) agar plates (BD Difco, Fisher, catalog 
no. DF0446-07-5) by three-phase streak, grown in LB broth 
for 3–5 days at 28 °C, and then frozen in LB broth plus 
20-percent glycerol for further testing. Isolates were assigned 
a name based on the abbreviated name of the site where the 
bacteria were collected, followed by the alphabetical letter in 
order of isolation from the R2A agar plates.

https://oh.water.usgs.gov/micro_qaqc_methods_for_cyanobacterial_toxins.htm
https://oh.water.usgs.gov/micro_qaqc_methods_for_cyanobacterial_toxins.htm
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Presence of the mlrA Gene

Isolates from six of seven microcosm experiments were 
screened for the presence of mlrA, a gene associated with 
microcystin biodegradation (Bourne and others, 2001). Pure 
culture freezer stocks were grown in tryptic soy broth (TSB) 
(TSB, Becton-Dickinson, Franklin Lakes, N.J.) at 28 °C until 
turbid (up to 2 days). After sufficient growth was achieved, 
200 µL of each culture was extracted by using a silica-based 
DNA extraction kit (Qiagen, Hilden, Germany, catalog 
no. 69506). Quantitative polymerase chain reaction (qPCR) 
was used to test for the presence of the mlrA gene by using a 
primer-and-probe set with run conditions listed in Hoefel and 
others (2009). Each culture extract was run in duplicate, and 
synthetic plasmid standards (Integrated DNA Technologies, 
Coralville, Iowa, custom gene synthesis) were included on 
each qPCR plate. In addition, a matrix spike was performed on 
a subset of cultures to ensure there was no matrix inhibition. 
Standard curve information for qPCR analysis is reported in 
appendix 1, table 1.2.

Screening for Evidence of Microcystin 
Biodegradation

The isolates cultured from flasks that showed observed 
decreases in microcystin concentrations were tested for 
MC–LR biodegradation potential by means of a colorimetric 
microplate method that measures cellular respiration, adapted 
from Manage and others (2009). For enrichment cultures, 
frozen isolates were inoculated into 10 mL of enrichment 
media. Initial enrichments for biodegradation tests included 
(1) minimal medium with MC–LR and (2) TSB with 
0, 20, 100, or 2,000 µg/L MC–LR; however, both MC–LR 
alone and increased concentrations of MC–LR with TSB 
exhibited inhibitory effects on isolate growth (data not 
shown). As a result, enrichment media used for MC–LR 
microplate biodegradation tests were (1) TSB prepared per 
manufacturer’s recommendations and (or) (2) half-strength 
TSB with 5 µg/L MC–LR. The enrichment medium used was 
a compromise of ensuring expression of MC–LR degradative 
genes of interest while still yielding sufficient microbial 
growth for degradation experiments.

After 48 hours of incubation at 28 °C, cells were 
centrifuged at 1,000 × g (gravitational force) for 15 minutes, 
and the pellet was washed with the amended buffer (table 2). 
After the wash procedure was repeated, cultures were 
incubated overnight in a shaking water bath at 28 °C with 
gentle agitation in 5 mL of buffer to remove exogenous 
sources of carbon. To account for different rates of growth 
during enrichment, cell density was estimated on a microplate 
reader (BioTek Instruments, Winooski, Vt., USA, Model 
EPOCH2) and normalized between cultures (A590=0.35). 
Diluted isolates were then assessed for the ability to replicate 
when available sources of carbon were limited to MC–LR.

The Biolog MT2 MicroPlate (Biolog, Hayward, Calif.) 
method detects evidence of cellular respiration through 
proportional reduction of a tetrazolium dye, which yields a 
purple color whose absorbance is read by a microplate reader 
spectrophotometrically at 590 nanometers. This method 
requires the user to supply a carbon source to allow for 
cellular respiration; therefore, production of this color change 
when exogenous sources of carbon are limited to MC–LR 
allows the user to infer degradation in a high-throughput 
format. Wells were inoculated with diluted isolates in triplicate 
and received MC–LR at a final concentration of 20 µg/L, 
corresponding to the no-contact recreational advisory level 
set by the Ohio Environmental Protection Agency at the time 
of the study (Ohio Environmental Protection Agency, 2015a). 
Paired blanks of the isolates, receiving no MC–LR, were also 
prepared in triplicate and used to account for background 
absorbance levels. Plates were incubated at 28 °C and read 
spectrophotometrically at regular intervals for up to 96 hours 
post-inoculation. To quantify the biodegradation potential 
of each isolate, mean absorbance at each time step in the 
background control was subtracted from mean absorbance 
in the isolate test wells. Escherichia coli (American Type 
Culture Collection, 700891) and a strain of Stenotrophomonas 
rhizophila capable of degrading MC–LR (obtained from 
Dr. Xiaozhen Mou, Kent State University, Kent, Ohio) were 
included in each analysis and served as negative and positive 
controls, respectively.

Ten isolates, identified as promising MC–LR 
biodegraders through the MT2 MicroPlate screening process, 
were selected for further identification and testing. Isolates 
with high peak absorbance values were selected, and if several 
isolates showed similar absorbance patterns across time-step 
intervals, one isolate was selected to represent a group with 
similar patterns.

After incubation in an additional MT2 MicroPlate, 
with MC–LR as the sole carbon source, the 10 isolates were 
tested to confirm biodegradation through ELISA analysis. 
Isolates were analyzed in seven replicate wells—with E. coli 
and a strain of S. rhizophila serving as negative and positive 
controls, respectively—and incubated at 28 °C, then read 
spectrophotometrically at regular intervals for up to 96 hours 
after inoculation. The microcystin concentration at 0-time, and 
8-day was analyzed by ELISA.

Sequencing for Taxonomic Identification of 
Isolates

The 10 selected isolates and 14 additional isolates 
(selected randomly to include all sampling sites) were 
taxonomically identified by 16S rRNA sequencing. Pure 
culture freezer stocks were grown in TSB at 28 °C until turbid 
(up to 2 days). After sufficient growth was achieved, 200 µL of 
each culture was extracted using a silica-based DNA isolation 
kit (Qiagen, catalog no. 69506). Using universal 16S primers 
27F and 1492R (Weisburg and others, 1991), polymerase 
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chain reaction (PCR) testing was run for each extracted 
isolate. PCR products were run on a fast gel electrophoresis 
system (Lonza, Basel, Switzerland, catalog no. 57067) to 
confirm product length. The PCR products were purified by 
using a rapid PCR purification kit (Qiagen, catalog no. 28104) 
and then sent to a laboratory for Sanger sequencing (Sanger 
and others, 1980) (GENEWIZ, South Plainfield, N.J.). The 
returned sequences were run through the Ribosomal Database 
Project (Wang and others, 2007) to determine isolate genus 
(and possible species) identifications.

Biofilm Production Assay

The 10 selected isolates were tested for biofilm formation 
potential based on procedures described in Djordjevic and 
others (2002) and Merritt and others (2005). Pure culture 
freezer stocks were grown overnight in TSB for 24 hours at 
28 °C. Pseudomonas aeruginosa 10145 was used as a positive 
control, and 10-percent TSB was used as a negative control. A 
diluted culture was prepared (100 µL of culture with 9.9 mL 
of 10-percent TSB), and 200 mL was added into 8 replicate 
wells of a 96-well plate. The initial absorbance (optical density 
of 595 nanometers [OD595]) of each well was recorded, and 
the plate was incubated for 48 hours at 28 °C. The 48-hours 
OD595 of each well was read, media and planktonic cells 
were removed by gentle pipetting, and the wells were dried 
for 45 minutes. After the wells were dry, the attached biofilm 
cells were stained with 250 µL of 1-percent crystal violet for 
20 minutes. After excess crystal violet was removed and the 
wells were washed three times with sterile deionized water, 
the plate was air dried. After 24 hours, the dye was solubilized 
with 250 µL of 95-percent ethanol; the contents were 
transferred to a new microtiter plate; and the OD595 of crystal 
violet remaining in each well was read. The mean absorbance 
of eight wells was calculated. To quantify potential biofilm 
production for each isolate, the mean destained absorbance of 
the isolate was subtracted from the mean destained absorbance 
of the 10-percent TSB negative control.

Data Management and Statistical Analysis

Raw data reported herein and used for statistical analysis 
are available in the USGS data release by Francy and Cicale 
(2024). Spearman’s correlation coefficient was used to assess 

the relation between the destained absorbance and the 48-hour 
growth absorbance in biofilm tests. Statistical comparisons 
among different isolates for biofilm formation were made 
by using notched boxplots. Notched boxplots are useful for 
comparing medians among multiple groups (Chambers and 
others, 1983; McGill and others, 1978). If the notches for two 
boxes do not overlap, there is strong evidence (approximately 
95-percent confidence) that the medians differ.

Results

Microcystin Degradation in Microcosms With 
Samples From Drinking-Water-Plant Source 
Waters and Sand/Anthracite Filters

Concentrations of microcystins in samples collected from 
source waters and the water or solid medium from sand filters 
ranged from less than 0.3 to 5.5 µg/L (table 1). Results from 
three microcosm experiments showed at least a 60-percent 
reduction of microcystin by 14 days (fig. 2A through C); the 
percentages of microcystin remaining in Inland 1 (fig. 2A) 
and Lake Erie 2 (f﻿ig. 2B) source waters showed similar 
patterns. For unfiltered source water (blue circles in fig. 2), 
microcystin degradation was nearly complete at 4 days, with 
7.0 percent and 11.3 percent remaining in the inland 1 and 
Lake Erie 2 source waters, respectively. For the 5-µm-filtered 
source waters (green squares), results indicated increases 
in microcystin concentrations at 2 or 4 days—possibly 
due to inherent method variability of ELISA—followed 
by microcystin decline and nearly complete degradation 
at 8 days for Inland 1 (12.3 percent) or 14 days for Lake 
Erie 2 (14.1 percent). In the abiotic controls, the percent of 
microcystin remaining after 14 days was 102 percent for 
Inland 1 and 70.4 percent for Lake Erie 2. Degradation was 
slower and not as complete in the Lake Erie 1 sand/anthracite 
filter medium, with 40 percent of microcystin remaining after 
14 days. There was no degradation in the background controls, 
where initial microcystin concentrations were less than 
1.0 µg/L.
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Figure 2.  Graphs showing percentage of microcystin-LR (MC–LR) remaining in microcosm flasks as determined by 
enzyme-linked immunosorbent assay in A, Inland 1 source water (sampled August 17, 2015), B, Lake Erie 2 source 
water (sampled October 6, 2015), and C, Lake Erie 2 sand/anthracite filter (sampled July 13, 2016). Blue circles indicate 
unfiltered source water with MC–LR added, green squares indicate source water or supernatant filtered through a 
5-micrometer (µm) filter with MC–LR added, red triangles indicate source water or supernatant filtered through a 
0.2-µm filter with microcystin added (abiotic control), and open squares indicate source water or supernatant filtrate 
with no microcystin added (background control). Because of low concentrations in the background control, these 
data are presented as microcystin concentrations over time instead of percent remaining. Data from Francy and 
Cicale (2024).



8  Isolation and Identification of Microcystin-Degrading Bacteria, Lake Erie Source Waters and Drinking-Water Plant Sand Filters

0

50

100

150

0

0.5

1.0

4 8 14

11.3%

0

25

50

75

100

125

0

0.2

0.4

8 14
Day

Detection limit = 0.1 microgram per liter

0 1 2 4

B. Lake Erie 2 source water

0 1 2

C. Lake Erie 2 sand/anthracite filter 

EXPLANATION

MC-LR, unfiltered source water flask

MC-LR, 5-µm-filtered source water flask

MC-LR, 0.2-µm-filtered source water (abiotic control) flask

Background control flask

40%

14.1%

70.4%

M
ic

ro
cy

st
in

, i
n 

m
ic

ro
gr

am
s 

pe
r l

ite
r

Pe
rc

en
t o

f m
ic

ro
cy

st
in

-L
R 

re
m

ai
ni

ng
 

M
ic

ro
cy

st
in

, i
n 

m
ic

ro
gr

am
s 

pe
r l

ite
r

Pe
rc

en
t o

f m
ic

ro
cy

st
in

-L
R 

re
m

ai
ni

ng

Figure 2.—Continued



Results  9

Isolation and Identification of Potential 
Microcystin Biodegraders

From the microcosm experiments, 97 colonies were 
selected, isolated, and frozen (app. 1, table 1.1). Of those 
isolates, 11 were unable to grow on either LB or TSB and 
therefore were not further tested. Eighty-six isolates were 
screened for the presence of the mlrA gene. The mlrA gene 
was not detected in any of the isolates tested, and no matrix 
inhibition was found.

Sixty-seven isolates were successfully enriched with or 
without MC–LR and screened for MC–LR biodegradation 
potential on MT2 microplates, with MC–LR as the only 
carbon source. TSB and half-strength TSB with 5-µg/L 
MC–LR enrichment medium resulted in the highest peak 
absorbance for 31 and 36 isolates, respectively (app. 1, 
table 1.1). The time to reach peak absorbance (representing 
MC–LR degradation) varied by isolate and ranged from 1 
to 96 hours. Isolate peak absorbance values ranged from 
0.024 absorbance units (AU) at 6 hours for a Lake Erie 2 
isolate (LE2.d) to 1.0176 AU at 24 hours for a Lake Erie 1 
filter isolate (LE1F.r) (app. 1, table 1.1). Peak absorbance 
values for the E. coli negative control were 0 AU for E. coli 
enriched on TSB with 5 µg/L MC–LR and 0.060 AU for 
E. coli enriched on TSB alone. Absorbance values less than or 
equal to 0.060 AU for isolates grown on TSB alone, therefore, 

are unlikely to indicate any biodegradation potential (these 
values are indicated in app. 1, table 1.1). The average peak 
absorbance for all 67 isolates was 0.146 AU.

Ten isolates with high peak absorbance values (greater 
than 0.1 AU) in the MC–LR MT2 microplate screening were 
selected for biofilm testing and sequencing; these isolates 
were considered “promising” microcystin biodegraders in 
that they were capable of respiration when exogenous sources 
of carbon were limited to MC–LR (table 3). The promising 
isolates were from both the Inland and Lake Erie sites; seven 
isolates were from source waters, and three were from the 
water or solid medium from sand/anthracite filters. Isolates 
exhibited different rates and patterns of growth, indicating 
different rates of MC–LR degradation (fig. 3). Of the three 
isolates from a Lake Erie plant sand/anthracite filter (fig. 3A), 
two had similar growth patterns and showed peak absorbance 
values at 96 hours (LE1f.h and LE3F.g), and one showed the 
highest peak of any isolate at 24 hours (LE1F.r). The four 
isolates from Inland 1 had different growth patterns (fig. 3B), 
and absorbance values peaked at 96 hours for three isolates 
and 48 hours for one isolate (Inland1.b). The isolate Inland1.n 
had a similar growth pattern to that of the positive control, 
S. rhizophila. The three remaining isolates were from different 
sites and showed different peak absorbance values at different 
time steps (fig. 3C).

Table 3.  Isolates identified as promising microcystin biodegraders, from samples collected in the Western Basin of Lake Erie, 2015–16.

[Data from Francy and Cicale (2024). Peak mean absorbance was calculated by subtracting mean absorbance of isolate growing on microcystin-LR (MC–LR) as 
the only carbon source from mean absorbance of isolate with no MC–LR added. Biofilm formation was calculated by subtracting the mean destained absorbance 
of the isolate from the mean destained absorbance of the negative control. nm, nanometer; AU, absorbance units; d, day; TSB, tryptic soy broth; @, at; h, hour; 
µg/L, microgram per liter]

Isolate name Isolated from
Enrichment medium for  
microplate screening

Peak mean absorbance in 
microplate screening at 590 

nm (AU) ± standard error

Biofilm 
formation

Identification (Genus/species)

Inland1.b Water, flask A, 4 d TSB 0.104±0.026 (@48h) 0.06 Acidovorax temperans
Inland1.d Water, flask A, 4 d TSB 0.243±0.035 (@96h) 0.76 Acidovorax facilis
Inland1.n Water, flask B, 8 d TSB 0.230±0.009 (@96h) 0.12 Pseudomonas mandelii
Inland1.s Water, flask B, 8 d TSB 0.319±0.0133 (@96h) −0.01 Pseudomonas alcaligenes
LE3F.g Sand/anthracite 

filter, flask B, 8 d
0.5 × TSB + 5 µg/L 

MC–LR
0.258±0.014 (@96h) 0.05 Pseudomonas mandelli

LE1F.h Water surface of 
filter, flask A, 4 d

0.5 × TSB + 5 µg/L 
MC–LR

0.310±0.034 (@96h) 0.02 Pseudomonas otitidis

LE1F.r Water surface of 
filter, flask B, 8 d

0.5 × TSB + 5 µg/L 
MC–LR

1.02±0.009 (@24h) 1.14 Chryseobacterium jejuense

LE1.k Water, flask B, 8 d TSB 0.218±0.059 (@96h) 0.02 Aeromonas veronii
LE2.r Water, flask B, 8 d TSB 0.323±0.108 (@24h) 0.69 Pseudomonas vancouverensis
Inland2.g Water, flask B, 8 d TSB 0.269±0.017 (@55h) 0.62 Acinetobacter johnsonii
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Figure 3.  Spectrophotometric time series of 10 isolates cultured with microcystin-LR (MC–LR) as the sole source 
of exogenous carbon in MT2 microplates: A, isolates from sand/anthracite filters from Lake Erie enriched with 
5 micrograms per liter (µg/L) MC–LR and 0.5× tryptic soy broth (TSB); B, isolates from Inland 1 source waters enriched 
with TSB; and C, isolates from other Lake Erie and Inland 2 source water sites enriched with TSB. Absorbance 
at 590 nanometers from wells with MC–LR as the only carbon source was subtracted from wells without MC–LR. 
Bars indicate ± the standard error of the mean of three replicate wells. Stenotrophomonas rhizophila is the positive 
control (+), and Escherichia coli is the negative control (−). Data from Francy and Cicale (2024).
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Figure 3.—Continued

The 10 promising isolates and 14 additional isolates 
(randomly selected to include all sampling sites) were 
identified by sequencing. The 24 isolates were identified as 
follows (app. 1, table 1.1): 8 Pseudomonas spp., 4 Aeromonas 
veronii, 3 Acidovorax spp., 3 Acinetobacter johnsonii, 
2 Comamonas spp., 1 Ensifer adhaerens, 1 Chryseobacterium 
jejuense, 1 Variovorax spp., and 1 Pimelobacter simplex. 
The 10 selected isolates included isolates identified as 
Pseudomonas spp., Aeromonas veronii, Acidovorax spp., 
Acinetobacteria johnsonii, and Chryseobacterium jejuense 
(table 3).

The 10 promising isolates were screened in a second 
MT2 microplate spiked with 5 µg/L of MC–LR as the only 
carbon source for confirmation of degradation. Concentrations 
of MC–LR were analyzed by ELISA at the beginning and at 
the end of the 8-day incubation period (fig. 4). Microcystin 
concentration decreased for the positive control, S. rhizophila, 
from 4.80 to 2.53 µg/L, and the microcystin concentration of 
the negative control, E. coli, decreased from 3.51 to 2.13 µg/L 
(fig. 4A). Initial microcystin concentrations of isolate wells 
ranged from 3.00 to less than 5.09 µg/L. Final concentrations 
of isolate wells ranged from 2.13 to 4.62 µg/L (fig. 4A). The 
positive control and two isolates (LE2.r, Inland1.d) had less 
than 60 percent of their initial concentrations of MC–LR 
remaining at the end of the 8-day incubation period (fig. 4B).

Biofilm Formation Potential

The 10 promising isolates were screened for biofilm 
formation in 8 replicate wells of a 96-well plate. For 
this procedure, after 48-hour growth (“48-hour growth 
absorbance”), planktonic cells were removed, and the 
remaining biofilms were stained, washed, and destained 
(“destained absorbance”). No significant correlation was 
found between the destained absorbance and 48-hour growth 
absorbance (rho=0.18, p-value=0.5567, data not shown); the 
lack of statistical correlation indicates that biofilm formation 
was independent of cell growth. Biofilm production was 
quantified by subtracting the mean destained absorbance of 
the isolate from the mean destained absorbance of the negative 
control (table 3). Higher biofilm production is associated with 
higher destained absorbance values. Five isolates (Inland1.n, 
LE2.r, Inland2.g, Inland1.d, and LE1F.r) showed potential for 
biofilm production in that the median destained absorbance 
in replicate wells was significantly greater than the median 
destained absorbance of the 10-percent TSB negative control 
(fig. 5); however, for Inland1.n, the difference was not as 
large as for the other isolates. Because planktonic cells were 
removed before staining/destaining, the positive values for the 
five isolates demonstrate the potential for biofilm production 
and represent cells that remained attached to the bottom of the 
plate that are likely biofilm producers.
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in isolate wells after 8-day incubation. E. coli; Escherichia coli, E. coli; S. rhizophila, 
Stenotrophomonas rhizophila. Data from Francy and Cicale (2024).
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Figure 5.  Graph showing potential biofilm production of 10 isolates from Lake Erie source waters, Lake Erie sand/anthracite 
filters, and inland lake source waters. To quantify potential biofilm production for each isolate, the mean destained absorbance of 
the isolate was subtracted from the mean destained absorbance of the negative control. Absorbance was read at 595 nanometers 
in microtiter plates. Notches of the boxplots indicate a 95-percent confidence interval from the median. P. aeruginosa, 
Pseudomonas aeruginosa. Data from Francy and Cicale (2024).
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Discussion
The results of this study provide insights into the 

potential of microorganisms in source waters and sand/
anthracite filters from drinking-water plants in the Western 
Basin of Lake Erie to degrade microcystin, produce biofilms, 
and possess the mlrA gene (found by other researchers to 
encode for the protein responsible for cleaving the cyclic 
structure of microcystin [Bourne and others, 2001]). The 
isolation of potential microcystin-degrading bacteria and their 
identification by gene sequencing are also reported.

Seven microcosm experiments were done to assess 
microcystin biodegradation in source water or in the water 
or filter medium from sand/anthracite filters collected at 
drinking-water plants in the Lake Erie watershed. At least a 
60-percent reduction of microcystin concentrations by 14 days 
occurred in microcosms derived from three different Lake 
Erie-area sources—water from a storage reservoir supplied 
by an inland stream, Lake Erie water, and solid medium from 
a sand/anthracite filter. Edwards and others (2008) found that 
microcystins were degraded by microorganisms in a variety of 
river and lake waters, and the potential to degrade microcystin 
was not dependent on prior exposure to the toxin.

Eighty-six isolates from six of the seven microcosm 
experiments were screened for the presence of the mlrA gene. 
The mlrA gene was not detected in any of the isolates tested, 
and laboratory controls indicate that the lack of detection 
was not due to matrix inhibition. Similarly, Thees and others 
(2019) did not find the mlrABCD cluster degradation genes 
in 13 Lake Erie isolates tested. The mlrA gene had previously 
been identified in microcystin biodegraders from Australian 
waters (Hoefel and others, 2009) and had been found 
elsewhere in the world (Jimbo and others, 2010; Li and others, 
2011; Lezcano and others, 2016). As suggested in a study by 
Mou and others (2013), two possible reasons why mlrA was 
not found in this study are that (1) the primer-and-probe set 
was developed by using Sphingomonas and Sphingopyxis 
species and therefore may be inefficient against other taxa 
that contain the mlr pathway and (2) the bacterial taxa that 
degraded microcystin in this study may contain alternate genes 
or pathways for degradation. Edwards and others (2008) found 
novel biodegradation intermediates in a study of Scottish 
waters, and such findings indicate that a broad selection of 
microorganisms and (or) variety of enzymatic pathways are 
capable of degrading microcystin. Dziga and others (2017) 
identified several MC–LR biodegradation products formed by 
naturally occurring biodegrading bacteria in rivers and lakes 
in Poland. In the Western Basin of Lake Erie, more work is 
needed to identify specific degradation pathways and cellular 
mechanisms involved with MC–LR.

A high-throughput method in a microplate format with 
MC–LR as the only carbon source was used to identify 
potential microcystin biodegraders. Some isolates degraded 
MC–LR better when initially enriched with MC–LR, whereas 
others did not. The E. coli negative control produced some 
absorbance after enrichment with TSB. This may have been 

from catabolism or residual TSB, which would still produce 
oxidation. Ten isolates that showed absorbance values at 
590 nanometers that were greater than 0.1 AU (a threshold 
indicating growth using MC–LR as a sole carbon source) 
were identified as “promising” microcystin biodegraders and 
selected for further testing.

The analysis of microcystin concentration from the 
second MT2 microplate experiment with MC–LR as the only 
carbon source shows two isolates, Inland1.d and LE2.r, have 
the potential for degradation of microcystin compared with 
the positive control. The percent of microcystin remaining 
in the Inland1.d MT2 microplate wells was 55.9 percent, 
51.8 percent in LE2.r wells, and 52.7 percent in the positive 
control wells. The final concentration of microcystin in the 
positive control was less than the negative control, with 
60.7 percent of microcystin remaining. The decrease in the 
negative control could be due to the natural degradation of the 
MC–LR over the 8-day incubation period and the variability 
of concentration by the ELISA method. The other isolates did 
not show a substantial difference from the final concentration 
of the E. coli negative control, with greater than 76 percent 
of microcystin remaining, although the concentration 
decreased over the 8-day incubation. The variability inherent 
in the ELISA method and in the S. rhizophila positive 
control and E. coli negative control limits the interpretation 
of the assay. Given the limitations of the ELISA method, 
MT2 microplate experiments could be confirmed with 
high-performance liquid chromatography to determine exact 
microcystin concentrations.

In the current study, 4 of the 10 promising isolates 
showed substantial potential for biofilm formation 
when compared to the negative control. Assemblages of 
biodegrading bacteria in biofilms offer advantages over the 
use of free cells to remove pollutants, such as microcystin 
(Li and others, 2017). Biofilms protect cells from predators 
and offer a stable, nutrient-rich environment for growth and 
replication. Given the importance of biofilms, biological 
filtration has been suggested as the best way to implement 
biodegradation of cyanobacterial toxins (Ho and others, 2012). 
In a pilot-scale field study, Grützmacher and others (2002) 
showed that slow sand filtration was an effective method for 
biodegradation of dissolved and cell-bound microcystins. 
Biodegradation of microcystins by sand filtration was first 
demonstrated in laboratory column studies by Ho and 
others (2006), in which the time required for a biofilm to 
be established and microcystin degradation to commence 
was less than 4 days. A microcystin-degrading bacterium 
was isolated from an anthracite biofilter from Lake Mead, 
Arizona and Nevada, and investigators determined that 
biodegradation ability was affected by other types of organic 
matter and toxin concentrations in the influent water (Eleuterio 
and Batista, 2010). Jimbo and others (2010) confirmed that 
microcystin-degrading bacteria were present in the biofilm of 
a biological treatment facility in Japan.
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Twenty-four isolates, including the 10 promising 
microcystin-biodegrading isolates, were identified to the 
genus or species level by rRNA sequencing (app. 1, table 1.1). 
The 24 isolates showed potential to grow on MC–LR as the 
sole carbon source in microplates. They were identified as 
follows: 15 isolates were γ-proteobacteria (Pseudomonas, 
Aeromonas, and Acinetobacter), 6 isolates were 
β-proteobacteria (Acidovorax, Comamonas, and Variovorax), 
1 isolate was an α-proteobacterium (Ensifer adhaerens), 
1 isolate was a flavobacterium in the phylum Bacteroidetes 
(Chryseobacterium), and 1 isolate was in the phylum 
Actinobacteria (Pimelobacter). In another Lake Erie study 
(Thees and others, 2019), investigators identified potential 
microcystin biodegraders from 12 different families; in 
common with the current study were the genera Pseudomonas 
and Acinetobacter. Mou and others (2013) identified a diverse 
array of bacterial phyla in Lake Erie waters that showed 
changes in the RNA transcription profile of the microcosms 
with microcystin as compared to the negative controls; isolates 
with this response to microcystin included the Bacteroidetes, 
Actinobacteria, and the Proteobacteria classes found in the 
current study.

Over half of the 24 isolates in the study (including 7 of 
the 10 promising isolates) were in the class γ-proteobacteria 
in the genera Pseudomonas, Aeromonas, and Acinetobacter. 
The γ-proteobacteria include the fecal indicator E. coli, 
pathogens such as Salmonella and Vibrio, and nonpathogenic 
or opportunistic bacteria found in soil and water with a 
wide range of metabolic capabilities. Other researchers have 
identified these three genera of γ-proteobacteria as microcystin 
degraders; examples include Pseudomonas aeruginosa from a 
lake in Japan (Takenaka and Watanabe, 1997), Aeromonas sp. 
from a reservoir in central Poland (Mankiewicz-Boczek and 
others, 2015), and Acinetobacter sp. from Lake Tai Hu, China 
(Li and others, 2016). Another γ-proteobacteria, Morganella 
morganii, capable of degrading MC–LR, was isolated from 
a biofilter in Lake Mead, Arizona and Nevada. In addition, a 
microcystin-degrading Pseudomonas sp. was found in water 
collected from Lake Mead (Eleuterio and Batista, 2010).

Five potential microcystin biodegraders (Acidovorax, 
Comamonas, and Variovorax) identified in the present study 
were in the class β-proteobacteria, with 2 of the 10 promising 
isolates identified as Acidovorax. To our knowledge, this is 
the first report of Acidovorax, Comamonas, and Variovorax 
as potential microcystin biodegraders. The Comamonas and 
Variovorax isolates, however, had low absorbance values and 
thus lower biodegradation potential (less than 0.1 AU) and so 
were not among the 10 promising isolates screened for biofilm 
formation potential. In other studies, β-proteobacteria in the 
Burkholderiales order have been identified as microcystin 
biodegraders including a Burkholderia sp. from a coastal 
lagoon in Brazil (Lemes and others, 2008) and Ralstonia 
solanacearum from Lake Dian Chi, China (Zhang and 
others, 2011).

In the current study, only one isolate was identified 
in the α-proteobacteria class (Ensifer adhaerens), with an 
absorbance value in MT2 microplates of just over 0.1 AU. 
The Sphingomonadaceae, a family in the α-proteobacteria 
class, were cited as the group of bacteria most frequently 
identified to date as microcystin biodegraders (Gągała 
and Mankiewicz-Boczek, 2012); however, in the present 
study, no Sphingomonadaceae were found among the 
biodegraders. A Sphingomonas sp. was isolated from 
an Australian river and identified as the first bacterium 
capable of degrading microcystin (Jones and others, 1994). 
Microcystin-biodegrading Sphingomonas spp. were later 
isolated in waters in Japan (Park and others, 2001), Argentina 
(Amé and others, 2006), and New Zealand (Somdee and 
others, 2013).

One isolate was identified as an Actinobacteria 
(Pimelobacter), with an absorbance value (0.079 AU) only 
slightly greater than that of the negative control (0.060 AU). 
Manage and others (2009) isolated several different 
Actinobacteria genera (Arthrobacter, Brevibacterium, and 
Rhodococcus) from surface waters in Scotland, the first report 
of microcystin degraders not belonging to the Proteobacteria 
phylum. From Lake Okeechobee, Florida, Ramani and others 
(2012) identified two bacterial isolates that degraded MC–LR, 
one of which was an Actinobacteria (Microbacterium sp.).

One notable isolate was a flavobacterium in the 
phylum Bacteroidetes (Chryseobacterium jejuense). This 
isolate showed the highest absorbance of any isolate tested 
(1.02 AU). To our knowledge, this is the first Bacteroidetes 
to be identified specifically as a microcystin biodegrader. 
Although Wu and others (2013) isolated a novel species of 
Chryseobacterium, with the proposed name Chryseobacterium 
tailhuense, from decomposing algal mats in Lake Tai Hu, 
China, the strain’s microcysin-biodegrading properties were 
not investigated.

Summary
Microcystin-biodegradation potential was indicated in 

microorganisms found in Lake Erie waters and in water or 
solid medium from sand filters in drinking-water treatment 
plants in the Western Basin of Lake Erie. The mlrA gene, 
which encodes for the enzyme responsible for cleaving 
the cyclic structure of microcystin, was not detected in 
any of the isolates tested. Four of the 10 most promising 
microcystin-biodegrading isolates showed substantial 
potential biofilm formation, a necessary component for 
implementing biodegradation as a control strategy in 
drinking-water plants. The Lake Erie isolates were identified 
mainly as proteobacteria, along with one isolate each from 
the phyla Actinobacteria and Bacteroidetes. In Lake Erie 
source waters, more work would need to be done to identify 
microcystin-biodegradation pathways and products and to 
confirm biodegradation rates in pure culture isolates.
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Table 1.1.  Isolates from microcosm experiments, test results, and 10 promising microcystin biodegraders from samples collected in 
the Western Basin of Lake Erie, 2015–16.

[Data from Francy and Cicale (2024). Sequencing score represents the quality of the identification of the nucleobases generated by automated DNA sequencing. 
Rows for promising microcystin biodegraders are shaded in green as an additional visual aid. nm, nanometer; AU, absorbance units; ND, not detected; --, not 
determined; TSB, tryptic soy broth; µg/L, microgram per liter; MC–LR, microcystin-LR; E. coli, Escherichia coli; S. rhizophila, Stenotrophomonas rhizophila]

Isolate name

Test results

Promising 
microcystin 

biodegrader?

Presence/
absence of 
mlrA gene

Enrichment 
medium for 
microplate 
screening

Peak 
absorbance 

in microplate 
screening 

(hours)

Peak absorbance 
in microplate 

screening at 590 
nm (AU) ± standard 

error

Presumptive 
identification from 

sequencinga

Sequencing 
score

Inland 1.a ND -- -- -- -- -- No
Inland1.b ND TSB 48 0.1038 ± 0.0260 Acidovorax  

temperans
1.000 Yes

inland1.c --a -- -- -- -- -- No
Inland1.d ND TSB 96 0.2426 ± 0.0347 Acidovorax facilis 0.992 Yes
Inland1.e --a -- -- -- -- -- No
Inland1.f ND -- -- -- -- -- No
Inland1.g --a -- -- -- -- -- No
Inland1.h ND 0.5 × TSB; 5 

µg/L MC–
LR

72 0.0631 ± 0.0221 -- -- No

Inland1.i ND -- -- -- -- 0.953 No
Inland1.j --a -- -- -- -- -- No
Inland1.k ND -- -- -- -- -- No
Inland1.l ND -- -- -- -- -- No
Inland1.m ND -- -- -- -- -- No
Inland1.n ND TSB 96 0.2296 ± 0.0089 Pseudomonas  

mandelii
0.377 Yes

Inland1.o ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.1193 ± 0.0010 Aeromonas veronii 0.994 No

Inland1.p ND -- -- -- -- -- No
Inland1.q --a -- -- -- -- -- No
Inland1.r ND -- -- -- -- -- No
Inland1.s ND TSB 96 0.319 ± 0.0133 Pseudomonas  

alcaligenes
1.000 Yes

Inland1.t ND -- -- -- -- -- No
LE1.a ND 0.5 × TSB; 5 

µg/L MC–
LR

72 0.0546 ± 0.0101 -- -- No

LE1.b ND TSB 96 0.0886 ± 0.0273 Pseudomonas sp. -- No
LE1.c ND 0.5 × TSB; 5 

µg/L MC–
LR

96 0.0767 ± 0.0192 Comamonas spp. 0.990 No

LE1.d ND 0.5 × TSB; 5 
µg/L MC–
LR

96 0.2003 ± 0.0263 Aeromonas veronii 0.996 No
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Table 1.1.  Isolates from microcosm experiments, test results, and 10 promising microcystin biodegraders from samples collected in 
the Western Basin of Lake Erie, 2015–16.—Continued

[Data from Francy and Cicale (2024). Sequencing score represents the quality of the identification of the nucleobases generated by automated DNA sequencing. 
Rows for promising microcystin biodegraders are shaded in green as an additional visual aid. nm, nanometer; AU, absorbance units; ND, not detected; --, not 
determined; TSB, tryptic soy broth; µg/L, microgram per liter; MC–LR, microcystin-LR; E. coli, Escherichia coli; S. rhizophila, Stenotrophomonas rhizophila]

Isolate name

Test results

Promising 
microcystin 

biodegrader?

Presence/
absence of 
mlrA gene

Enrichment 
medium for 
microplate 
screening

Peak 
absorbance 

in microplate 
screening 

(hours)

Peak absorbance 
in microplate 

screening at 590 
nm (AU) ± standard 

error

Presumptive 
identification from 

sequencinga

Sequencing 
score

LE1.e ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.186 ± 0.0289 -- -- No

LE1.f ND 0.5 × TSB; 5 
µg/L MC–
LR

72 0.1646 ± 0.0176 -- -- No

LE1.g ND TSB 48 0.1226 ± 0.0159 -- -- No
LE1.h ND TSB 24 0.0933 ± 0.0100 -- -- No
LE1.i ND TSB 52 0.0323 ± 0.0092b -- -- No
LE1.J ND TSB 0 0.0273 ± 0.0041b -- -- No
LE1.k ND TSB 96 0.2181 ± 0.0592 Aeromonas veronii 0.999 Yes
LE1.l --a -- -- -- -- -- No
LE1.m ND TSB 4 0.0538 ± 0.0136b -- 0.983 No
LE1.n --a -- -- -- -- -- No
LE1.o ND 0.5 × TSB; 5 

µg/L MC–
LR

72 0.086 ± 0.0104 Aeromonas veronii 0.990 No

LE1.p ND TSB 4 0.0296 ± 0.0148b -- -- No
LE1.q ND 0.5 × TSB; 5 

µg/L MC–
LR

72 0.101 ± 0.0049 -- -- No

LE1.r --a -- -- -- -- -- No
LE1.s ND TSB 24 0.038 ± 0.0132b -- -- No
LE1.t --a -- -- -- -- -- No
LE1F.a ND TSB 55 0.048 ± 0.0023b -- 0.997 No
LE1F.b ND TSB 6 0.0383 ± 0.0064 b -- -- No
LE1F.c ND 0.5 × TSB; 5 

µg/L MC–
LR

48 0.1533 ± 0.0557 -- -- No

LE1F.d ND TSB 55 0.1163 ± 0.0315 -- -- No
LE1F.e ND TSB 24 0.2266 ± 0.0045 Pseudomonas sp. -- No
LE1F.f ND TSB 72 0.1923 ± 0.0456 -- -- No
LE1F.g ND 0.5 × TSB; 5 

µg/L MC–
LR

24 0.1006 ± 0.0280 Ensifer adhaerens 0.943 No

LE1F.h ND 0.5 × TSB; 5 
µg/L MC–
LR

96 0.31 ± 0.0344 Pseudomonas 
otitidis

0.999 Yes

LE1F.i ND TSB 8 0.0335 ± 0.0167b -- -- No
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Table 1.1.  Isolates from microcosm experiments, test results, and 10 promising microcystin biodegraders from samples collected in 
the Western Basin of Lake Erie, 2015–16.—Continued

[Data from Francy and Cicale (2024). Sequencing score represents the quality of the identification of the nucleobases generated by automated DNA sequencing. 
Rows for promising microcystin biodegraders are shaded in green as an additional visual aid. nm, nanometer; AU, absorbance units; ND, not detected; --, not 
determined; TSB, tryptic soy broth; µg/L, microgram per liter; MC–LR, microcystin-LR; E. coli, Escherichia coli; S. rhizophila, Stenotrophomonas rhizophila]

Isolate name

Test results

Promising 
microcystin 

biodegrader?

Presence/
absence of 
mlrA gene

Enrichment 
medium for 
microplate 
screening

Peak 
absorbance 

in microplate 
screening 

(hours)

Peak absorbance 
in microplate 

screening at 590 
nm (AU) ± standard 

error

Presumptive 
identification from 

sequencinga

Sequencing 
score

LE1F.j ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.0696 ± 0.0108 -- -- No

LE1F.k ND -- -- -- -- -- No
LE1F.l ND TSB 48 0.0473 ± 0.0116b -- -- No
LE1F.m ND -- -- -- -- -- No
LE1F.n ND 0.5 × TSB; 5 

µg/L MC–
LR

24 0.1666 ± 0.0293 -- -- No

LE1F.o ND -- -- -- -- No
LE1F.p --a -- -- -- -- No
LE1F.q ND -- -- -- -- No
LE1F.r ND 0.5 × TSB; 5 

µg/L MC–
LR

24 1.0176 ± 0.0087 Chryseobacterium 
jejuense

0.951 Yes

LE1F.s ND -- -- -- -- -- No
LE1F.t ND TSB 0 0.2556 ± 0.1265 Pseudomonas  

alcaligenes
0.945 No

LE2.a ND 0.5 × TSB; 5 
µg/L MC–
LR

24 0.2538 ± 0.0739 -- -- No

LE2.b ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.1501 ± 0.0386 -- -- No

LE2.c ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.065 ± 0.0300 -- -- No

LE2.d ND 0.5 × TSB; 5 
µg/L MC–
LR

6 0.0240 ± 0.0032 Comamonas sp. 0.993 No

LE2.e ND TSB 48 0.0696 ± 0.0134 -- -- No
LE2.f ND -- -- -- -- -- No
LE2.g ND 0.5 × TSB; 5 

µg/L MC–
LR

72 0.118 ± 0.0127 -- -- No

LE2.h ND TSB 24 0.0938 ± 0.0253 -- -- No
LE2.i ND TSB 48 0.0676 ± 0.0144 -- -- No
LE2.j --a -- -- -- -- -- No
LE2.k ND TSB 24 0.094 ± 0.0238 Variovorax sp. -- No
LE2.l ND -- -- -- -- -- No
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Table 1.1.  Isolates from microcosm experiments, test results, and 10 promising microcystin biodegraders from samples collected in 
the Western Basin of Lake Erie, 2015–16.—Continued

[Data from Francy and Cicale (2024). Sequencing score represents the quality of the identification of the nucleobases generated by automated DNA sequencing. 
Rows for promising microcystin biodegraders are shaded in green as an additional visual aid. nm, nanometer; AU, absorbance units; ND, not detected; --, not 
determined; TSB, tryptic soy broth; µg/L, microgram per liter; MC–LR, microcystin-LR; E. coli, Escherichia coli; S. rhizophila, Stenotrophomonas rhizophila]

Isolate name

Test results

Promising 
microcystin 

biodegrader?

Presence/
absence of 
mlrA gene

Enrichment 
medium for 
microplate 
screening

Peak 
absorbance 

in microplate 
screening 

(hours)

Peak absorbance 
in microplate 

screening at 590 
nm (AU) ± standard 

error

Presumptive 
identification from 

sequencinga

Sequencing 
score

LE2.m ND -- -- -- -- -- No
LE2.n ND 0.5 × TSB; 5 

µg/L MC–
LR

96 0.1161 ± 0.0400 -- -- No

LE2.o ND -- -- -- -- -- No
LE2.p ND TSB 72 0.0874 ± 0.0437 -- -- No
LE2.q ND 0.5 × TSB; 5 

µg/L MC–
LR

96 0.2026 ± 0.0075 -- -- No

LE2.r ND TSB 24 0.3234 ± 0.1077 Pseudomonas  
vancourerensis

0.996 Yes

LE2.s ND -- -- -- -- -- No
LE2.t ND TSB 24 0.0793 ± 0.0222 Pimelobacter 

simplex
0.995 No

Inland2.a ND 0.5 × TSB; 5 
µg/L MC–
LR

24 0.299 ± 0.0153 -- -- No

Inland2.b ND 0.5 × TSB; 5 
µg/L MC–
LR

72 0.0533 ± 0.0142 -- -- No

Inland2.c ND TSB 24 0.0646 ± 0.0163b -- -- No
Inland2.d ND TSB 55 0.0736 ± 0.0093 -- No
Inland2.e ND 0.5 × TSB; 5 

µg/L MC–
LR

1 0.0506 ± 0.0060 Acinetobacter 
johnsonii

0.951 No

Inland2.f ND 0.5 × TSB; 5 
µg/L MC–
LR

72 0.127 ± 0.0032 Acinetobacter 
johnsonii

0.955 No

Inland2.g ND TSB 55 0.2686 ± 0.0167 Acinetobacter 
johnsonii

0.997 Yes

LE3F.a ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.2863 ± 0.0237 -- -- No

LE3F.b ND 0.5 × TSB; 5 
µg/L MC–
LR

96 0.0325 ± 0.0162 -- -- No

LE3F.c ND 0.5 × TSB; 5 
µg/L MC–
LR

72 0.1446 ± 0.0315 -- -- No

LE3F.d ND 0.5 × TSB; 5 
µg/L MC–
LR

96 0.0906 ± 0.0276 -- -- No
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Table 1.1.  Isolates from microcosm experiments, test results, and 10 promising microcystin biodegraders from samples collected in 
the Western Basin of Lake Erie, 2015–16.—Continued

[Data from Francy and Cicale (2024). Sequencing score represents the quality of the identification of the nucleobases generated by automated DNA sequencing. 
Rows for promising microcystin biodegraders are shaded in green as an additional visual aid. nm, nanometer; AU, absorbance units; ND, not detected; --, not 
determined; TSB, tryptic soy broth; µg/L, microgram per liter; MC–LR, microcystin-LR; E. coli, Escherichia coli; S. rhizophila, Stenotrophomonas rhizophila]

Isolate name

Test results

Promising 
microcystin 

biodegrader?

Presence/
absence of 
mlrA gene

Enrichment 
medium for 
microplate 
screening

Peak 
absorbance 

in microplate 
screening 

(hours)

Peak absorbance 
in microplate 

screening at 590 
nm (AU) ± standard 

error

Presumptive 
identification from 

sequencinga

Sequencing 
score

LE3F.e ND 0.5 × TSB; 5 
µg/L MC–
LR

72 0.1373 ± 0.0320 -- -- No

LE3F.f ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.5176 ± 0.0462 -- -- No

LE3F.g ND 0.5 × TSB; 5 
µg/L MC–
LR

96 0.2576 ± 0.0144 Pseudomonas  
mandelli

0.990 Yes

LE3F.h ND 0.5 × TSB; 5 
µg/L MC–
LR

24 0.0473 ± 0.0057 -- -- No

LE3F.i ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.0946 ± 0.0298 Acidovorax soli 0.953 No

LE3F.j ND 0.5 × TSB; 5 
µg/L MC–
LR

48 0.0826 ± 0.0215 -- -- No

E. coli (nega-
tive control)

-- TSB 72 0.060 ± 0.021 -- -- No

E. coli (nega-
tive control)

-- 0.5 × TSB; 5 
µg/L MC–
LR

96 0 -- -- No

S. rhizophila 
(positive 
control)

-- TSB 72 0.197 ± 0.021 -- -- No

S. rhizophila 
(positive 
control)

-- 0.5 × TSB; 5 
µg/L MC–
LR

96 0.183 ± 0.061 -- -- No

aIsolate did not grow in lysogeny broth or tryptic soy broth.
bPeak absorbance value less than or equal to the absorbance of 0.060 absorbance units for the Escherichia coli negative control enriched in tryptic soy broth. 

(Value is also highlighted in red.)

Table 1.2.  Standard curve information for quantitative polymerase chain reaction (qPCR) assays, 2016.

[copies/rxn, copies per reaction volume; %, percent; R2, coefficient of determination]

Assay name Dynamic range (copies/rxn)
Range of amplification 

efficiencies (%)
Range of R2 values

mlrA gene 35.9–3.59 × 107 90–98 0.994–0.997
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