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This issue is likely our most substantial yet

a Marketing and Salesforce Consultant

in terms of content volume and variety.

at T-Systems Multimedia Solutions in

This issue reflects the dedication of dozens

Dresden, Germany; and Indira Komanapalli,

of students, faculty, and collaborators who

who holds her Ph.D. in molecular biology

have been active in managing Fine Focus,

and has agreed to join our team as a

all while developing new partnerships with

fundraising specialist. During our 2 ½ day

universities in the US and Europe over the

meeting, we covered a great deal of material,

last several months. The primary visible

and identified a few key priority areas that I

outcome of much of this effort is reflected

would like to share with you here.

in the individual perspectives at the end
of this issue, written by undergraduates at
the University of Detroit Mercy, whom we
have most recently adopted as a Campus
Ambassador. The STEM outreach described
in our summer 2017 issue (Fine Focus Vol.
3(2)) is the means by which these activities
have been accomplished. This semester has
been an intense but rewarding experience
at many levels. The mini-documentary
film produced by the most recent Fine
Focus Editorial staff, captures many of these
students’ personal stories, and will soon
be available and linked to our website-

First, we would like to introduce
prospective authors to the concept of
Overleaf, a new platform that will
allow submitting authors to format their
manuscripts during submission to Fine
Focus exactly how they will appear if
published. This system is user-friendly,
and will greatly streamline copyediting
and proofing of the final manuscript after
acceptance. Our next issue will contain
additional information and instructions
on how this new system will be used by
authors.

finefocus.org. We hope you find their

Speaking of our web presence, we are in

spoken perspectives to be inspiring and

the midst of a complete website update to

memorable.

bring fresh content and a refined new look

Last autumn, Fine Focus hosted our first
annual Executive Committee Meeting at
the Virginia B. Ball Center for Creative
Inquiry (www.bsu.edu/vbc). Our Executive
Committee consists of Kyla Adamson, a
scientist at Eli Lilly & Co., in Indianapolis,
IN; Emma Kate Fittes, a journalist for the
Indianapolis Star; Saara-Maria Kallio,

to the international microbiology research
community. If this new site is not yet up
by the time you read this issue, it will be
within the next few weeks. With assistance
from Saara Kallio and Emma Kate Fittes,
we are also updating our marketing plan
to incorporate aspects of the new Campus
Ambassador Program (CAP). The CAP
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will consist of selected universities around
the world that maintain a strong emphasis
on undergraduate research. We aim for
this program to increase our submissions,
enabling us to produce a more impactful
journal as we progress. It is important to
also note that while these partners will
provide Fine Focus with submissions, they
will also serve an important role as the
extension of our global presence and will
strengthen our domestic network.
Lastly, we organized a plagiarism task
force over last fall and winter, and now
have a standardized system in place to use
for screening incoming manuscripts for
plagiarism. These checks will be run as part
of our standard vetting stage prior to each
new submission going out for double-blind
peer review.
We always welcome your suggestions and
feedback by email at finefocus@bsu.edu
-JLM
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Serving as the only African-American
in the Biology department at Ball State
University (BSU) and a consultant on the
Fine Focus – Catalyzing STEM opportunities
for undergraduates Immersive project
with University of Detroit-Mercy (UDM)
I am tasked with addressing: 1) What does
diversity mean today in STEM?; 2) How
have scientists changed how diversity is
being defined?; 3) What is the importance
of Society vs. Science vs. Individual?
Webster’s dictionary defines diversity as,
“the condition of having or being composed
of differing elements; variety; especially, the
inclusion of different types of people (such
as people of different races or cultures) in
a group or organization with the goal of
programs intended to promote diversity in
schools.” Informed by this definition, then
the goal for STEM should be to make sure
it is inclusive of all cultures and genders,
so that each group is afforded the same
benefits that come out of the research that
a commitment to diverse STEM produces.
An analogy to describe what true diversity
should look like can be depicted with a
jigsaw puzzle. The border of the puzzle
represents the typical scientist (white males);
and the object revealed in the completed
puzzle represents the other members of the
population, such as white females, males and
females from the African diaspora and males
and females from other cultures.

DIVERSITY IN STEM
Too often our classrooms in STEM and
other disciplines lack inclusive practices
with both a focus and a value for diversity.
Conversation and collaborations like the
Fine Focus and UDM project dedicated to
promoting social justice play a critical role in
improving diversity in education generally
and STEM specifically. We (myself and two
colleagues) discovered the importance of this
diversity when the BSU students trained
and immersed the UDM students in the
blind review process that a manuscript goes
through to be considered for publication
in a journal. This experience revealed an
array of comments for the article. Two
groups evaluated the article with diversity
in comments due to the diversity in
backgrounds and experiences each student
brought with them. The UDM students were
selected because of their ethnic diversity
and their variations in research in STEM, so
their comments did not match the comments
of the predominately white students from
BSU, who only shared diversity in their
socio-economic status. For example, the first
day after our first session working with the
UDM students, two students approached me
and said, “Why did your students say they
never thought about our ideas?” I replied,
“They did not because their experiences
are totally different from yours.” For me,
these excerpts reaffirmed the importance of
diversity in STEM.

FACULTY PERSPECTIVE •
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SCIENTISTS AND DIVERSITY

STEM IN SOCIETY

From my point of view many scientists,

If science is not addressing the ills of the

particularly at BSU, believe they have

diverse society then we are not preparing

diverse academic environments. Currently

the individuals in society to be scientifically

several white females have been extended

literate. Research from the Washington

opportunities to participate in research and

University Human Genome Center in St.

conversations, not previously accessible to

Louis, MO has identified the one million

women. The inclusion of female scientists

base pairs (bps) that create the human being

has paved the way for some research

regardless of your ethnicity. According to

that might not have otherwise been

this research they discovered that it is less

addressed by men. However, the voices and

than 10,000 bps distinguish humans from

perspectives of cultural groups that have

one another. However, these ten thousand

been historically marginalized in areas like

bps are crucial when it comes to science. If

STEM are still absent. The UDM program is

science only focuses on one group of people

addressing this issue through their Rebuild

in their research or just one gender, white

Detroit initiative. To train and immerse

males, then the ills of individuals from other

the UDM students in the blind review

groups will not be addressed. We cannot

process that a manuscript goes through to

assume a “one-size fits all” approach when

be considered for publication in a journal

it comes to science and until we diversify

fortifies each student to perform research on

our research, science research we will never

issues that plague their community and/or

solve the problems that are destroying

their personal lives. Because these student’s

our world on a daily basis. As a science

rationale is, “If I do not do the research, who

educator, I am committed to shaping the

will?” This is true diversity in action that

mindset of my students in my courses by

will impact the future ills of our world.

raising their awareness on how we have

The impact of this program hopefully

to cause a paradigm shift in education.

will change the look of STEM eventually,

The educational system for historically

because the partnership between the BSU

underserved and marginalized students

and UDM students are conscientiously

is currently ineffective, even though their

making an effort to make sure their diverse

schools are filled with highly qualified

student body has access to authentic research

predominately white female teachers that

experiences that effect diverse populations.

are ill prepared to work with the population
of students they serve. This flawed
system has produced a prison pipeline,
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students that are hopeless and teachers that
are leaving their classrooms after only
ten weeks, due to fear. Conversely, the
programs I have designed train the teachers
how to teach science using an inquiry
approach to underserved and marginalized
students and also train the teachers love
and respect their students. In return these
teachers receive love and respect from
their students that can do science and love
doing it with qualitative and quantitative
evidence. The biggest attribute of this
program is the diminishment of the fears
that the BSU students held at the beginning
of the semester, and the confidence and
competency they gained in teaching science,
making them change agents in the schools
and communities they will inhabit.
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The ability of a mesophilic isolate, strain CC5C, isolated
from a temperate geothermally-heated intertidal pool in
northern Iceland is described herein. Strain CC5C belongs
to the family Enterobacteriaceae with greater than 99.1%
similarity to Escherichia marmotae and Shigella dysenteriae
based upon 16S rRNA gene analysis. Strain CC5C is a
facultative anaerobe exhibiting growth between 5 and 50°C
with an optimal growth at 40°C, initial pH values between
4.0 and 9.0 with an optimum at pH 7.5. Strain CC5C,
unlike its nearest phylogenetic neighbors, degrades starch,
dulcitol, and sucrose as well as potentially cellobiose which
are uncommon features among these genera. Under aerobic
conditions the catabolism of L-rhamnose and L-fucose
revealed that the dominant product was 1,2-propanediol
while under anaerobic conditions it was a mixture of acetate
and 1,2-propanediol. The effect of increased initial substrate
concentration was investigated for glucose, L-fucose, and
L-rhamnose with inhibition apparent at concentrations
above 20 mM under both anaerobic and aerobic conditions.
Although, differences in end product formation were
observed between aerobic and anaerobic conditions for
L-rhamnose. Strain CC5C rapidly catabolizes rhamnose and
produces 1,2-PD at a rate of 3.41 mmol/h on L-rhamnose
and 2.37 mmol/h on a mixture of glucose and rhamnose
with up to 96% of the theoretical yield on L-rhamnose.

INTRODUCTION
Knowledge regarding the production of
1,2-propanediol (1,2-PD) by bacteria from
methylpentoses has been widely limited to
clinical isolates and soil bacteria with work
on organisms from extreme environments
as well as the marine ecosystems being
lacking. Geothermally-heated intertidal pools

represent unique environments that are an
interface between the marine and freshwater
environments. The tides bring a regular
influx of nutrients, with some serving as
carbon sources for multiple microbe species.
Organic material deposited in intertidal pools
can include terrestrial and marine materials,
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which provide a source of protein, lipids,
and carbohydrates to microbes existing
within the pool. Macro algae often contain
methylpentoses not commonly found in
terrestrial biomass; the methylpentoses
L-fucose and L-rhamnose composition
of a given macro algae species is highly
dependent upon the type of macro algae.
For example, green algae within the genus
of Ulva contain ulvan, which is composed
of L-rhamnose, while brown algae species,
including Laminaria, Fucus, and Ascophyllum
species, contain fucoidan, which is comprised
on L-fucose. Given the influx of macro algae
into geothermally-heated intertidal niches,
this is a logical environmental niche in which
to look for organisms degrading macro algae
components.
1,2-PD (α-propylene glycol) is a chiral threecarbon diol with two enantiomers, (R)-1,2PD and (S)-1,2-PD, although it is commonly
sold commercially as a racemic mixture.
In its pure form, 1,2-PD is clear, colorless,
and highly viscous which is also odor- and
tasteless. 1,2-PD is generally regarded as
benign and has been accepted as safe status
(GRAS). 1,2-PD has many applications and
is used in antifreeze products, disinfectants,
lubricants, artificial smoke, as a solvent, or
as a moisturizer in cosmetics, plastics, paint,
pharmaceuticals, and food products (10,
24). Commercially available rac-1,2-PD is
produced by the hydrolysis of propylene
oxide which is a product of petroleum
reformation, while enantiomerically pure
(S)-1,2-PD can be produced microbially
from L-fucose and L-rhamnose and
enantiomerically pure (R)-1,2-PD can be
produced from glucose via the methylglyoxal
bypass (24).

During methylpentose metabolism,
L-rhamnose and L-fucose are converted to
their corresponding phosphate intermediates,
fuculose-1-phosphate and rhamnulose-1phosphate, by inducible parallel pathways
each including a permease, isomerase,
kinase and aldolase, which are then
converted to dihydroxyacetone (DHAP) and
L-lactaldehyde. Under anaerobic conditions,
L-lactaldehyde is reduced to (S)-1,2-PD via
the action of propanediol oxidoreductase.
Under aerobic conditions, L-lactaldehyde
is oxidized to L-lactate via lactaldehyde
dehydrogenase and then further to pyruvate.
The methylglyoxal pathway is an offshoot
branch of glycolysis where DHAP is
converted to methylglyoxal and then
D-lactaldehyde. The end-products, depending
on oxygen conditions, are either (R)-1,2-PD
or pyruvate (2, 3).
The catabolism of sugars leading to 1,2-PD
production has been examined in several
organisms of which the methylpentose
metabolism of Escherichia coli strain K-12
was extensively studied (4, 5). Under aerobic
conditions, active lactaldehyde dehydrogenase
is induced in both fucose- and rhamnosegrown cells and a basal level expression
of inactive propanediol oxidoreductase is
observed in fucose-grown cells. This allows
for much quicker adaptation of fucosegrown cells to anaerobiosis, although final
enzymatic activities are the same. The
propanediol oxidoreductases produced by
L-rhamnose-grown cells and fucose-grown
cells are immunologically identical, which
strongly suggests that they are products of
a single gene located in the fucose locus
(fucO) and when disrupted, L-rhamnose (as
well as L-fucose) fails to induce propanediol
oxidoreductase (11).
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The role of phosphate limitation in the
regulation of the methylglyoxal pathway
and subsequent production of (R)-1,2-PD
has as well been detailed for Clostridium
sphenoides as described by (31). Conversion
of sugars, including glucose and xylose to
1,2-PD has also been reported by Salmonella
typhimurium under aerobic conditions (5)
and by the strictly anaerobic thermophilic
mutant of Thermoanerobacterium
thermosaccharolyticum strain HG-8 (2, 8).
More recently, mention of the ability of
extremely thermophilic Caldicellulosiruptor
species to catabolize L-rhamnose to 1,2-PD
has also been described (6) and found to be a
common feature in the genus (14).

producing organism from methylpentoses.
Since the ecosystem of the these intertidal
pools consists largely of methylpentoserich macro algae, serving as a renewable
carbon source, it was hypothesized that the
microbes within that ecosystem would be
able to ferment common sugars to 1,2-PD
while demonstrating a broader tolerance
to environmental stresses due to the highly
variable geophysical conditions associated
with both geothermally heated fresh water
and the tidal influx of saline water.

The aim of this study was to examine
Escherichia strain CC5C isolated from
geothermally-heated intertidal pools north
of Húsavík, north central Iceland, which
preliminary screening identified as a 1,2-PD

MATERIALS AND METHODS
MATERIALS
All reagents were acquired from SigmaAldrich unless stated otherwise. Brilliant
Green Agar (BGA), Eosin-Methylene Blue
Agar (EMB), MacConkey Agar (MAC),
Mannitol Salt Agar (MSA), Yeast extract
(YE), Reasoner’s 2A Agar (R2A), and Plate
Count Agar (PCA) were obtained from
Difco. L-fucose and fucoidan were obtained
from Dextra (Reading, UK). Azure-linked
β-glucan and xylan were obtained from
Megazyme. Nitrogen used for headspace gas
contained less than 5 ppm of oxygen. E. coli
(DSM 30083) was obtained from Deutsche

Sammlung von Mikroorganismen und
Zellkulturen (Germany).

CULTIVATION MEDIUM
Anaerobic cultivations were performed in
Basal Mineral Medium (BM) as previously
described by (21). The culture medium
consisted of (per liter): NaH2PO4 2.34 g,
Na2HPO4 3.33 g, NH4Cl 2.2 g, NaCl 3.0 g,
CaCl2 8.8 g, MgCl2 x 6H2O 0.8 g, yeast
extract 2.0 g, resazurin 1 mg, trace element
solution 1 mL, vitamin solution 1 mL and
NaHCO3 0.8 g. Carbon and energy sources
were 20 mM or in the case of polymeric
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substrates, 2 g L-1. The trace element solution
consisted of (per liter): FeCl2 x 4H2O 2.0
g, EDTA 0.5 g, CuCl2 0.03 g, H3BO3, ZnCl2,
MnCl2 x 4H2O, (NH4)6Mo7O24, AlCl3, CoCl2
x 6H2O, NiCl2, all 0.05 g, and 1 mL of
concentrated HCl. The medium was reduced
with a solution of Na2S x 9H2O, 0.3 g. The
vitamin solution was prepared according
to DSM141. Media was autoclaved for 60
minutes after which vitamins, trace elements,
and carbon sources were added through a
syringe filter (Whatman, PES 0.22 µm) from
sterile stock bottles. All experiments were
performed at 35°C at pH 7.0 with a liquidgas phase ratio of 1:1 without agitation unless
otherwise noted. Aerobic cultivations were
performed using BM medium with the
omission of sodium sulphide and cysteine
solution. The inoculum volume was 2% (v/v);
anaerobic cultures were cultivated without
shaking while those grown aerobically were
shaken at 125 rpm unless otherwise noted. All
experiments were performed in triplicate.

2.2 ISOLATION OF STRAIN CC5C
A geothermal fluid sample from a
geothermally heated intertidal pool (66°
03.451 N, 17° 21.466 W, 40.3°C, 5.7 mS) was
collected with a sampling pool in a sterile
50 mL polypropylene sample tube in an area
north of Husavik (north central), Iceland in
June, 2015. The sample was enriched using a
2% (v/v) inoculation volume in Basal Mineral
Medium (BM) that contained 0.2% (v/v)
rapeseed oil and incubated at 40°C under
aerobic conditions without shaking. The
culture was subcultured three times prior to
streaking on PCA. A single isolated colony

was selected and repurified two additional
times by streaking on PCA. The culture was
maintained on PCA and cryopreserved at
-20°C in 30% (v/v) glycerol.

2.3 STRAIN CHARACTERIZATION
AND SUBSTRATE SPECTRA
Strain CC5C was evaluated using API
20E, API 20NE, API 50CH, and API ZYM
test strips (BioMerieux, France) according
to manufacturer’s directions using E. coli
DSM 30083 as a control. Voges-Proskauer,
3% KOH string test, and peroxidase test
were performed using standard methods
(30). Oxidase activity was evaluated using
test discs (Sigma-Aldrich) according to
manufacturer’s directions. Gram staining
was performed according to (30). Oxidative
Fermentation (OF) tests were conducted
according to (30). Characteristics on selective
and differential agars (30) were performed
in accordance with the manufacturer’s
directions.
The utilization of starch, casein, and cellulose
was evaluated on PCA plates containing 2%
(w/v) of the target substrate and visualized
according to (30). Alginate utilization was
evaluated on R2A plates prepared with
the inclusion of 2% (w/v) sodium alginate
with the exclusion of starch and glucose;
visualization was performed using Gram’s
Iodine solution. Plate-based inorganic
phosphate solubilization was evaluated using
NBRIP medium according to the method
of Nautiyal (20). Chitinase degradation was
evaluated using the method of (13) except
with the omission of agar for the detection of
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chitin degradation in liquid medium. Azurelinked β-glucan and xylan (0.2% w/v) was
used to evaluate the degradation of β-glucan
and xylan by supplementing Reasoner’s 2A
agar.

bottles at pH 7 with liquid-gas phase ratio of
1:1 for all experiments.

The temperature range was determined
qualitatively by incubating streaked PCA
plates at temperatures ranging from 5 to 60°C
in 5°C increments. Growth curves were
generated by performing kinetic experiments
in triplicate using tryptic soy broth (Difco,
TSB), in microtiter plate from a stock culture
in the exponential growth phase; a 2% (v/v)
inoculation volume was used in all cases.
The increase in OD was measured using a
Bioscreen C (GrowthCurves Ltd, Finland) as
independent triplicates at each temperature
from 20 to 65°C in 5°C increments.
Maximum specific growth rate (µmax) and
generation time (g) were calculated according
to (1).

The effect of initial substrate concentration
was evaluated for three substrates (glucose,
L-rhamnose, and L-fucose) in batch cultures
from 10 to 60 mM. The cultures were
incubated at 35°C for five days under both
aerobic and anaerobic conditions. After
incubation the end products were analyzed.

pH and sodium chloride growth range and
optima were examined in TSB containing 50
mM phosphate buffer (from pH 4 to 9 in 0.5
unit increments) and sodium chloride (from
0 to 9% w/v) at the Topt of the strain in the
manner described above.

2.2 FERMENTATION OF SINGLE
SUBSTRATES
Hexoses, pentoses, methylpentoses, sugar
alcohols, and polyalcohols were used at a
concentration of 20 mM while disaccharides
were used at a concentration of 10 mM.
All polymeric substrates were used at a
concentration of 0.2% (w/v). Experiments
were performed anaerobically in serum

2.3 EFFECT OF INITIAL SUBSTRATE
CONCENTRATION

2.4 KINETIC EXPERIMENTS
Kinetic experiments were performed
both aerobically and anaerobically in 125
mL Erlenmeyer flasks or serum bottles
without agitation. Substrates were used
at a concentration of 20 mM glucose,
L-rhamnose, L-fucose, rac-1,2-PD, and
control. Fermentation broths were sampled (1
mL) and analysed for optical density over a
period of 46 hours; withdrawn samples were
stored at -20°C for further analysis.

2.5 ANALYTICAL METHODS
Optical density was determined using
a Shimadzu UV-1800 UV-Visible
spectrophotometer at a wavelength of 600
nm and a pathlength of 1 cm. Cell-free
solutions were prepared by centrifugation
at 13000 g for 5 min. Volatile end products,
such as ethanol and volatile fatty acids were
measured using a Clarus 580 (Perkin Elmer)
gas chromatograph equipped with a FID as
described by Orlygsson & Baldursson (18);
samples were prepared by mixing 100 µL
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formic acid (25% w/v), 100 µL crotonic acid
(0.1% w/v), and 600 µL dH2O with 200 µL
of cell-free sample. Hydrogen was analysed
using a AutoSystem XL (Perkin Elmer) gas
chromatograph equipped with a TCD using
the method of (21). Glucose concentration
was determined colorimetrically using
the anthrone method described (18) with
minor modifications; 50 µL cell-free sample
was mixed with 250 µL of 0.1% (w/v)
anthrone in concentrated sulphuric acid and
incubated for 20 minutes at 100°C, cooled
to room temperature and then read on a
microplate reader (Bioscreen C, Growth
Curves Ltd, Finland) at 600 nm against a
water blank. Methylpentoses were analysed
colorimetrically according to the method
of (12). 1,2-propanediol was analysed using
the colorimetric method of Jones (15)
modified for use in microplates; 250 µL of
concentrated sulphuric acid was added with
50 µL of cell-free sample in a microplate
which was then incubated at 70°C for 20
min; after cooling to room temperature,
10 µL of a 3 % w/v ninhydrin solution in
5% w/v sodium bisulfite was added and
the plate was mixed (200 rpm, 60 sec) and
allowed to develop for 1 hr in the absence
of light and then read on a microplate reader
(Bioscreen C) at a wavelength of 600 nm.
Lactate was quantified colorimetrically
according to the method of Taylor (28) with
the following modifications: 300 µL of
concentrated sulphuric acid was added with
50 µL of sample in an Eppendorf tube. The
sample was incubated in a boiling water bath
(~100°C) for 10 minutes and then cooled to
room temperature, after cooling 5 µL of 4%
(w/v) copper(II) sulphate and 10 µL of 1.5%

(w/v) p-phenyl phenol (in 95% v/v ethanol)
was added. The sample was vortexed and
incubated at room temperature for 30
minutes. Samples were read at 580 nm
against a water blank.

2.6 MOLECULAR METHODS
The 16S rRNA gene from Escherichia strain
CC5C was sequenced (1507 nt). The sequence
was originally compared to sequences in the
NCBI (National Center for Biotechnology
Information) database using the nucleotide
BLAST. The top sequences with the highest
scores were then selected for the calculation
of pairwise sequence similarity using a
global alignment algorithm which was
implemented at the EzTaxon server (23).
The most similar sequences obtained were
aligned with sequencing results in MEGA6
(27) and the maximum likelihood method
based on the Tamura-Nei model was used to
generate a phylogenetic tree (26). Genomic
DNA extraction was carried out, by using
UltraClean™ Microbial DNA Isolation Kit
from MoBio Laboratories, according to the
manufacturer’s protocol. PCR mediated
amplification of the 16S rDNA and
purification of the PCR product was carried
out with 519F (CAGCAGCCGCGGTAATAC)
and 926R (CCGTCAATTCCTTTGAGTTT)
universal primers as previously described
(21). The amplified PCR products were
purified with Exo-SAP reaction; Substrate
preparation was prepared by mixing 0,025
µL of Exonuclease I (NEB, England), 0,05
µL of Antarctic Shrimp Phosphatase (NEB,
England) and 9,925 µL of MQ water for each
sample. 10 µL of the reagent substrate was
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then mixed with 20 µL of amplified PCR
products. The reaction was carried out with
PTC-200 (MJ-Research) for 3 min at 95°C
for the initial denaturation, 30 sec at 95°C for
denaturation, 30 sec at 50°C for annealing,
90 sec at 68°C for extension, and a final
extension time of 7 min at 68°C followed by

storage at 4°C. Purified PCR products were
then transferred into 96-well MicroAmp
plate, with either 519F or 926R primer, since
the products were sequenced from each
end, and sent to Macrogen (Netherlands) for
sequencing.

RESULTS
STRAIN ISOLATION AND 16S
SEQUENCING
Strain CC5C was isolated from a
geothermally-heated intertidal pool north of
Husavik in north central Iceland. The strain
produced creamy circular colonies that are
off-white in color when grown on PCA and
R2A. The strain was more than 99% similar
to Escherichia coli based upon analysis of
partial 16S rDNA (1507 nt) using nucleotide
BLAST. Further analysis of the sequence
with EZ Taxon indicates that CC5C is highly
similar to Escherichia marmotae (99.13%),
Shigella dysenteriae (99.13%), Escherichia
fergusonii (99.06%), Escherichia coli (98.99%),
Shigella flexneri (98.99%), and Shigella sonnei
(98.85%), respectively. Preliminary screening
of the strain revealed that the isolate CC5C
was capable of producing 1,2-PD from
L-rhamnose and was chosen for further
investigation.

TRAIN CHARACTERIZATION AND
SUBSTRATE
SPECTRA
Strain CC5C is Gram-negative, string test
positive, oxidase, and catalase positive. Strain
CC5C is both oxidative and fermentative
based upon positive oxidative fermentation
tests. Colonies grown on PCA had an offwhite circular morphology. Colonies of
CC5C produced positive reaction on brilliant
green agar, growth on MacConkey’s with
colonies presenting as pink, and produced
purple colonies with a metallic green sheen
on EMB agar plates characteristic of E. coli.
No growth was observed on mannitol salt
agar. Growth on starch impregnated plates
followed by staining with Gram´s iodine
solution indicated starch being degraded.
CC5C has a growth range from 5 to 45°C
with a temperature optimum of 40°C
(Figure 1). Growth was observed between
pH 4.0 and 9.0 with an optima of pH 7.5,
and between sodium chloride concentrations
between 0 and 7% w/v with optima of 0.5%
(Figure 2). Maximum specific growth was
1.10 h-1 with a generation time of 37.8 min.
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Figure 1 - Temperature optima of strain CC5C (black line) and E. coli (red line, DSM
30083) grown in TSB. Values represent average of triplicates with the standard deviation
presented as error bars.

Figure 2 Optimization of pH and NaCl for maximum specific growth rate at Topt (40°C);
values represent the average of triplicates (standard deviation not shown).
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The substrate spectra of CC5C was evaluated
using API test panels in parallel with the
type strain of E. coli (DSM 30083); results for

commonly used taxonomic features of
closely related Escherichia and Shigella type
strains are presented in Table 1.

Table 1 – Comparison of biochemical characteristics between strain CC5C and closely
related species. Strains: 1, Strain CC5C (this study); 2, Escherichia marmotae HT073016T;
3, Escherichia coli; 3A, Escherichia coli (DSM 30083, this study), 4, Escherichia albertii
LMG 20976T; 5, Escherichia hermannii CIP 103176T; 6, Escherichia vulneris ATCC 33821T;
7, Shigella dysenteriae; 8, Shigella sonnei. Data for Escherichia spp. from (19) and (17)
and references therein, data for Shigella spp. is from (25). a ONPG, o-nitrophenyl-β-Dgalactopyranoside; b Data from (29); +, more than 90% of strains are positive; - 10% or
less of strains are positive; ND, not determined; NR, not reported; d, 11-89% of strains are
positive. *weak growth observed at 7% w/v NaCl.
Strain CC5C degrades a variety of hexoses,
pentoses, L-methylpentoses, and sugar alcohols
as summarized in (Supplementary Tables 1-3).
Strain CC5C also has various enzyme activities
including alkaline and acid phosphatase
activity as well as C4 and C8 esterase activity

(Supplementary Table 4). Additionally, strain
CC5C degrades starch, casein, and β-glucan,
a weak positive reaction on chitin, but does
not degrade cellulose or xylan. Strain CC5C
solubilizes phosphate on plates containing
inorganic phosphate.
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3.3 FERMENTATION OF SINGLE
SUBSTRATES
Single substrates and polymers present in various
terrestrial and marine biomass were examined in
anaerobic batch culture.

The end product formation patterns, from
various substrates, were evaluated, and is
presented for each individual substrate in
Figure 3. 1,2-propanediol was only observed
as a fermentation product when L-fucose and
L-rhamnose were used as substrates.

Figure 3 End products of selected substrates after fermentation by strain CC5C grown under
anaerobic conditions; initial concentrations were 20 mM for monosaccharides and organic
acids and polyalcohols, 10 mM for dissacharides, and 0.2% w/v for polymers. Values represent
the average of triplicates; standard deviation is not shown.
Hexoses, pentoses, disaccharides except
cellobiose, and starch gave a mixture of
end products consisting of ethanol, acetate,
lactate, and hydrogen. The sugar alcohols
(mannitol and xylitol) yielded ethanol
as a major end product with traces of
acetate, lactate, and hydrogen. Strain CC5C
fermented methylpentoses (L-fucose and
L-rhamnose) and yielded 1,2-propanediol
as the dominant end product with acetate
and lactate present in lower concentrations.
Laminarin, a β-1,3 glycan, yielded acetate and
lactate above controls while other polymers,

lactate, and rac-1,2-PD were not degraded.

3.4 EFFECT OF INITIAL SUBSTRATE
CONCENTRATION AND OXYGEN
ON 1,2-PROPANEDIOL YIELDS
To investigate the production of
1,2-propanediol by strain CC5C, the strain
was evaluated at different initial substrate
concentrations up to 60 mM on D-glucose,
L-fucose, and L-rhamnose under both
aerobic and anaerobic conditions.
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End products were evaluated after 5 days
of incubation as shown in Figure 4 for both
aerobic (4A) and anaerobic conditions (4B).

Substrate inhibition was observed on all
substrates at concentrations greater than 20
mM as evidenced by the decreased substrate
utilization and levelling off of end product
formation.

Figure 4 End product formation of strain CC5C on glucose, L-rhamnose, and L-fucose under
aerobic (A) and anaerobic (B) conditions. Values represent the average of triplicates with
standard deviation shown as error bars.
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3.5 KINETIC EXPERIMENTS

each), and 20 mM of rac-1,2-propanediol
as shown in Figure 5A-D, as well as a
Kinetic experiments were performed
control containing only yeast extract.
aerobically on 20 mM of D-glucose,
The fermentation characteristics for the
Table
Characteristics
of
production
on
selected
substrates
L-rhamnose,
L-fucose, a mixture
of
production
of 1,2-PD
summarized
in
Table 2
2 –– Fermentation
Fermentation
Characteristics
of 1,2
1,2 propanediol
propanediol
production
onare
selected
substrates
D-glucose and L-rhamnose (20 mM
Table 2.
Table 2 – Fermentation Characteristics of 1,2 propanediol production on selected substrates
Maximum 1,2-PD
1,2-PD Yield
Yield
Maximum
(%
(% of
of Theoretical)
Theoretical)
D-Glucose
D-Glucose
Substrate (20mM)
L-Rhamnose
L-Rhamnose
Glucose ++ Rhamnose
Rhamnose
Glucose
D-Glucose
Rac-1,2-PD
Rac-1,2-PD
L-Rhamnose

9.93
Maximum 9.93
1,2-PD Yield
96.89
(% of96.89
Theoretical)
75.84
75.84
9.93
69.90
69.90
96.89

Maximum 1,2-PD
1,2-PD Production
Production Rate
Rate
Maximum
(mmol/hr)
(mmol/hr)
0.99
0.99
Maximum 1,2-PD
Production Rate
3.41
3.41
(mmol/hr)
2.37
2.37
0.99
-1.86
-1.86
3.41

Glucose + Rhamnose

75.84

2.37

Rac-1,2-PD

69.90

-1.86

nm)

Substrate
(20mM)
Substrate (20mM)

A

Figure 5 – Utilization of selected substrates over time by strain CC5C. Values represent
the average of triplicates with standard deviation presented as error bars. A: 20 mM
Glucose, B: 20 mM L-Rhamnose, C: 20 mM Glucose and 20 mM L-rhamnose, D: 20 mM
rac-1,2-propanediol; ■ – 1,2-propanediol, ♦ - optical density (600 nm).
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Strain CC5C rapidly catabolizes glucose
and rhamnose and produces 1,2-PD at a
rate of 3.41 mmol/h on L-rhamnose and
2.37 mmol/h on a mixture of glucose and
rhamnose with up to 96% on L-rhamnose.

Given a solution of rac-1,2-PD, strain
CC5C degrades approximately half of the
initial 1,2-PD concentration at a rate of 1.86
mmol/h.

DISCUSSION
Strain CC5C is very closely related to a
number of organisms within the genera
of Escherichia and Shigella, the latter
of which are widely regarded as likely
being representatives of E. coli clones (25).
Other techniques, such as DNA-DNA
hybridization are required to determine
conclusively if strain CC5C represent a novel
species given the high degree of similarity
among species within these genera.
Strain CC5C’s Topt matches the temperature
of the geothermal pool (40°C) from which it
was isolated from. Similarly, E. marmatoae
can grow at 25–37°C, and with 0–6 % NaCl
with optimum growth conditions are 37°C
and 1 % NaCl. Interestingly, enteric bacteria
are not typically associated with a highlysaline marine environment or geothermal
feature as Escherichia species are typically
associated with the digestive tract of
mammals and, less commonly, other animals.
However, there is at least one example of an
organism within family Enterobacteriaceae
being found in intertidal hot springs, that
being the moderately thermophilic halophile
Alterococcus agarolyticus which was isolated
in Taiwan (32). Their secondary presence
in other environments is often the result of
fecal contamination (32), thus the presence
of this organism could be the result of
nesting birds near the sampling location
observed at the time that the sample was
taken. The high conductivity of the sample
taken from the pool, which is equivalent to

approximately 3.1% sodium chloride is less
saline than seawater. As members of the
family Enterobacteriaceae are typically not
halophilic (Brenner, 2005), it is somewhat
surprising that strain CC5C persists in this
environment. Strain CC5C may be thriving
in this environment due to the influx of
fresh geothermal water into the intertidal
pool from the geothermal system and due
to the abundance of marine biomass in the
pool such as protein and carbohydrates from
macro algae. Metagenomic studies of these
intertidal pools over the course of multiple
seasons are needed to resolve whether strains
such as CC5C are stable members of the
geothermal intertidal community or not.
Strain CC5C is phenotypically similar to E.
coli and other closely related species with
several notable differences in substrate
utilization and growth conditions as
compared to related species; the majority
of the biochemical tests reveal traits
similar to other enteric bacteria that are
facultative anaerobes within the family of
Enterobacteriaceae. From a purely taxonomic
standpoint, a lack of lysine decarboxylation
is a defining feature of the genus Shigella,
and therefore it is suggested that CC5C is
a member of the genus Escherichia. Strain
CC5C has a broader temperature range than
both E. marmatoa (reported as only growing
between 25 and 37°C) and E. coli while
demonstrating higher specific growth rates
at 40 and 45°C as compared to E. coli (DSM
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30083) under equivalent conditions. While
strain CC5C is not thermophilic, it does
seem better adapted to growth at elevated
temperatures than the reference strain used
(E. coli DSM 30083). Additionally, CC5C´s
growth rates at elevated salt concentrations
are higher than the type strain of E. coli.
This may suggest that CC5C has adapted to
its environmental niche (40°C or more with
regular saline intrusion).
CC5C has a broader substrate spectra
than closely related species as it degrades
hexoses, pentoses, methylpentoses, sugar
alcohols, and disaccharides as well as some
polysaccharides. Four substrates stand out
at differentiating strain CC5C from its
nearest phylogenetic neighbours, namely the
utilization of starch, sucrose, dulcitol, and
possibly cellobiose. Strain CC5C degrades
starch as evidenced by positive tests on
both the API 50CH test strips, starch plate
assay, as well as the appearance of organic
acids under fermentative conditions
suggesting the strain has the required
amylase activity and potentially an import
mechanism for maltose, which is supported
by growth on maltose, or higher order
oligosaccharides. This stands in contrast
to other organisms within the genus of
Escherichia, which cannot degrade starch
but can utilize maltose. Remarkably, strain
CC5C utilizes cellobiose and sucrose, which
is uncharacteristic for E. coli and other closely
related Enteroacteriaceae. A follow-up
experiment examining the fermentation of
cellobiose found that no end products were
detected suggesting that the result of the
API 50CH test strip was a false positive or
utilization of cellobiose is limited to aerobic
conditions. The utilization of dulcitol, the
sugar alcohol formed from the reduction
of galactose, is a somewhat unusual
feature. As can be seen in Table 1, CC5C´s
substrate spectra is more similar to E. coli

than E. marmatoa, its nearest phylogenetic
neighbour based on analysis of the 16S gene
but also possesses features somewhat similar
to E. coli with some of the aforementioned
differentiating characteristics. The number of
divergent features may suggest that CC5C is
a novel species within the genus.
As the environment from which CC5C was
isolated is rich with macro algae species
with high protein fractions as well as
polysaccharides containing methylpentoses
and other sugars not common within the
terrestrial biosphere, the strain will likely
thrive in this substrate-rich niche. The
strain also has acid and alkaline phosphatase
activities suggesting that CC5C might
serve a role mobilizing phosphate in the
environment. CC5C also degrades casein and
gelatin but lacks trypsin and chymotrypsin
activities suggesting other protease
chemistries are present. The strain showed
esterase activity but not lipase activity,
which is surprising since this bacterium
was enriched on rapeseed oil; this might
suggest that CC5C was utilizing the yeast
extract present in the medium. It is worth
noting that CC5C possessed at C8 esterase
activity, unlike E. coli (DSM 30083). CC5C
also showed phosphatase activity which
may help the strain in scavenging phosphate
from inorganic or polyphosphates in the
environment to support growth.
To further examine the end products
produced by CC5C, the fermentation
of selected substrates was examined.
Under anaerobic conditions, the dominant
end products are a mixture of ethanol,
acetate, and hydrogen on most substrates
examined, with the exception of L-fucose
and L-rhamnose, which yielded 1,2PD. The observed substrate spectrum
and end product formation patterns
observed for strain CC5C is quite similar
to other members of the family of
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Enterobacteriaceae, with members such as
E. coli being well-established mixed acid
producers as well as producers of 1,2-PD in
the presence of methylpentoses.
To further investigate the production of
1,2-PD from CC5C, the strain was cultivated
in the presence of D-glucose as well as the
methylpentoses L-fucose and L-rhamnose at
initial concentrations ranging from 10 mM to
60 mM. Strain CC5C was clearly inhibited
by high initial substrate concentrations of
all three monosaccharides examined under
aerobic and strictly anaerobic conditions.
1,2-PD was the primary end product when
CC5C was grown on L-rhamnose and
L-fucose under both aerobic and anaerobic
conditions. Interestingly, very little 1,2-PD
was produced from L-rhamnose under
anaerobic conditions at all concentrations.
Under aerobic conditions, 1,2-PD yields
were much higher although inhibition
phenomena were apparent at higher
substrate concentrations. This stark shift in
end product formation could implicate the
importance of oxygen in the ability of the
strain to produce 1,2-PD. It is known that
during the production of 2,3-butanediol by
organisms such as Paenibacillus polymyxa,
that the oxygen concentration is of critical
importance (22). Furthermore, studies in the
1980s examined changes in the regulation,
expression and activity of propanediol
oxidoreductase by E. coli under specific
oxygen conditions (5, 7). It is possible
that reducing potential from rhamnose
metabolism is being shifted to other end
products or that highly reduced conditions
interfere with enzymes necessary for
rhamnose catabolism that are specific to
rhamnose regulation but do not affect the
enzymes involved in fucose catabolism. The
presence and organization of the rhamnose
and fucose operons, if present, should be
investigated via whole genome sequencing

or specific assays to confirm the presence
and functionality of specific gene products.
Analysis of CC5C’s transcriptome, as well
as the activities of specific enzymes, such
as propanediol oxidoreductase as a function
of oxygen concentration, should also be
considered in future work.
At high glucose concentrations, the amount
of 1,2-PD increased to 7.9 mM at an
initial glucose concentration of 60 mM
as compared to only 0.3 mM of 1,2-PD at
an initial glucose concentration of 10 mM.
This may be due to the rapid metabolism of
glucose to glycolysis intermediates such as
dihydroxyacetone phosphate (DHAP), while
further metabolism to other end products
was inhibited. To proceed through glycolysis,
DHAP must be converted to glyceraldehyde3-phosphate (G3P), which serves as a
metabolic bottleneck resulting in carbon
flowing into the methyglyoxal bypass. This
pathway is well known to produce (R)1,2-propanediol in E. coli and yeasts and
could be active in Thermoanaerobacterium
saccharolyticum HG-8 (3). Phosphate
limitation could also be a factor at higher
initial substrate concentrations as phosphate
limiting conditions is known to influence
the flow of carbon into the methylglyoxal
pathway as has been demonstrated with
Clostridium sphenoides (31). There have been
many recent efforts to engineer (R)-1,2-PD
producing pathways into E. coli to improve
yields although efforts to improve (S)-1,2-PD
production have been largely ignored.
A kinetic study of 1,2-PD production by
strain CC5C reveals that the methylpentoses
are rapidly consumed while 1,2-PD
production lags. This suggests that the
metabolism of intermediates involved in
methylpentose catabolism is slower than
that of the glycolytic intermediates of cells
grown on glucose.
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CC5C partially degraded rac-1,2-PD to
roughly 50% of its initial concentration.
This suggests that the strain may only
degrade one enantiomer of 1,2-PD. As the
1,2-PD concentrations were stable in the
experiments using L-fucose and L-rhamnose
as a carbon source CC5C likely produces the
S enantiomer. It is likely that CC5C can only
degrade the R enantiomer or degrades one
enantiomer at a faster rate. This may have
potential biotechnological applications in the
production of enantiomerically pure 1,2-PD
from inexpensive commercially available
racemic 1,2-PD as has been done with strains
of Baker’s yeast (16). Further work is needed
to confirm the enantiomeric selectivity of
1,2-PD degradation by CC5C.
The high yields of 1,2-PD observed on
L-fucose are promising although L-fucose
is an expensive substrate. Thus, inexpensive
sources of L-fucose should be examined,
potentially including hydrolysates of
components found in brown macro algae.
Further work to evaluate the ubiquity of
methylpentose metabolism resulting in 1,2PD production by members of the genus
requires further examination. Additionally,
bioprospecting efforts to find 1,2-PD

producing strains adapted in situ to more
extreme environments as well as possessing
expanded substrate spectra would be of
potential interest to the industry.
Further work is needed to investigate
the influence of culture parameters, such
as the partial pressure of oxygen and
hydrogen, effect of pH and temperature,
as well as the effect of phosphate
limitation on the production of 1,2-PD
on specific substrates. The molecular
biology involved in the changes in 1,2PD production from L-rhamnose under
aerobic versus strictly anaerobic conditions
warrants further study. The response
of CC5C to inhibitory compounds such
as 5-hydroxylmethylfurfuraldhyde and
2-furfuraldehyde, and production of 1,2-PD
from biomass, containing methylpentoses
should be investigated. Due to the observed
substrate inhibition, other fermentations
modes such as fed batch or continuous
culture should be investigated. Also, the
inhibitory effects of end products, such
as acetate, lactate, and 1,2-PD, should be
investigated to better understand whether
the observed inhibition is solely to the initial
concentration of the substrate or another
type of inhibition.

CONCLUSIONS
Strain CC5C is a Gram-negative,
facultative anaerobe isolated from a
geothermally-heated intertidal pool in
Husavik, Iceland, and is closely related to
Escherichia marmotae (99.13%) and Shigella
dysenteriae(99.13%). The strain had optimum
growth conditions of 40°C, pH 7.5 and 0.5%
NaCl with a maximum specific growth
rate of 1.10 h-1. The strain has a broad
substrate spectrum and grew on a number
of substrates (dulcitol, cellobiose, starch,

and sucrose) unlike a number of closely
related species potentially suggesting that
CC5C is a novel isolate. Strain CC5C is also a
potent 1,2-propaendiol producing organisms
fermenting methylpentoses to 1,2-PD in
good yield (>95% of theoretical) although
some 1,2-PD was observed on glucose
under high initial substrate concentrations
(aerobic versus anaerobic). Strain CC5C had a
maximum production rate of 3.41 mmol/L/h
from L-rhamnose under aerobic conditions.
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This study focused on characterizing the phylotypic
composition of acid mine drainage (AMD) communities
associated with the Solomon Mine near Creede,
Colorado, and its relative diversity compared to
microbial communities found in the East Willow Creek
(EWC) watershed. AMD from the Solomon Mine adit
flows into an existing passive bioremediation wetland
system located next to the Solomon Mine adit that
currently is ineffective and is under consideration
for renovation. We are interested in gaining an
understanding of the baseline microbial communities
present in AMD/EWC and to monitor them during
future wetland renovation. Prokaryotic community
profiling was approached using SSU 16S rRNA marker
gene amplification coupled with next generation
sequencing. Bioinformatics analysis included raw
read preprocessing, data visualization, and statistical
testing using a combination of USEARCH and QIIMEbased scripts. A pH and conductivity gradient were
observed for water moving through the currently
inefficient wetland system at the Solomon Mine. The
EWC microbiomes had statistically significant higher
alpha diversity compared to the AMD microbiomes.
Beta diversity analysis parsed the sample locations into
statistically significant groups including core AMD
microbiomes, the wetland Cell 3 microbiome, and
EWC microbiomes using multidimensional scaling.
Taxa driving beta diversity included the phylum
Proteobacteria for the core AMD microbiomes, the
phyla Firmicutes and Chloroflexi for the constructed
wetland Cell 3, and the phyla Bacteroidetes and
Verrucomicrobia for EWC. Our data suggests that the
microbial community in constructed wetland Cell
3 is likely where limited sulfate reduction activity
is operating at low capacity, which will be further
investigated via shotgun metagenomic analysis.
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INTRODUCTION
Microbes populate every known niche
on earth including physiologically
challenging environments for biological
organisms, such as deep-sea hydrothermal
vents and subglacial Antarctic lakes,
where extremophiles thrive (38, 41).
Environmentally, microbes are essential
in the ecological biogeochemical cycling
of elements (e.g., carbon, nitrogen, sulfur,
phosphorus) to allow other biological
organisms access to tangible forms of these
elements, thus making life sustainable (18). The
shear abundance of microbes makes them a
major force that keeps elements circulating
between biotic and abiotic entities in an
ecosystem. For example, chemolithotrophs
can “eat rocks” to obtain energy and electrons,
while utilizing carbon dioxide as a carbon
source. Thus, chemolithotrophs do not need
light or organic matter to proliferate and can
live in extreme habitats such as deep-sea
hydrothermal vents and underground caves
(33).
Oxidation of inorganic matter by
chemolithotrophs associated with volcanic
caves or even exposed rock that is highly
mineralized with metal sulfides can be the
limiting factor for the generation of acid
rock drainage (ARD) (39). ARD is a result of
an abiotic reaction typically involving iron
pyrite that can be accelerated by microbes
and produces sulfuric acid as byproduct,
thus dramatically lowering the pH within a
watershed downstream of the ARD source.
Under these low pH conditions, other heavy
metals are easily solubilized from metallic
minerals and can lead to environmental
degradation within the watershed (13).

ARD generation can be expedited and/
or be directly generated as a result of
anthropogenic activity such as civil
engineering projects and mining. When
ARD is associated with mining activity it
is more commonly referred to as acid mine
drainage (AMD). Abandoned mine adits and
associated tailing piles can bring sulfide-rich
rock into contact with abiotic factors (e.g.,
oxygen and moisture) along with biotic
factors (e.g., chemolithotrophs), which can in
turn produce AMD for thousands of years.
This undesired impact from mining can
lead to both economic and conservationbased environmental issues for biological
organisms living downstream of an
acidified heavy-metal leaching water source.
Studying microbial ecology associated
with AMD sources has historically been
fruitful in gaining insight into microbial
interactions, as the harsh conditions yield
an ecosystem with low complexity (3, 22).
Knowledge gained from understanding
microbial interactions in AMD has the
potential to be applied to promising fields
associated with the mining industry,
including biomining and bioremediation
of AMD (6). Biomining has the potential
to extract trace metals via bioleaching in
an efficient and environmentally conscious
way and perhaps even remine minerals
that historically were not at a sufficient
concentration to warrant previous efforts.
Bioremediation, on the other hand, can be
harnessed as a desired passive approach to
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naturally address AMD through microbial
reduction of metal oxides, thus increasing pH
and precipitating heavy metals. This passive
approach is generally more economically
sustainable compared to intensive active
approaches (e.g., lime treatment, filtering) (24).
For this project, we are specifically interested
in characterizing the microbial ecology of
microbes associated with AMD produced
from the abandoned Solomon Mine along
East Willow Creek (EWC) near the town
of Creede, Colorado. The Solomon Mine
was established in 1890 along EWC in the
South San Juan Mountains (Figure 1). The
mine has been worked sporadically with
the primary minerals mined at the site
including galena (lead sulfide), sphalerite
(zinc sulfide), pyrite (iron sulfide), and minor
chalcopyrite (copper and iron sulfide) up
until its formal decommission in 1971 (15,
23). The mine also produced minor gold
and even less silver. In 1991, a passive mine
drainage treatment system was constructed
by the Colorado Mined Land Reclamation
Division (now called Colorado Division of
Reclamation, Mining, and Safety) to reduce
the load of heavy metals moving into EWC.
The system consisted of three constructed
wetland cells. AMD from the adit flowed
by gravity through the cells. As originally
constructed, Cell 1 was filled with alfalfa hay,
Cell 2 contained wood chips, and a mixture
of spent mushroom compost and wood chips
were placed in Cell 3.
The system worked well for a few years, but
a lack of funds for upkeep and maintenance
dramatically reduced the efficiency of the
constructed wetland system and only very

minor levels of dissolved metals currently
are being removed from AMD that passes
through the system (47).
Willow Creek Reclamation Committee
(WCRC) is contemplating the renovation
or rebuilding of the constructed wetland
system. Local geochemistry greatly
influences AMD microbial ecosystems;
thus, it is important to characterize this
site to understand the dynamics within
the Solomon Mine AMD microbiome
for future intervention efforts (5, 27).
We undertook an initial survey of the
pre-intervention microbial phylotype
composition and diversity, with the aim of
identifying focused investigatory questions
and monitoring future microbial phylotype
evolution longitudinally after the installation
of a functioning passive bioremediation
pond system.
Experimentally, we approached the
characterization of the AMD phylotype
composition and diversity using a cultureindependent method to gain an inclusive
profile of the present microbial communities
(16). Preliminary community profiling
was performed by targeting the SSU 16S
rRNA marker gene with next generation
sequencing of the resulting amplicons (14)
coupled with bioinformatic analysis using
USEARCH (12) and Quantitative Insights
into Microbial Ecology (QIIME)-based
scripts on the resulting sequence reads (7,
32). Here we describe the baseline microbial
community of Solomon Mine AMD and
EWC drainage by using the SSU 16S
rRNA marker gene to taxonomically profile
associated sediment samples.
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Figure 1 - Hillshade map depicting the East Willow Creek Watershed in southwest
Colorado and the Solomon Mine Project Area, which includes both the Solomon Mine
adit and associated constructed wetlands along East Willow Creek.
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MATERIALS AND METHODS
SAMPLE COLLECTION
Water and Sediment samples were collected
on July 9, 2015 in the East Willow Creek
drainage basin. The following sample
locations mirrored locations used by Willow
Creek Reclamation Committee for waterquality monitoring (marked and labeled by
wood stakes) along East Willow Creek at
Site A (EW-A), Site G (EW-G), from AMD
at the Solomon Mine adit portal just inside
and adjacent to the bulkhead (SMA), and the
Solomon Mine Wetland Discharge (SWD).
Additional samples were obtained within
the Solomon Mine Adit ~20 meters from
the bulkhead (SMT) and from a central
position within each of the currently defunct
constructed wetland system cells (Cell 1,
Cell 2, Cell 3), and in East Willow Creek
immediately upstream of the constructed
wetlands (EW-USM). The samples associated
with the Solomon Mine were obtained with
permission from Willow Creek Reclamation
Committee. For the collection of water
samples, sterile Nalgene polypropylene
bottles were rinsed three times with
sample water prior to sample collection
in undisturbed water. Sediment samples
were collected aseptically from the upper
oxic zone at three points at 1 m distances
triangulated and pooled as a single sample in
sterile polypropylene conical tubes. Water
and sediment samples were immediately
placed on ice in a cooler for transport to
the laboratory. Sediment sample aliquots

were stored at -80°C in the laboratory until
processed for DNA extraction.

SAMPLE METADATA COLLECTION
Air and water temperature, pH, and electrical
conductivity were measured in the field
using a handheld combination multimeter.
A handheld GPS unit determined sample
locations in NAD83. Laboratory pH and
oxidation/reduction potential were measured
~3 hours after sample collection using
a VWR Symphony multimeter device.
Historical East Willow Creek water-quality
monitoring data was obtained from Willow
Creek Reclamation Committee (47).

16S rRNA GENE AMPLICON
SEQUENCING
Total genomic DNA was extracted from 0.25
g of sediment per sample using a MoBio
PowerSoil Kit following the manufacturer’s
instructions (Qiagen, Carlsbad, CA, USA).
Illumina 515F and 806R iTag Primers were
designed based on Caporaso et al. (8) and used
to amplify the V4 region of the 16S rRNA
gene. PCR reactions were composed of a final
concentration of 5-10 ng of template DNA,
0.8 mM dNTP’s, 0.2 μM forward and reverse
primers, 1x PCR buffer, and 1x Promega
GoTaq with use of a Bio-Rad MyCycler.
Duplicate PCR reactions were pooled to
address PCR drift (42), were gel-purified
using a Qiagen kit (Qiagen, Frederick, MD,
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USA), and quantified using a high sensitivity
dsDNA kit with a Qubit 3.0 fluorometer (Life
Technologies, Carlsbad, CA, USA). Processed
sediment samples were sent overnight on dry
ice for sequencing preparation and service
by Wright Laboratories (affiliated with
Juniata College, Huntingdon, PA). Wright
Laboratories quality checked the amplicon
libraries using a 2100 Bioanalyzer DNA
1000 chip and performed 150 bp paired-end
sequencing reads using the Illumina MiSeq
platform.

BIOINFORMATICS ANALYSIS AND
DATA VISUALIZATION
The sequencing service carried out by
Wright Laboratories provided the authors
with the raw sequence reads via a set of
demultiplexed FASTQ files for the forward
and reverse reads. The authors remotely
utilized Juniata College’s HHMI Computing
Cluster Server to run a custom Unixbased USEARCH/Quantitative Insights
into Microbial Ecology (QIIME) pipeline to
process the raw reads. Briefly, paired end
reads were merged using a minimal overlap
of 46 bp and a minimum quality score of
36. Quality filtering of the paired reads was
performed by trimming reads to 252 bp and a
maximum average expected error rate of 1%
using USEARCH v7 (12). USEARCH v7 was
also used for sequence dereplication, de novo
OTU picking at 97% identity, and removal of
chimeras. A combination of QIIME 1.9.0 and
USEARCH v7 scripts were used to generate
an OTU table, assign taxonomy using the
Greengenes Reference Database (13_8 release)
clustered at 97% identity (11), and to generate

a phylogenetic tree (7). The pipeline output
files were further analyzed using QIIME
1.9.0 via Oracle VM Virtualbox software on
a PC for downstream OTU table filtering,
diversity analysis, and multivariate statistical
tests. Circos plots were generated using a
CSS normalized filtered OTU table with
relative abundance values transformed into
integers by multiplying values by 10,000
and rounding up to the nearest whole value.
Relative abundance values for sample location
groups were averaged and formatted for
Circos Online (26). Alpha Diversity box
plots were generated using BoxPlotR, a webbased tool running R packages on a shiny
server (40).

STATISTICAL TESTS
All statistical tests were performed in QIIME.
Significance of alpha diversity between
AMD and EWC samples was obtained via
a non-parametric t-test using Monte Carlo
permutation to calculate the p-value. A
beta diversity non-parametric multivariate
statistical test was calculated with Adonis
(modified PERMANOVA). Beta diversity
distance plot p-values were generated
using a paired Bonferroni-corrected t-test.
Resulting p-values were adjusted via false
discovery rate (FDR) or Bonferroni method
for multiple comparisons as indicated in the
results. Differential abundance analysis was
performed using the metagenomeSeq and
DESeq2 package via QIIME (34).
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RESULTS
ENVIRONMENTAL PARAMETERS OF
SOLOMON MINE AMD AND EAST
WILLOW CREEK

detected from the AMD source point, through
the constructed wetland pond cells, and into
EWC (Table 1). Additionally, an increasing
gradient of conductivity and oxidation/
Water-quality measurements and sediment
reduction potential correlated with the pH
samples were taken from the Solomon Mine gradient as AMD moved via gravity flow
site and neighboring EWC at selected WCRC through the constructed wetlands and into
water-quality sampling sites, and from the
EWC (Table 1). EWC samples were within
mine adit and constructed wetland cells
about a half pH unit of 7 and were 2-3
(Figure 2). AMD water and sediment samples orders of magnitude higher than the AMD
collected from the mine adit, wetland Cell 1,
measurements. Additionally, conductivity and
and wetland Cell 2 were stained with iron
oxidation/reduction potential measurements
oxides with no obvious biological organisms in the EWC samples were markedly lower
present, while wetland Cell 3 exhibited
than the AMD samples (Table 1) in the EWC
notable algal and aquatic plant growth (Figure samples were markedly lower than the AMD
3). Generally, an increasing pH gradient was
samples (Table 1).
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* Sample ID acronyms key: East Willow Creek Site A (EW-A) or Site G (EW-G) =
WCRC sample site A, G, or immediately upstream of Solomon Mine (USM); SWD =
Solomon Mine Constructed Wetland Discharge; SMA = Solomon Mine Adit just inside
the bulkhead; SMT = inside Solomon Mine Adit, ~20 meters from bulkhead.
Figure 2. East Willow Creek
and Solomon Mine acid
mine drainage (AMD) sample
locations (red circles). (A) East
Willow Creek sample locations
immediately upstream (EW-USM)
and downstream (EW-G) of the
Solomon Mine and immediately
upstream of the confluence of
East and West Willow Creek
(EW-A). (B) Solomon Mine
and constructed wetlands
(outlined region in panel “A”).
SMT (Solomon Mine Adit, ~20
meters from the bulkhead); SMA
(Solomon Mine Adit, just inside
and adjacent to the bulkhead);
SMD (Solomon Mine Wetland
Discharge).
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Figure 3. Acid Mine Drainage (AMD) sample location images. (A) Overview photograph
of the constructed wetland system looking north. Portal of the Solomon Adit is in the
hillside immediately beyond the lower left side of the photograph. Water draining from
the Solomon Adit flows into the cells via a buried pipe that extends from the portal to
the shutoff valve located below ground in the vertical culvert with metal lid (seen in the
photograph above the right end of the pile of lumber and timbers). The buried pipe then
runs from the shutoff valve into the bottom of Cell 1, where the mine drainage enters the
wetland system. (B) Inside the Solomon Mine adit, ~20 meters from the bulkhead. (C-E)
Images of the constructed wetland Cell 1 (C), Cell 2 (D), and Cell 3 (E) prior to sampling.
Note the iron-oxide “yellow boy” in Cell 1 and -2 (C and D respectively), while Cell 3 (E)
exhibited noticeable aquatic plant and algal growth.
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TAXONOMIC COMPOSITION

singletons, and assign OTU taxonomy

Raw Illumina MiSeq reads were
preprocessed to merge paired-end reads,
quality filter to trim or remove low quality
reads, add QIIME sample identifiers,
dereplicate, cluster into operational taxonomic
units (OTUs), remove chimeras and

(Table 2). Across the nine samples, 3,832
OTUs were observed in the final OTU table.
Depending on the specific downstream
analysis, the table was either rarefied or
underwent CSS normalization to account for
the varying read count depth across samples,
which ranged from 21,994-37,949 reads/
sample location.

a

Demultiplexed sequences are split across nine sample locations

Rarefaction for the Chao1 alpha diversity metric utilized a OTU table without singletons
removed

b

To obtain a visual representation of the
relative abundance differences between
the nine samples for the 3,832 OTUs, a logtransformed heatmap was generated with
the OTUs sorted by phylogeny along the
y-axis (Figure 4). The visual OTU relative
abundance for the AMD sample subgroup
exhibited a relative low abundance of OTUs
indicated by color intensity across the set of
3,832 OTUs compared to the EWC sample

subset. This result is indicative of low AMD
alpha diversity and more generally of a
relatively different phylotype composition
between the two environments.
At the phylum level, AMD and EWC
subgroups exhibited differential patterns
of relative abundance of major phyla (phyla
with >2% relative abundance after CSS
normalization) (Figure 5). AMD samples
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generally exhibited a higher relative
abundance of Proteobacteria, Actinobacteria,
Chloroflexi, and Firmicutes phyla. The
EWC subgroup generally exhibited a higher
relative abundance of Bacteroidetes and
Verrucomicrobia phyla. These differences
in the relative abundance of phyla were
also observed to drive differences in beta
diversity between AMD and EWC sample
location groups when visualized via 3-D
PCoA biplots (data not shown).
Differential abundance analysis was
performed on the AMD and EWC subgroups

to identify over/under-represented taxa
between the sample groups. A single
statistically significant OTU (Bonferroni
corrected; p=0.034), Acidobacteria-6 iii1-15,
which was identified down to the order
level, was absent in AMD samples, but
present at low levels in the EWC samples.
Although not significant, the Bdellovibrio
and Gallionella genera were notably
over-represented in AMD samples with
Gallionella more abundant in the Solomon
Mine adit sample locations than within the
other AMD sampling locations.

Figure 4. Relative abundance heat map of the 3,832 USEARCH clustered taxa. A CSS
normalized relative abundance OTU table was used to plot log-transformed relative
abundance intensity for each of the 3,832 clustered OTUs for each sample location. Note
the relative abundance of OTUs in the EWC sample location microbiomes (EW-A, EWUSM, & EW-G) compared to the AMD sample location microbiomes (Cells 1 to 3, SMT,
SWD, & SMA).
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Figure 5. Relative abundance of bacterial phyla by sample location. A CSS normalized
and singleton filtered OTU table was utilized to show phyla that make up >2% relative
abundance in at least one of the sample locations. AMD sample group: SMT, SMA, Cell 1,
Cell 2, Cell 3, SWD. EWC sample group: EW-A, EW-G, EW-USM.

DIVERSITY ANALYSIS
The amount of diversity within each sample
site was determined using a collection of
alpha diversity metrics and indices. Multiple
rarefactions were performed to normalize
the data set for alpha diversity analysis and
to validate that sequencing was done at an
adequate depth for fair representation of the
microbial community. The raw read depth
ranged from 21,994-37,949 reads/sample,

thus the OTU table was rarefied without
replacement to a depth of 21,600. The
resulting rarefactions were collated and a
rarefaction plot was generated for the sample
locations. The resulting rarefaction curves
were indicative of quality representative
samples as the curves were close to reaching
the asymptote (Figure 6). Observed species
(p=0.013), phylogenetic diversity index
(p=0.021), Chao1 richness estimator (p=0.006),
and the Shannon index (p=0.039) exhibited
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statistically significant differences in alpha
diversity between AMD and EWC sample
location microbiomes (Figure 7). Heips
evenness index (p=0.123) did not indicate a
statistically significant difference between
AMD and EWC suggesting that although
there is a marked difference in species

richness between AMD and EWC sample
locations, that a portion of those additional
taxa in EWC may not be as relatively
abundant. The input OTU table used for
Chao1 alpha diversity analysis was not
filtered for singletons due to the Chao1 metric
requirement of needing to take rare taxa into
Figure 6. Chao1 rarefaction
curve for AMD and EWC
samples. Solomon Mine
Acid Mine Drainage (AMD
-red) and East Willow
Creek (EWC - blue). An
unfiltered OTU table
was subsampled without
replacement for 20 iterations
using 500 sequence steps
with a maximum of 21,600
sequences. Chao1 alpha
diversity was calculated
on the directory of rarified
tables, and the multiple
rarefactions were collated
to produce the plot. AMD
sample group: SMT, SMA,
Cell 1, Cell 2, Cell 3, SWD.
EWC sample group: EW-A,
EW-G, EW-USM.

Figure 7. Alpha diversity metric box
plots. Error bars represent +/- 1.58*IQR/
sqrt(n). An unfiltered OTU table was
subsampled without replacement for
20 iterations using 500 sequence steps
with a maximum of 21,600 sequences.
(A) Chao1 estimator using an OTU table
with the presence of singletons. (B)
Phylogenetic Diversity, (C) Shannon
Index, (D) Heips Evenness Index.
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account for modeling.
The amount of diversity between sample
sites was determined through beta diversity
analysis. The original OTU table was filtered
to remove singletons and rare taxa (<0.005%
relative abundance) that might inflate the
data set (4). To account for sequencing depth,
the filtered OTU table was normalized via
cumulative sum scaling (34) and used as
an input for the calculation of a weighted
Unifrac distance metric (29). This data
reduction step was then visualized via
a principle coordinate analysis (PCoA)
plot along with the principle coordinates
summarized via a Scree plot. The Scree plot
indicated that the samples generated 100%
of the variance within 7 dimensions, with

>86% of the variance observed in the first
3 dimensions (Supplemental Figure S1). The
AMD and the EWC sample microbiomes
clustered tightly in the first two dimensions
of the PCoA plot, with the exception being
the constructed wetland Cell 3 which
diverged from the other AMD samples along
the second principal coordinate (Figure 8).
Beta diversity between sample location
microbiomes exhibited statistical significance
via the Adonis permutational multivariate
analysis of variance statistical test using the
three clustered sample group microbiomes
as an input (p<0.001). Furthermore, distance
comparison boxplots representing all the
dimensions of variance from the distance
matrix indicated a statistically significant
difference when comparing diversity within
and between the three categories (p<0.001)
(data not shown).

Supplemental Figure S1.
Scree Plot of Principal
Coordinate Analysis. 100%
of the variance can be
explained within seven
coordinates.
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Figure 8. First two Principal Coordinates of a Principle Coordinate Analysis (PCoA) Plot.
Solomon Mine Acid Mine Drainage (AMD - red circles), Constructed Wetland Cell 3
Acid Mine Drainage (Cell 3 - blue box), East Willow Creek (EWC - orange triangles).
Analysis of the major taxa and their relative
abundance driving the beta diversity
clustering of the samples was performed
via 3-D PCoA biplots. This data supports
the general observed differences in relative
abundance at the phylum level. Further
exploration of PCoA biplots down to the
family level, reveals major taxa in terms of
abundance that drive differences in microbial
community composition between AMD,
EWC, and constructed wetland Cell 3. AMD
sample locations were associated with the
relative abundance of the family-level taxa

Acetobacteraceae and Rhodospirillaceae,
which are both hierarchically placed within
the Proteobacteria phylum. Constructed
wetland Cell 3 beta diversity was driven
by the phylum Chloroflexi and the
family Isophaeraceae and a group of
unassigned taxa. Lastly, the Planctomycete
phylum family member Germataceae and
Chitinophagaceae family member of the
Bacteroidetes phylum are particularly notable
in driving beta diversity in EWC samples
(Figure 9).
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Figure 9. Circos Plot of family-level taxa driving beta diversity between AMD, Cell 3,
and EWC sampling locations. Each family-level taxon indicated on the left side of the
plot is represented with a colored ribbon. The width of each thread of the split ribbon
directly correlates with the number of normalized average OTU reads associated with
the respective sample location that the ribbon bridges to on the right side of the figure.
The outer ring segments are color coded along a percentage scale of total reads for the
family member that associate with each sample location. CSS Normalized OTU table was
positive filtered for the respective family-level taxa. Read counts were averaged for each
grouped microbiome.
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Interestingly, a group of unassigned OTUs
was prominent across all the sample
locations after taxonomy was assigned using
the Greengenes reference database. In the
3-D beta diversity biplots, the unassigned
taxonomy group appears to be driving
beta diversity in the AMD samples along
principal coordinate 1 as well as forcing the
wetland Cell 3 sample location to diverge
along principal coordinate 2. To further
investigate this group, we tabulated the
total number of normalized reads across
samples and sorted the unassigned OTUs
by number of reads, followed by sorting
the top unassigned OTUs with maximum
relative distribution across all samples. Next,
to gain insight into the unassigned identities,

we used the reference sequence for each
respective unassigned OTU as an input
for the Ribosome Database Project (RDP)
Classifier algorithm (44). The majority of
the top Greengenes unclassified OTUs had a
higher relative abundance within the AMD
sample location subgroup. Furthermore, the
predominant phylum predicted by RDB
classifier for the majority of these samples
was Chloroflexi, which already was shown
to be driving variation along the second
principal coordinate. Thus, in conclusion,
the unassigned taxa group is composed to a
large degree with Chloroflexi taxa, which
dominate AMD sample locations, especially
wetland Cell 3.

DISCUSSION
Alpha diversity analysis indicates that
the diversity within samples is relatively
higher for EWC compared to AMD sample
locations, as is expected considering the
more challenging physiological conditions
associated with low pH and higher soluble
concentrations of heavy metals. The
lower alpha diversity in AMD samples is
significantly supported beyond the number
of OTUs by species estimators and indices
that took species richness, evenness, and/
or evolutionary distance into account. For
example, the Chao1 species richness estimator
attempts to predict species saturation at the
asymptote of the species accumulation curve
by considering the number of rare taxa (9).
This estimator is thought to provide a more
realistic picture than observed species alone.
The Shannon Index takes into account both

taxa richness and evenness (differential
abundance), as a community may have a
large number of taxa but be dominated by
a few select taxa (37). The Heips evenness
alpha diversity index does not yield statistical
significance, suggesting that a proportion of
additional taxa in EWC may be rare taxa.
Recently there has been renewed interest
in rare taxa with the evidence suggesting
that rare taxa can dictate and influence the
dynamics of microbial communities (2). Thus,
evenness may be a good descriptive index
but not a cut and dry indicator of alpha
diversity significance.
Beta diversity analysis indicates that the
diversity between sample locations was
substantially different between EWC and
AMD subgroups along the first principal

APPLIED & ENVIRONMENTAL MICROBIOLOGY •59
coordinate (54.64% of explained variance).
The second principal coordinate (20.91% of
explained variance) further separated the
Solomon Mine constructed wetland Cell 3
from the other sample locations, suggesting
a large change in community composition
compared to the core AMD (SMT, SMA, Cell
1, Cell 2, and SMD) and EWC groups. PCoA
biplots indicate that Firmicutes play a role in
driving this positioning of the constructed
wetland Cell 3 community within the second
principal coordinate. Cell 3 also physically
differed from the other constructed wetland
cells in that it had noticeable algal and aquatic
plant growth. Constructed wetland Cells 1
and 2 were heavily stained with iron oxides
and lacked noticeable biological activity to
the naked eye (Figure 3). The distance matrix
comparison, which took all seven collective
principal coordinates into account, exhibited
a statistically significant difference between
AMD and EWC sample location groups,
suggesting that the variance between samples
were statistically closer to each other than
between sample locations.
Historically, the constructed wetland system
has had only a minor effect on reducing
metal loads and increasing pH after the
first three years of service (47). Although
our budget did not allow for heavy metal
analysis of the water samples, our waterquality data collected during field work
(pH and conductivity), along with recent
water-quality data by the WCRC suggest
that heavy metals continue to leach from
minerals exposed in the mine workings and
enter EWC (Table 3).

This study’s budgetary restrictions and
experimental design resulted in low
statistical power, but interesting changes
in relative abundance data of microbes
suggests future investigation is warranted.
For example, the parasitic bacterium
Bdellovibrio was observed to be higher
in abundance in AMD samples compared
to EWC (FDR adjusted p=0.685). This
bacterium is interesting from the standpoint
that it has the potential to be used as a means
for biological control of AMD production
by reducing populations of Gram-negative
chemolithotrophs through predation (20).
Gallionella is another interesting genus
associated with AMD as Gallionella species
are iron-oxidizing chemolithotrophs (FDR
adjusted, p=0.615) (45). This microbe was
observed at higher relative abundance
levels within the mine adit, where
chemolithotrophs can thrive (FDR adjusted,
p=0.311).
More generally, the phylum Proteobacteria
was enriched within the AMD sample
locations, which makes sense in that
they are commonly found in acidic
ecosystems (31). The phylum Proteobacteria
includes the Acetobacteraceae and
Rhodospirillaceae family members (21). These
Alphaproteobacteria and Betaproteobacteria
family taxa, respectively, drove beta
diversity separation between AMD and
EWC sample locations. Acetobacteraceae are
acid-tolerant aerobes that typically ferment
organic material on the surface of water and
are likely to thrive in AMD outside of the
mine adit, while Rhodospirillaceae family
members are purple non-sulfur bacteria
that can utilize anoxygenic photosynthesis
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using hydrogen or low concentrations of
sulfide while living in anaerobic aquatic
environments, such as the AMD sediment.
Constructed wetland Cell 3 contained an
abundance of bacteria within the phylum
Chloroflexi, which are generally composed
of purple and green bacteria that may use
sulfide as an electron donor for anoxygenic
photosynthesis and have previously been
associated with AMD (48). Additionally,
the phylum Firmicutes strongly drives
the microbial community in Cell 3 along
the second principal coordinate axis.
There are many sulfate-reducing bacteria
that belong to the Firmicutes, such as the
Alicyclobacillaceae family found in Cell
3, which likely are reducing sulfate and
thus reducing pH and helping precipitate
heavy metals. The aquatic bacterial family
Isosphaeraceae, which includes a number of
characterized moderately acidophilic genera,
was also associated with wetland Cell 3 (25,
28). Acidophilic Isophaeraceae members are
chemohetrorophs that rely on carbohydrates
yielded from plant and microbial sources,
thus they may be important in the
degradation of the abundant organic material
observed within Cell 3 (10).
Limitations of this preliminary analysis
include low statistical power, which increases
the risk of type II error, and thus our
ability to identify major taxa that are over/
under-represented in the sample groups
and are likely ecosystem biomarkers. Due to
budgetary limitations, biological replicates
from three triangulated sediment samples
for each location were pooled prior to PCR.
This technique has been demonstrated to
often miss locally rare prokaryotes, but

yielded spatially ubiquitous phylotypes at
higher taxonomic classifications (30), which
was our aim. Future examination of the
microbial populations at this project site
should address this issue through use of
true biological and technical replicates. A
series of replicates combined with deeper
sequencing will shed light on the role of
rare microbial community members on
dynamic interactions as well as provide
us with a better idea of spatial niches (2,
35). Additionally, we are interested in how
seasonal changes may affect the taxonomic
profile of the sampling sites. We hypothesize
that microbial community composition will
be correlated with geochemical variables
including pH and metal concentrations as
flow rates drop during the late summer/early
fall as has been observed in other AMD
studies (1). Likewise, temperature fluctuation
and changes in dissolved oxygen levels
during the winter in this high-elevation,
alpine environment will likely drive changes
in the taxonomic profile due to reduced
photosynthetic activity and diffusion from
the atmosphere resulting from ice and snow
that cover the constructed wetland cells.
Taxonomic resolution is also a limiting
factor in our study. We used the V4
hypervariability region of the SSU 16S
rRNA gene (8) with our MiSeq run with
paired-end (PE) 150 bp reads that provided
48 bp overlap. Although sufficient for
pairing reads to spanning the 252 bp V4
hypervariability region, we would expect to
increase taxonomic resolution by sequencing
with longer PE reads (250+ bp), which
would retain a greater percentage of reads
by boosting quality through full overlap of
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the V4 hypervariability region. Alternatively,
longer reads could be used with a new
primer set constructed to span both the V3
and V4 hypervariability regions for longer
PE reads to increase the data set size and
resolution (17). Either approach (increased
quality or amount of data), obtained
with MiSeq PE 250+ bp reads would
likely provide a desired data set through
more accurate clustering, assignment of
taxonomy, and generation of a more accurate
phylogenetic tree (46).
Biases that should be considered when
interpreting our data include limitations
of using a single marker gene for inferring
phylogeny, in addition to biases introduced
during PCR. The SSU 16S rRNA gene is
a well-documented marker gene and has
extensive database records to associate
with the data, but is likely not always the
best measure of phylogeny between all
organisms. PCR primer binding fidelity
and the stochastic processes that occur early
during amplification can introduce biases
in the amplicons produced to be sequenced
(36). PCR enzyme choice also has been
demonstrated to effect accuracy of microbial
community profiling (19). Future studies
could address these limitations by taking
a true shotgun metagenomic approach to
community DNA analysis. Not only would
this approach provide taxonomic information
through the combination of multiple marker
genes, but it would also provide us with
information on the functional potential of the
microbes within the ecosystem (14).
For future study, we are interested in
investigating the taxonomic composition of

biofilms found within the Solomon Mine adit
in addition to looking at differences between
AMD microbial communities within the
adit (no light or source of significant organic
matter) to those directly towards the end of
the first constructed wetland cell (exposed to
light with organic matter). We hypothesize
that phototrophs may play a larger role
in generating organic matter, while
chemolithotrophs are likely to have a reduced
role in the bioremediation cells considering
the more abundant environmental oxygen
and nitrogen sources from organic debris
present in those cells. To gain insight into the
ecological role of these microbes, we plan to
correlate microbe presence with dissolved
oxygen levels and sources of carbon and
nitrogen. Further shotgun metagenomic
analysis could also reveal the relative
abundance of pathways for carbon, nitrogen
fixation, and energy generation expected
for this extreme environment. Association
of these geochemical parameters with
differentially abundant microbes will allow
us to understand symbiotic relationships
between taxa in such an ecosystem (43).
Secondly, we are interested in determining
the metagenome or metatranscriptome of
the microbes found within constructed
wetland Cell 3 to better understand the
metabolic potential or functionality of the
microbial community. Visual inspection
alone differentiates the cell from the other
AMD sampling location sites considering
the extensive algal growth (Figure 3) and the
water-quality measures of an increase in pH
and reduction in conductivity suggesting
sulfate-reducing bacteria may be at work.
The beta diversity analysis also indicates
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that microbial community composition
is significantly different from that of the
other AMD sample locations and in EWC.
In conclusion, further investigation is
necessary to determine if current microbial

communities will likely be sufficient to
successfully seed a functional renovation of
the constructed wetland system.
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Bacteria are important natural components of
virtually every environment, including water
systems. While many are beneficial to the ecosystem
in which they are found, some can be indicators
of pathogens that can endanger human health.
Fecal coliform bacteria such as Escherichia coli are
bacterial indicators that can originate from many of
the same sources as pathogenic bacteria and serve
as a sign that pathogens may be present. These
bacterial counts can be influenced by many different
well-studied environmental factors, including pH,
temperature, and nutrient availability. In addition to
these factors, mammalian and waterfowl presence
can influence coliform abundance. While this area
of research has been examined before, conflicting
conclusions have been reached as to whether or
not waterfowl abundance positively correlates
with coliform bacteria abundance. Levels of
E. coli as well as Enterococcus, a genus of noncoliform bacterial organisms that are also found
in high concentrations in feces, were measured
by membrane filtration of water samples collected
from six freshwater lakes around Lakeland, FL and
were isolated from fresh fecal samples that were
simultaneously collected from waterfowl species
present at the lakes. Results suggest a correlation
between the abundance of E. coli and the presence
of waterfowl.

INTRODUCTION
Bacteria are natural components of virtually
every environment and many play important
roles in the ecosystems of which they are
found. For example, the human microbiome
is imperative for metabolic processes that
occur in the human digestive tract and
is responsible for variations in metabolic
phenotypes in humans (21). Human

health would drastically change if these
bacteria did not exist as human symbionts
(16). Further, bacteria play a great part in
the natural world. Nitrogen fixation and
nitrification, for instance, are processes by
which bacteria fix atmospheric nitrogen
from the air and convert it into a usable
form for other organisms. Both of these
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processes are parts of the nitrogen cycle,
which is a key process for almost all living
organisms (17). In freshwater and marine
systems, bacterial roles vary from primary
producers to decomposers to pawns in the
carbon cycle (14). Additionally, bacteria can
produce oxygen (5, 12, 31), recycle many
primary elements of living systems (6, 28,
29), and detoxify systems (3, 11), among other
processes.
While bacteria occupy many important
and beneficial niches across ecosystems, the
presence of certain types of bacteria can
indicate environmental contamination that
can raise concerns for public health, such as
coliform bacteria in aquatic environments
(20, 33). Coliform bacteria can be naturally
occurring in the environment; however,
they can also be found within the digestive
tracts and therefore from there the feces of
warm-blooded animals, such as mammals
and birds (1, 23). Because coliform bacteria
can be found in the digestive tracts and
from there the feces of these organisms,
their presence in aquatic habitats can be
indicative of fecal contamination. This
is a human health concern because many
pathogens survive under similar conditions
as these fecal coliforms. Thus, high levels of
coliform bacteria may indicate high levels of
human pathogens. The hypothesis that the
presence of fecal coliforms in water suggests
the presence of harmful bacteria was first
introduced in 1892 and is still used as a basis
for water quality standards today (15, 33).
Standards for measuring fecal coliform levels
in water can vary, but the most commonly
measured bacterial indicators can be split
into three groups: total coliforms (TC), fecal
coliforms (FC), and Enterococcus organisms

(EC). However, because some coliform
bacteria are naturally occurring in the
environment, TC counts can be inaccurate
and may not be the best indicators of fecal
contamination (26). Escherichia coli counts,
which is a subset of the FC count, and the
Enterococcus EC counts are becoming the
most preferred methods, primarily because
E. coli strains and Enterococcus spp. have not
yet been shown to be naturally occurring,
while some other fecal coliforms can have
questionable origins (26).
Many factors can impact coliform abundance
in aquatic environments, including
pH, nutrient availability, temperature,
and anthropogenic pollution, as well as
mammalian and avian abundances (8, 22, 30,
36). Waterfowl excrete a large amount of
fecal matter, and their feces have commonly
been found to harbor pathogens (4, 9, 13,
25). Microorganisms that are excreted in the
feces of ducks have been linked to human
health hazards such as Salmonella, pathogenic
bacteria that reside in the digestive tracts
of animals and can lead to gastrointestinal
disruptions in humans (32). Moreover, a
parasite known as Echinostoma revolotum
harbored in waterfowl feces has been linked
to a condition known as ”swimmers’ itch”,
an infection that appears as a skin rash, but
is actually an allergic reaction to the parasite
(24). Ecologically, increases in duck fecal
concentrations have affected shellfish beds in
the past and have been shown to influence
algal blooms, which can have multiple
negative impacts on aquatic systems (7).
The question asking how waterfowl
abundance and fecal coliform bacteria
abundance are related is not a new one. A
previous study conducted by Standridge et
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al., suggested that fecal coliform counts were
high during their study time frame due to
increased duck abundances and increased
waterfowl fecal matter (32). However, in
a similar study by Brierley et al. there was
no direct correlation between waterfowl
abundance and fecal coliform counts
observed (7). This pattern of conflicting
results can be seen across many other similar
studies, leaving the question as to whether or
not waterfowl abundance plays a significant

role in fecal contamination levels unanswered
(18). The goal of this study was to investigate
this question and relationship by testing the
hypothesis that the bacterial water quality of
freshwater lakes in Central Florida will vary
across a gradient of waterfowl abundance.
From a big picture perspective, the study also
addressed what varying water quality results
could mean for overall ecosystem and human
health.

MATERIALS AND METHODS
SAMPLING METHODS
Five lakes in Lakeland, Florida were sampled:
Lake Hollingsworth, Lake Morton, Lake
Mirror, Lake Belulah, and Lake Hunter.
These lakes were selected based on their
close proximity and locations surrounding
Florida Southern College. At each lake, water
was collected from ten different widely
distributed and randomly selected accessible
sites on the same day using sterilized beakers.
The GPS coordinates, pH, and temperature of
each sample site was measured and recorded,
as well as plant abundance, anthropogenic
pollution, and human trafficking that may
influence water quality and therefore
bacterial abundance. Acreage for each lake
was determined from the Polk County Water
Atlas (http://www.polk.wateratlas.usf.edu/).
The waterfowl present at each lake was
quantified and identified using the waterfowl
identification guide from Ducks Unlimited
(http://www.ducks.org/hunting/waterfowlid/). Fresh fecal samples were collected from
as many waterfowl as possible using sterile
swabs and aseptic techniques. Fecal samples

were collected from the ground, plated
by continuous streaking on Eosin Methyl
Blue (EMB) agar plates (RemelTM) and m
Enterococcus Agar Plates (Fisher Scientific),
and incubated overnight at 35°C.

ISOLATION AND IDENTIFICATION
Bacteria from water samples were filtered by
membrane filtration using 0.2 µm membranes
(Pall Corporation). For all Enterococcus
isolations, 100 mL of sampled water was
vacuum filtered. For potential E. coli isolations,
10 mL of sampled water was filtered. All
0.2 µm filters used for isolating Enterococcus
bacteria were placed on Enterococcus media
plates, while all filters used for isolating E. coli
were placed on EMB plates. All of the plates
were placed in a 35°Celsius incubator for 24-48
hours.
After incubation, the plates were removed and
the colony forming units (CFU) count for each
sample site was measured. CFU counts were
determined based solely off of specific fecal
coliform presence, meaning that for EMB plate
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isolates, only those bacteria that were observed
by color change to be fecal coliforms (metallic
green) were quantified, and for Enterococcus
plates, all of the bacteria were quantified. For
each lake, colonies that appeared unique were
isolated to obtain pure cultures of all isolated
bacteria. Isolated colonies from the EMB plates
were confirmed to be E. coli by 20E Analytical
Profile Index (API) strips (bioMérieux). Strips
were inoculated with fresh overnight cultures
following the manufacturer’s instructions and
were incubated at 35°C for 16-24 hours. The
profile index codes were obtained following
the manufacturer’s guidelines and APIweb
was used to determine identifications from
the codes. All of the fecal coliform bacteria
cultured from the fresh fecal samples were also
isolated and quadrant streaked to obtain pure
cultures for use in comparative experiments
against the lake isolates.
Once pure cultures of all of the lake and fecal
samples were obtained, antibiotic profiles were
obtained for each pure culture bacterial isolate
to determine if any lake isolates matched any
strains of bacteria isolated from waterfowl at
the same lake. To obtain antibiotic profiles, a
single colony of each isolate was resuspended
in a solution of 0.9% saline to an OD600 value
between 0.05 and 0.1. From this suspension,
100 µL was spread onto a Mueller-Hinton plate.
Antibiotic disks (Carolina Biological Supply

Company) were dispensed onto the plate. The
following disks were used: Chloramphenicol
(30 mcg), Erythromycin (15 mcg), Gentamycin
(10 mcg), Kanamycin (30 mcg), Neomycin (30
mcg), Novobiocin (30 mcg), Penicillin G (10
units), Streptomycin (10 mcg), and Tetracycline
(30 mcg). The plates were incubated at 35°C
for 24 hours. The zones of inhibition for
each antibiotic were measured, and isolates
were classified as sensitive, intermediate, or
resistant to each antibiotic using Antibiotic
Disk Diffusion Interpretation Guide (27).
Any isolates that showed a potential positive
match was used for biochemical analysis and
comparisons.
The 20E Analytical Profile Index (API)
strips (bioMérieux) were used to perform
biochemical tests on the waterfowl fecal
samples that were determined to be potential
matches to the lake isolates based on identical
results from the antibiotic susceptibility testing.
The strips were inoculated from fresh cultures
following the manufacturer’s guidelines and
were incubated at 35°C for 16-24 hours. A
known sample of E. coli K12 (ATCC 10798) was
cultured on a 20E API test strip as a positive
control. The profile index codes were obtained
following the manufacturer’s guidelines and
APIweb was used to determine identifications
from the codes.

RESULTS
The Environmental Protection Agency (EPA)
defines the bacteriological water quality
criteria for Lake Class waters,bodies of water
that can be used for domestic, industrial, and
agricultural water supply; stock watering;
seafood rearing; wildlife habitat; ceremonial

use; primary contact recreation; and
commerce or navigational use, as water that
should not exceed an Enterococci density
of 107 colony forming units (CFU) per 100
mL in any single water sample or water that
should not exceed an Enterococci density
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geometric mean of 33 CFU/100 mL, where
the mean was calculated with at least 5
samples over a period of 30 days (34). The E.
coli standards for this same water class state
that no single water sample should exceed
409 CFU/100 mL or that the geometric mean
should not exceed 126 CFU/100 mL (34).
A summary of the abundance of waterfowl
relative to abundance of E. coli and
Enterococcus is shown in Table 1. The

waterfowl abundance was 2.7-fold greater at
Lake Morton than the next most abundant
site, Lake Mirror. Abundance of E. coli
was also the greatest at Lake Morton while
abundance of Enterococcus was greatest at
Lake Mirror. Lake Hunter showed the lowest
level of waterfowl abundance. The lowest
levels of E. coli and Enterococcus were found
at Lake Belulah and Lake Hollingsworth,
respectively.

Table 1 – Average Abundance of Bacteria and Waterfowl at Each Lake
The table shows the average abundance of bacteria and the abundance of waterfowl at the
five sampled lakes. Abundance values for both E. coli and Enterococcus represent the mean
± standard error of n=10 samples taken from unique locations on the same day around each
lake. E. coli and Enterococcus were isolated by membrane filtration. The number of samples exceeding the standards was determined by comparing the E. coli and Enterococcus
CFU counts from each individual sample to the EPA standards of 409 CFU/100 mL and 107
CFU/100 ml for E. coli and Enterococcus, respectively.
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The abundance of E. coli from three lakes,
Lake Hollingsworth, Lake Morton, and
Lake Hunter exceeded the geometric
mean standard of 126 CFU/100 mL, while
14 individual samples (three from Lake
Hollingsworth, nine from Lake Morton, and
two from Lake Hunter) exceeded the single
sample standard of 409 CFU/100 mL. The
abundance of Enterococcus from one lake,
Lake Mirror, exceeded the accepted EPA
geometric mean standard of 33 CFU/100 mL
while the other four lakes fell within in the
acceptable range. No single Enterococcus
sample exceeded 107 CFU/100 mL.
Figure 1 shows the abundance
Figure of
1 E. coli

Average E. coli Abundance (CFU/100mL)

The figure shows the
average abundance of
E. coli (Panel A) and
Enterococcus (Panel
B) vs. waterfowl
abundance for
each lake. Average
abundance values
were calculated from
membrane filtration of
ten samples obtained
from each lake.
Error bars represent
the standard error
of the mean. The
trendline shows the
best-fit linear line
of regression. The
Pearson’s Correlation
Coefficient for this data
is 0.809 (E. coli) and
0.067 (Enterococcus).
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Figure 1 – Average
Bacteria Abundance vs.
Waterfowl Abundance
per Lake

A.

(Panel A) and Enterococcus (Panel B) vs.
the waterfowl abundance for each lake.
There is a strong positive correlation
between E. coli and waterfowl abundance
with a Pearson’s correlation coefficient of
0.809. The abundance of Enterococcus and
waterfowl showed no real correlation with
a coefficient of 0.067. In order to determine
whether the presence of E. coli might affect
levels of Enterococcus and vice versa, their
abundances were compared for each lake.
The relationship between the average E. coli
abundance and the average Enterococcus
abundance per lake is shown in Figure 2.
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Figure 2 – Average Enterococcus Abundance per Lake vs. Average E. coli Abundance per Lake
The figure shows the average abundance of Enterococcus vs the average abundance of E. coli
for each lake. Average abundance values were calculated from membrane filtration of ten
samples obtained from each lake. Error bars represent the standard error of the mean. The
trendline shows the best-fit linear line of regression. The Pearson’s Correlation Coefficient for
this data is -0.455.
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There is a negative correlation between the
presences of these two bacterial varieties
with a correlation coefficient of -0.455.
Since other factors besides waterfowl are
believed to affect the abundance of fecal
indicator bacteria the effects of pH and
temperature on abundance of E. coli and
Enterococcus were examined. There is no
apparent correlation between pH levels and
either E. coli or Enterococcus with correlation
coefficients of -0.0121 and -0.221 (data not
shown). Neither E. coli nor Enterococcus
showed a correlation with temperature,
producing coefficients of -0.104 and -0.0875,

respectively (data not shown).
The five lakes sampled in this study vary
somewhat in size. To determine if there is
any relationship between the size of the lake
and the abundance of E. coli or Enterococcus,
the abundance of organisms from each lake
was compared to the size of the lake. Figure
3 shows the results of this comparison. The
relationship between E. coli abundance
and lake size resulted in a correlation
coefficient of 0.191, suggesting a slight
positive correlation may exist. However,
the abundance of Enterococcus and lake
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Figure 3 – Average Bacteria Abundance per Lake vs. Lake Size
The figure shows the average abundance of E. coli (Panel A) and Enterococcus (Panel B)
as a function of lake size for each lake. Average abundance values were calculated from
membrane filtration of ten samples obtained from each lake. Error bars represent the
standard error of the mean. The trendline shows the best-fit linear line of regression. The
Pearson’s Correlation Coefficient for this data is 0.191 (E. coli) and -0.722 (Enterococcus).
size produced a strong negative correlation
coefficient of -0.722.
Preliminary source tracking through the use
of antibiotic susceptibility screening resulted
in eight positive matches where the antibiotic
susceptibility pattern of the E. coli sample

from the lake matched the pattern from a
fecal coliform sample isolated from waterfowl
feces at the same lake (data not shown).
After testing patterns of Biochemical
characterizations, one of these matches
showed identical Biochemical characterization
using 20E API strips (data not shown).
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DISCUSSION
The question as to whether or not the
abundance of waterfowl impacts the bacterial
water quality of lakes is one that has been
asked previously, leading to controversial
results. This study aimed to provide insight
into this topic in order to determine how
the relationship between waterfowl and
bacteria can impact the ecosystem as a whole
and human health. Results suggest that as
the abundance of waterfowl present at a
lake increases, the average E. coli abundance
increases, with a positive correlation
coefficient of 0.809, as shown in Figure 1.
While this coefficient is below the critical
value for significance at the 95% confidence
level, it is significant at the 90% confidence
level and shows a strong positive trend
worthy of future research with a larger
sample size. This data lends support to the
hypothesis that an increase in waterfowl
abundance at a lake does increase the E. coli
abundance and thus decreases the bacterial
water quality and increases the potential
human health risks.
However, there was no definite correlation
observed between waterfowl abundance
and Enterococcus abundance (Figure 1), while
there was a negative correlation (Pearson’s
correlation coefficient being -0.455) between
the Enterococci densities and E. coli densities
at each lake (Figure 2). While this correlation
is not particularly strong, combined with
the absence of a correlation between the
waterfowl and the Enterococcus spp., it
suggests that there may be some type of
competitive interaction occurring between
the E. coli and Enterococcus organisms and/

or the surrounding bacterial community
that may be complicating the ecosystem
dynamics observed in this study. A strong
negative correlation (correlation coefficient of
-0.722) was observed between lake size and
Enterococcus organisms (Figure 3) while a
very slight positive correlation was observed
between E. coli and lake size (correlation
coefficient 0.191). This further suggests there
may be an interaction occurring between
the two bacterial groups that is impacting
their abundances. No relationship was
found between pH and bacterial abundance,
nor between temperature and bacterial
abundance, so these factors do not appear to
complicate the relationship.
Preliminary source tracking of fecal
coliforms occurred in this study. A
combination of antibiotic-susceptibility
testing and 20E API strips was used to match
samples isolated from water and fecal samples
with the same patterns for both tests. One
bacteria isolated from Lake Belulah was both
positively identified as E. coli and matched
the antibiotic susceptibility pattern and 20E
API strip biochemical test results of an E. coli
sample isolated from the feces of a White
Ibis at the same lake. Sequencing of the 16s
rRNA and multiple other housekeeping
genes would be necessary to confirm these
two isolates are the same and identify
the White Ibis as the source of the fecal
coliform isolated from the lake. While one
positively source-tracked sample would not
be considered significant, it would show that
deposition of feces from waterfowl does
contribute to the microbial community of
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freshwater lakes.
It is important to note that not all bacteria
were able to be tracked to a source for
varying reasons. First, some of the bacteria
did not survive in the lab until the end of
the extensive study, and because of this, they
could not be tracked to a source. Additionally,
some bacteria were not able to be matched
back to an organism because the number of
fecal samples gathered was limited. It was
not possible to obtain fecal samples from
every waterfowl, nor from every other
potential source such as dogs, cats, livestock,
and humans. Future research will increase
the number of samples collected and will
examine the effects of plant abundance,
anthropogenic pollution, and human traffic
may have on waterfowl abundance.
While the relationship between the bacteria
and other factors at each lake was the
primary focus of this study, the impacts
that these relationships may have on the
ecosystem and human health must be
acknowledged. The bacterial water quality
standards for Lake Class waters have been
previously defined by the EPA, and the
results of this study were compared to those
standards. Only at one lake, Lake Mirror,
was the average Enterococcus density greater
than the acceptable average, as displayed
in Table 1. Moreover, none of the CFU
counts for each individual site was greater
than the acceptable value for Enterococcus
organisms. The E. coli densities, on the other
hand, need to be addressed. The average
E. coli abundance samples from three of
the five lakes exceeded the EPA geometric
mean standards, and 14 of the 50 individual
samples (28%) exceeded the individual sample
standards. These potentially high levels of

E. coli pose a threat to human health, given
that such high levels of these coliforms may
indicate high levels of pathogens.
Though a positive correlation between E.
coli densities and waterfowl abundance was
observed, it is possible that other factors may
be contributing to these unusually high levels
of bacteria, such as nutrient availability,
competition between bacteria, vegetation
presence and abundance, and anthropogenic
pollution, such as the addition of fertilizer
and oil run-off. In particular, if antibiotics
have somehow entered these waters due
to anthropogenic interactions and fecal
contamination, any opportunistic bacteria or
pathogens present in these waters may pose
an even greater risk (10). A study conducted
by Costanzo, Murby, and Bates has shown
that an increase in antibiotics in waterways
can lead to bacterial resistance, contributing
to the current worldwide antibiotic resistance
crisis (10, 35). Regardless of additional
factors that may be influencing the bacterial
abundance, these E. coli densities should
not be ignored. These lakes are historically
known to attract tourists and are often used
for human recreational activities, such as
kayaking, boating, and water skiing.
On an ecological scale, bacteria occupy many
niches, both harmful and beneficial. An
increase in any number of microorganisms
in an aquatic system may impact the
bacterial ecosystem as a whole, changing
the dynamic between organisms, as well
as altering the biogeochemical cycles. For
instance, increasing the nutrient availability
in an aquatic ecosystem can lead to increased
numbers of phytoplankton blooms, which
can alter an ecosystem by depleting the
oxygen and nutrients present in the water,
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as well as decreasing the amount of sunlight
to submerged vegetation, thus leading to a
change in the entire ecosystem (2). Increasing
the bacterial abundance in an aquatic
ecosystem may alter the entire dynamic,
especially if these bacteria are introduced
to the environment via contamination,
thus essentially acting as invasive species,
these introduced E. coli and Enterococcus
organisms must adapt and occupy niches that
were previously occupied by the naturally
occurring bacteria (19).
Overall, the bacterial water quality of the
lakes sampled in this study was shown to
be unacceptable based on the EPA Lake
Water standards when looking at E. coli
densities. The ecosystem and human

health risks that are potentially posed due
to these values should raise concerns both
for environmental health and public health
officials. Additionally, the water sampling
protocol used in this study did not account
for the presence of stressed or injured
Enterobacteriaceae that might not grow when
plated directly onto EMB agar, suggesting
the actual densities of E. coli could be higher
than those reported here. Moreover, the
relationships observed between the bacteria
and the factors measured in this study
suggest that there may be an interaction
component between E. coli and Enterococcus
spp. that needs to be taken into account
when bacterial water quality assessments are
being made, and this interaction should be
investigated further for confirmation.
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We identified chytrid fungi that were attached to pine
pollen on the surface of Crater Lake. Fungi were identified
by large subunit (LSU) rRNA gene sequencing of lake
pollen extracts and by isolation of a chytrid fungus that
was present on the pollen. LSU rRNA PCR products were
cloned, sequenced and identified. The majority of eukaryotic
LSU rRNA sequences associated with pollen were found to
be members of the chytrid order Rhizophyidiales. A fungal
isolate was characterized culturally, morphologically, and
by DNA sequencing and was identified as a member of the
genus Paranamyces, in the order Rhizophydiales. In addition,
protist LSU rRNA sequences from the phylum Ciliophora
were found. The concentrations of dissolved organic matter,
nitrogen, and phosphate in surface water that had visible
pollen rafts increased according to the concentration of
pollen in the water. Each of these nutrients was detected
at several fold higher levels in water with pollen rafts as
compared to surface water lacking pollen rafts. These results
provide evidence for the role of chytrid fungi in nutrient
release from pollen deposited on Crater Lake.

INTRODUCTION
The occurrence of pollen in Crater Lake:
seasonal pine pollen deposition is a source
of allochthonous organic matter for Crater
Lake, Oregon. Crater Lake is a high-elevation,
collapsed volcanic caldera lake and the
deepest lake in the United States. It has an
average depth of 350 m and a maximum

depth of 594 m. It is a nitrogen limited,
oligotrophic lake that supports a relatively
low density of phytoplankton, heterotrophic
bacteria, fungi, zooplankton, and fish (12).
During spring and early summer, coniferous
forests in the vicinity of Crater Lake produce
massive amounts of wind-dispersed pollen,
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primarily from pine trees including Pinus
contora and Pinus ponderorsa (35). Pine
pollen grains have air bladders that allow
them to float on water and form yellow
aggregates known as pollen rafts. The
appearance of pollen rafts on Crater Lake
and on many Northern forest lakes is a
yearly occurrence (7, 16, 33, 44). Terrestrial
organic matter does not flow readily into
Crater Lake; it is fed by rain, snowmelt, and
groundwater. Other than a few small springs
on the steep caldera walls, there are no stream
inputs and sources of allochthonous organic
matter are presumed to be scarce. Crater
Lake has seasonal stratification of the water
column and deep-water mixing events every
2 to 5 years. Pollen dispersal occurs during
summer stratification when warmer water
floats on top of colder, denser water. This
effect provides stability within the photic
zone and would be expected to favor growth
of microbial communities associated with
buoyant pollen. However, pollen grains are
highly refractory nutrient sources. When
not colonized by microorganisms, they
eventually sink and can be preserved intact
in sediments for millennia (34). Because
pollen had not yet been studied as a nutrient
source in Crater Lake, we set out to discover
if the pollen is subject to frequent microbial
colonization and what role, if any, fungi play
in its decomposition.
Release of nutrients from pollen in support of
aquatic food webs: pollen is rich in fatty acids
and supplies organic and mineral nutrients
when broken down by microorganisms
(28, 32). Conifer pollen inputs have been
shown to increase nutrient levels, primary

production and zooplankton biomass in
oligotrophic lakes (16). Chytrid fungi are
often observed attached to pollen grains that
float on lake surfaces. Unlike most aquatic
microbes, chytrids have the ability to break
down the outer exine wall of pollen to
obtain nutrients (22, 38, 41). Chytrids that
grow on pollen grains can complete their
life cycle attached to pollen (15) and are
considered to be major pollen decomposers
along with bacteria (33). Once the exine wall
is breached, a variety of other organisms can
participate in pollen decomposition. Organic
matter released from pollen serves as a
growth substrate for heterotrophic organisms.
Mineralized phosphate and nitrogen from
organic matter decomposition supports
the growth of phytoplankton (4). The size
of pollen grains and their buoyancy make
them susceptible to zooplankton grazing.
Partial microbial digestion of pollen greatly
increases the nutrient quality of pollen for
zooplankton because zooplankton lack the
ability to break down the outer pollen wall
(32). In addition, chytrid zoospores are
consumed by zooplankton and have been
shown to promote their growth (22). Thus,
pollen infection by chytrid fungi initiates
food webs that nourish primary producers,
heterotrophic microbes and larger consumers
such as zooplankton. The role of chytrid
fungi in lentic food webs has received little
attention, perhaps because of its seasonal
pollen dependence and difficulty in fungal
identification (20). Because of the crucial
role that chytrid fungi play in nutrient
release from pollen, we sought to identify
and culture pollen-associated chytrids from
Crater Lake and compare dissolved nutrient
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levels in pollen rafts relative to lake water
lacking pollen.
Aquatic food webs were initially imagined
as linear food chains from phytoplanktonproduced organic matter to zooplankton
and animals such as fish. The current
view is more complex and includes the
consideration of allochthonous nutrients
and the roles of heterotrophic bacteria and
fungi (36, 37). Heterotrophic microbes thrive
in most aquatic environments, including
Crater Lake, and participate in food webs
and microbial loops (9, 43). Most of the
available organic matter in aquatic systems
is not readily digestible by organisms other
than heterotrophic bacteria and fungi (6, 8).
Heterotrophic microbes effectively consume
organic matter and serve as food sources
for larger microbes and zooplankton. In
addition, they are able to mineralize and
release phosphate and nitrate that are often
limiting nutrients in aquatic ecosystems (9).
Phytoplankton and heterotrophic microbes
may be in competition for inorganic
nutrients, but on the whole, heterotrophs are
considered to be essential for production of
mineral nutrients that support phytoplankton
(4, 38). Until now, pollen has not been
considered as an allonchthonous nutrient in
Crater Lake. Pollen decomposition by chytrid
fungi in Crater Lake would support food
webs by releasing the nutrients present in
pollen and by promoting chytrid zoospore
production. Chytrid sporangia and zoospores
serve as food for larger organisms including
zooplankton and invertebrates (22, 23, 33).
Characteristics of chytrid fungi and their
growth on pollen: Chytridiomycota is a

phylum of fungi that reproduces with
flagellated spores known as zoospores. These
organisms, commonly called chytrids or
zoosporotic fungi, are genetically diverse and
have been shown to occupy a basal position
in fungal phylogeny (10). There are five
taxonomic orders within Chytridiomycota,
with Rhizophydiales having the majority of
described genera and species (30). Two other
newly recognized phyla, Blastocladiomycota
and Neocallimastigomycota, are similarly
comprised of zoosporotic fungi although
these phyla have relatively few species
represented within them (19). The
morphologically distinct features of chytrids
are their sporangia and their flagellated
zoospores, which are produced within the
sporangia. In the case of eucarpic sporangia,
filamentous rhizoids are produced, which
are attached to the sporangia. Zoospores
develop into germlings, which are the
precursors of sporangia. Zoospores and/
or germlings typically attach to a nutritive
substrate such as pollen or phytoplankton and
develop either as epibionts or as endobionts.
These morphologic and life cycle features
are used to classify zoosporotic fungi (2, 41).
In addition, genetic sequences, particularly
large subunit ribosomal RNA sequences,
are a valuable aid to identification (2, 42).
Chytrids are found in aquatic and terrestrial
environments and are often parasites of
phytoplankton or saprophytes with the ability
to break down refractory nutrient sources
such as pollen, chitin, and cellulose (2, 18,
20). Lake pollen is considered to be a prime
nutrient for many aquatic chytrids (15, 33).
We hypothesize that Crater Lake pollen is
subject to colonization and decomposition
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by chytrid fungi, and that this leads to an
increase in nutrient availability. Food webs
at several trophic levels would be supported

by a general increase in nutrients given that
Crater Lake is a nutrient-limited ecosystem.

MATERIALS AND METHODS
Sample collection and processing: A Crater
Lake research and sample collection permit
number CRLA-2016-SCI-0005 was obtained
from the National Park Service. Surface
water from Crater Lake was collected in
0.5 liter bottles from the shore at a rocky
location (42°58’36.5”N , 122°5’16.8”W) where
the dropoff into the water was steep. The
sampling site was selected based on the
presence of a thick pollen raft in early June,
2016. Approximately 0.4 liters of water
(with or without pollen raft) were collected
on June 3, June 20, July 27, and August 31
of 2016. Aseptic techniques included use
of sterilized sample containers, careful
skimming of surface water during collections
to avoid contamination, and aseptic laboratory
techniques. The volume of buoyant pollen
raft that was collected above surface water
was measured relative to total sample volume
using the graduations on the sample bottles.
Water was kept at ambient temperatures for
up to 12 h until it could be stored in a 4°C
refrigerator. Upon arrival at the laboratory,
all samples were analyzed by microscopy to
determine the concentration of pollen grains
and observe associated microorganisms.
Pollen concentrations were determined by
counting the number of pollen grains in a
fixed volume using a hemocytometer and
microscope. In addition, 150 ml of each

sample was processed by pre-filtration
through a 100-micron filter (to prevent
clogging) and subsequent filtration through
a 0.2 micron pore size filter to separate
particulates from dissolved nutrients. The
filtered water was stored frozen for later
chemical analysis. Buoyant pollen raft from
the June 20 water sample was separated from
the water beneath it by aspiration, transferred
to a 100-micron sieve, rinsed with sterile
water and used for isolation of chytrid
fungi and analysis of eukaryotic rRNA gene
sequences.
Water chemistry: Nutrient analysis, including
measurements of dissolved organic carbon
(DOC), phosphate, ammonia nitrogen, and
nitrite plus nitrate nitrogen was performed
by the Cooperative Chemical Analytical
Laboratory (CCAL, Corvallis, Oregon)
operated by Oregon State University
College of Forestry and the U.S. Department
of Agriculture Forest Service. CCAL’s
methodology and quality assurance program
conforms with American Public Health
Association (APHA) and US Environmental
Protection Agency (EPA) surface water
chemistry criteria. CCAL tested random
duplicate samples for each parameter to
ensure that duplicate measurements of
identical samples were within their quality
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assurance limit of ten percent. Nitrogen
concentration from ammonia was measured
using APHA protocol 4500-NH3 G
(salicylate method), nitrogen concentration
from nitrite plus nitrate was measured using
APHA protocol 4500-NO3 F (cadmium
reduction method), ortho phosphate was
measured using APHA protocol 4500-P F
(ascorbic acid method), and dissolved organic
carbon was measured using APHA protocol
5310 B (1).
Genetic analysis: Pollen from water
collected on June 20, 2016 was retained
in a 100-micron sieve and rinsed with
sterile deionized H2O. Chitinase from
Streptomyces (Sigma Aldrich, St. Louis,
Missouri) was dissolved at a concentration
of 1 mg per ml in phosphate buffered
saline, pH 6.0. 200 µl of pollen suspension
was mixed with 200 µl of chitinase and
incubated for 1h at room temperature to
break down fungal cell walls. Similarly, an
isolated colony from a cultured Crater Lake
chytrid was digested with chitinase at pH
6.0 at room temperature for 1h. Reagents and
methodology from a DNAeasy kit (Promega,
Fitchburg, Wisconsin) were used to prepare
DNA extracts from the chitinase digested
lake pollen and fungal isolate. These extracts
were used as templates during polymerase
chain reaction (PCR) amplification of
partial 5.8S rRNA, intragenic spacer (ITS)
region, and 28S rRNA gene sequences. The
primers used for PCR amplification were
5.8SR (5’-TCGATGAAGAACGCAGCG-3’)
and L7 (5’-TACTACCACCAAGATCT-3’).
PCR reactions were catalyzed by Promega
taq polymerase at these thermal cycler

settings: 94°C for five minutes followed
by 35 cycles of denaturation at 92°C for
30 seconds, annealing at 50°C for one
minute, and extension at 72°C for one
minute. PCR products were purified
after agarose gel electrophoresis using
QiaQuick gel extraction and spin column
kit reagents (Promega). Amplicons were
cloned into pGEM T-Easy (Promega).
Cloned DNA was sequenced using
BigDye™ Terminator v3.1 Cycle Sequencing
technology and a 310 Genetic analyzer
(Applied Biosystems, Foster City, California).
Primers for DNA sequencing were 5.8SR
(5’-TCGATGAAGAACGCAGCG-3’) and
L7 (5’-TACTACCACCAAGATCT-3’). DNA
sequences were analyzed by BLAST to
determine percent sequence similarities.
A phylogentic tree was prepared using a
neighbor joining distance method based
on pairwise alignments (39) and sequence
similarity identified by BLAST analysis
(https://blast.ncbi.nlm.nih.gov/). Pollen clone
DNA sequences were submitted to GenBank
under accession numbers MG132640MG132663. Crater Lake chytrid isolate
Paranamyces sp. CL sequence was submitted
under accession number MG195571.
Culture techniques and microscopy: Pollen
from water collected on June 20, 2016 was
transferred to a sterile sieve and rinsed
with sterile deionized H2O. The pollen
was suspended in sterile water and counted.
Chytrid mPmTG agar was supplemented
with 120 mg/L penicillin and 200 mg/L
streptomycin to inhibit bacterial growth
(11). Chytrid agar plates were inoculated by
spreading with approximately 50 pollen
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grains in a volume of 0.5 mls of sterile
water. The cultures were incubated at
15°C for three weeks until chytrid colonies
appeared. Zoosporotic fungal colonies
were purified by three rounds of streak
plating on mPmTG agar. One of these
isolates was characterized extensively
by microscopy and ITS/LSU rRNA gene
sequencing. Liquid cultures of the chytrid
isolate were maintained in mPmTG broth
or sterile distilled water with 6 mg/L
penicillin, 10 mg/L streptomycin, and 2 x

104 Ponderosa pine pollen grains/ml. A
Leica DM1000 microscope with digital
MC100 camera was used for microscopy
of stained and unstained samples. Samples
were observed by phase contrast microscopy
and by staining with lactophenol cotton
blue followed by bright field microscopy.
Cooperative Chemical Analytical Laboratory
performed measurements of DOC in pollen
and chytrid culture supernatants after
filtration through 0.2 micron membranes.

RESULTS
Chemical and microscopic analysis of water
samples: Climatic conditions during late
spring of 2016 resulted in the appearance
of substantial rafts of aggregated pollen
on Crater Lake, visible from the caldera
rim. The yellow pollen rafts stood out in
stark contrast to the water of this lake that
is renown for its deep blue color. On June
3 and June 20, pollen rafts were observed
floating in swirled patterns on the surface
of the lake in various locations, especially
near the shoreline. A wind-blown pollen
raft accumulated as particularly thick layer
near Cleetwood Cove on June 3. A sample
of surface water from this location on June
3 consisted of buoyant, aggregated pollen
(20% of sample volume) and optically clear
water beneath the pollen raft. On June 20,
a pollen raft at Cleetwood Cove constituted
5% of the surface water sample volume.
Later in the summer, on July 27 and August
31, pollen rafts were absent from the lake,
but pollen grains were suspended in surface

water. Pollen concentrations and chemical
analysis of filtered water samples are
shown in Table 1. Dissolved organic carbon
(DOC), phosphate and mineralized nitrogen
were present at higher concentrations in
surface water associated with pollen rafts.
In the month of June, pollen raft waters
had 5-160 times more DOC than nonraft associated water during late July and
August. Phosphate and mineralized nitrogen
levels (nitrite plus nitrate) were also greatly
elevated (3-330 fold) by the presence of
pollen rafts. Pollen rafts on Crater Lake were
concentrated at particular locations, usually
near the shore. It is important to note that the
pollen raft collected on June 3 was unusually
thick. The vast majority of Crater Lake’s
surface was free of pollen rafts throughout
2016. Microscopic observations of Crater
Lake water samples revealed the presence
of zoosporotic fungi, bacteria and ciliates
attached to and/or grazing on pollen in water
samples from June 3, 20, and July 27.
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In the water sample from June 3 there
were an average of two zoosporotic fungal
sporangia attached to each pollen grain.

A representative photograph of chytrid
colonization of pollen grains is provided as
Figure 1.

Table 1

Figure 1. Phase contrast micrograph of Crater Lake pollen with attached fungal sporangia and bacteria.
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Genetic analysis of pollen associated
organisms: DNA was extracted from pollen
water collected on June 20, 2016 and LSU
rRNA sequences were amplified by PCR
and cloned. Twenty-four LSU rRNA clones
were sequenced and identified by BLAST
and by phylogenetic analysis of fungal
sequences (Table 2 and Figure 2). Fourteen
LSU clones were identified as members of
the chytrid order Rhizophydiales. Among
these, 12 clones were 98-100% identical
to each other, forming a distinct clade
most closely related to chytrid genera
Alphamyces and Kappamyces. The two
other Rhizophydiales clones, pollen428 and
pollen429, did not fall within the tight
clade of clones but clustered with known

Rhizophydiales genera in the neighbor
joining tree shown in Figure 2. The closest
BLAST matches to clones pollen428 and
pollen429 were Rhizophylictis (96% sequence
similarity) and Entophylictis (91% sequence
similarity), respectively. Clone pollen416
had a relatively novel LSU rRNA sequence
that was most similar to species in the
chytrid order Blastocladiales and phylum
Blastocladiomycota. Nine of the LSU clones
were identified as members of the protist
phylum Ciliophora including three clones
that were 99% -100% similar to Sterkiella
histriomuscorum, and one clone that was
99% similar to Oxytricha longa. Five of
the protist clones had LSU rRNA sequences
that could not be definitively identified

Table 2. Classification of cloned pollen LSU rRNA gene sequences based on BLAST
analysis and neighbor joining analysis. The range of percent DNA sequence similarity
to the closest matches in GenBank are shown.
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Figure 2. Neighbor joining phylogenetic analysis of cloned pollen LSU rRNA gene
sequences identified as fungal, Crater Lake chytrid isolate sequence, and closely related
sequences from GenBank. Scale bar indicates percent DNA sequence difference.

beyond the phylum Ciliophora, but were
most likely members of the orders Sessilida,
Haptorida, and Endogenida. DNA sequence
results were consistent with microscopic
observations of zoosporotic fungi attached to
Crater Lake pollen and protozoa grazing on
pollen.
Cultivation and characterization of a fungus
from Crater Lake pollen: A chytrid isolate
was cultured from Crater Lake pollen and
identified by ITS and LSU rRNA gene
sequencing, morphology and cultural
characteristics. The DNA sequences had

99.8% sequence identity to Paranamyces
uniporus (812/814 nucleotides), a chytrid
in the family Halomycetae and order
Rhizophydiales (31). DNA sequence similarity
between Paranamyces uniporus, the Crater
Lake pollen isolate, and other Rhizophydiales
is shown in Figure 2. The Crater Lake
chytrid isolate grew in mPmTG broth and
on pollen grains suspended in distilled water,
and completed its life cycle in six days at
15°C. It generated zoospores that were 3-4
microns in diameter, spherical to slightly
oval, with a single flagellum 8-15 microns
long. Zoospores developed into spherical
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germlings with branched rhizoids on single
axis. Mature thalli were spherical sporangia
ranging from 20 to 80 microns in diameter.
Sporangia were monocentric and eucarpic,
inoperculate with fine rhizoids tightly
aggregated on a single axis. Exit pores were
not apparent. The morphologic features
of the Crater Lake isolate were consistent
with its DNA sequence identification as
Paranamyces (31). Photographs of its various
developmental stages are shown in Figure 3.
In an experiment designed to determine if
organic carbon was released during chytrid

growth on pollen, the Crater Lake isolate
was mixed with Ponderosa pine pollen in
distilled water, penicillin and streptomycin.
After four days at 15°C, the pollen grains
were heavily colonized with developing
sporangia. The culture supernatant
contained 469 mg/L DOC, whereas control
samples of incubated pollen alone or fungi
alone had 178 mg/L and 84 mg/L DOC,
respectively. The growth experiment
provides further evidence that chytrid fungi
are able to thrive on pollen and participate in
nutrient release.

Figure 3. Crater Lake chytrid developmental stages. A) zoospores stained with lactophenol cotton blue. B) Germlings stained with lactophenol cotton blue. C) sporangia
stained with lactophenol cotton blue. D) unstained Lodgepole pine pollen after four
days of chytrid growth.
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DICUSSION
We used microscopy, rRNA gene sequence
analysis, and isolation of a chytrid fungus
to demonstrate the presence and growth
of chytrids on Crater Lake pollen. Similar
to other published results (21, 29, 45), we
found that the majority of eukaryotic
rRNA gene sequences associated with lake
pollen were Chytridiomycota in the order
Rhizophydiales. The abundant presence
of chytrid fungi on pollen in Crater Lake
undoubtedly contributes to the release
of nutrients for consumption by other
aquatic microorganisms and improves the
digestibility of pollen for zooplankton (32).
Zoospores produced during chytrid growth
on pollen can also nourish zooplankton
directly (22). We showed that lake water
associated with pollen rafts had increased
concentrations of DOC, phosphate, and
mineralized nitrogen. We measured
nutrients in surface water near shore,
whereas previous researchers reported
dissolved nutrient levels in Crater Lake
surface water miles from shore, over the
deepest part of the lake. For example,
Larson et al (26) reported finding 0.012
mg/L phosphate, 0.003 mg/L nitrogen from
ammonia, and 0.001mg/L nitrogen from
nitrite plus nitrate. These values are similar
to our late summer water sample that lacked
pollen. In 1999, Hargreaves et al detected
DOC values of 0.05 to 0.15 mg/L in Crater
Lake surface water over the deepest part
of the lake (17). We found higher levels of
DOC, perhaps because pollen and other

allochthonous macronutrient inputs are
likely to be higher near shore. Our results
are consistent with results from other
lake systems where the addition of pollen
increased dissolved nutrients (16). Isolation
of a Paranamyces chytrid from Crater
Lake pollen adds to the list of zoosporotic
fungi available for laboratory studies. We
anticipate that this isolate will be useful
for studies of pollen decomposition and
metabolic activities of chytrid fungi.
Fungi have been identified as important
decomposers in aquatic and terrestrial
ecosystems but the dominant research focus
has been on woody and leafy detritus found
in streams, soils, shallow lakes and wetlands
(23, 24). Filamentous, hyphomycete fungi
are commonly observed in these systems.
However, hyphomycete growth is limited
by their non-motile spores and their reliance
on hyphal networks (45). In a deep-water,
oligotrophic lake such as Crater Lake, leafy
and woody detritus are rare, whereas the
seasonal pulse of pollen is predictable.
Chytrid fungi produce motile zoospores
that are able to chemotax toward nutritive
substrates such as pollen (14) and chytrids
are well adapted to nutrient extraction from
pollen. This study detected a diversity of
chytrids in association with pollen from
Crater Lake, with representatives from
Chytridiomycota and Blastocladiomycota.
Our results align well with previous
reports of chytrid diversity within aquatic
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ecosystems (21, 29, 40, 45).
High trophic transfer efficiencies have been
reported from pollen to chytrid zoospores as
well as from chytrid zoospores to daphnid
zooplankton establishing a direct connection
between pollen and higher trophic levels
within aquatic ecosystems (13, 22). Daphnia
and 11 other species of zooplankton with
similar feeding patterns are present in
Crater Lake (4, 12, 27). Previous research
on zooplankton within Crater Lake found
significant seasonal and annual variability in
zooplankton density but could not identify a
mechanism for that variability (27). Because
pollen may represent a large fraction of the
macronutrients that enter Crater Lake, its
degradation and nutrient uptake by chytrid
fungi likely contributes to zooplankton
abundance. We speculate that variation in
pollen abundance contributes to variations
in zooplankton abundance in Crater Lake.
Daphnia are present within Crater Lake
and are a species of interest for the Crater
Lake Long-term Limnological Monitoring
Program because of their important
relationship with fish species (3, 12). Based
on analysis of stomach contents, the diet of
Crater Lake’s Kokanee salmon consists almost
entirely of Daphnia (3). Increases in fish
populations were correlated with increases
in Daphnia abundance over a period of 28
years (12). Allochthonous nutrients such as
pollen that support Daphnia would therefore
be predicted to support salmon in Crater
Lake.
Crater Lake is oligotrophic with low
concentrations of minerals and DOC.

Thermal stratification and nutrient upwelling
from water below 200m to productive
water above 120m are important Crater Lake
processes that regulate ecosystem dynamics
(5). The depth and frequency of vertical
water column mixing control the extent
that deeper, nutrient-rich water mixes
with relatively nutrient-poor epilimnion
and metalimnion. Thermal stratification
occurs in Crater Lake at the same time as
pollen input. During this time, a warmer
epilimnion floats on colder deep water, and
prevents deep water mixing. The upper
200m of Crater is mixed by wind (5, 25).
Nutrients derived from pollen rafts will
diffuse and be assimilated quickly in the
epilimnion and/or leach slowly into deep
water. Wintertime mixing to the very
bottom of the lake occurs every 2-5 years
in Crater Lake, due to a reversal of thermal
stratification. During reverse stratification,
colder surface water is forced downward,
causing nutrient upwelling (12). If chytrid
fungi were absent from Crater Lake,
undecomposed pollen grains would likely
sink to the lake’s bottom and be effectively
removed from the aquatic food web. Pollen
decomposition by chytrids and other
microorganisms in the summer-stratified
epilimnion ensures that much of the organic
and inorganic nutrients from pollen remain
in the upper water column, supporting the
growth of phytoplankton, heterotrophic
microorganisms and larger organisms.
Pollen-derived nutrients that leach into
water below 200 meters are removed from
the food web until an upwelling event
brings them back up to the more productive
epilimnion and metalimnion.
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Organisms that live in Crater Lake contend
with a nutrient poor environment. Low
levels of nitrate in the euphotic zone limit
the growth of phytoplankton and food is
scarce for organisms at higher trophic levels
(26, 43). Low levels of primary production
increase the impact of allochthonous
nutrients on food webs. The seasonal
pulse of pollen input supports Crater Lake
organisms at several trophic levels. Release
of mineral nutrients and DOC from pollen
supports microorganisms at the base of food
webs. Pollen particles with decomposed
exine walls are high quality food for

zooplankton, as are chytrid zoospores that
are generated during chytrid growth on
pollen (22). Atmospheric deposition of
particulate nutrients such as pollen has not
been quantified for Crater Lake (25). To
fully understand nutrient dynamics in Crater
Lake it will be important to estimate the
amount of pollen entering the lake. Longterm studies that track pollen abundance
and Daphnia abundance might reveal a
correlation between them. Additionally,
studies that trace flow of carbon and
nitrogen from pollen through aquatic food
webs should be considered.
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Bacteriophages are obligate intracellular parasites, but many
of the cellular proteins involved in replication have not been
identified. We have tested the role of the inner membrane
protein YhiM in bacteriophage replication. YhiM is a
conserved (21) membrane protein in Escherichia coli (E.
coli) thought to be localized to the cytoplasmic membrane
that is necessary for cell survival under conditions of cell
stress, including acid shock, low osmolarity and high
temperature. We show here that YhiM is necessary for
replication of the bacteriophage T4. It also plays a modest
role in the replication of T1, T3, and T5 but it does not play
a role in the replication of ΦX174. Our data indicated that
no replication of T4 occurs in cells missing YhiM. This
block in infection is due to a block in attachment of the virus
to the cell surface.

INTRODUCTION
Bacteriophages are viruses that infect bacteria.
They have numerous strategies to infect their
host cell and require many host proteins for
their replication. All viruses require a receptor
on the cell surface to identify a susceptible cell
and begin infection (3). The bacteriophage
then depends on numerous host proteins to

reproduce. For example, the bacteriophage T4
requires the E. coli genes tabB, groE and mop
for proper assembly of the virus (6, 9, 28). T4
replication is also dependent on RpoS (4), a
sigma factor involved in regulating responses
to cell stress and changes in the growth of E.
coli (14). Finally, growth of the bacteriophage
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T4 is dependent on environmental conditions,
including temperature (12, 27). Given that the
environment affects bacteriophage replication
and that pathways involved in response
to environmental stresses can affect viral
replication, we were interested in determining
whether other genes involved in responses to
environmental stresses might also be involved in
T4 replication.
YhiM is a conserved inner membrane protein
in E. coli. It has 10 predicted transmembrane
domains and homology to the DUF 2776 family
of proteins, an uncharacterized family of proteins
(24). YhiM expression is upregulated under
conditions of cell stress, such as acid stress, high
temperature and changes in osmolarity (22, 3032). YhiM expression is regulated by the sigma
factor RpoS (1, 31). YhiM is also necessary for
survival during acid shock and conditions of
high temperature and low osmolarity (2, 21).
Finally, YhiM has also been shown to play a role
in GABA transport (29).
Because YhiM seems to play a role in protecting
the cell during conditions of cell stress (2, 21)
and bacteriophage replication can be affected
by RpoS, we wanted to know if YhiM might
also play a role in infection by bacteriophages
that infect E. coli. There are several wellcharacterized bacteriophages that infect E. coli,
including T1, T3, T4, T5 and ΦX174. These
viruses belong to different virus families, have
different morphologies and require different
proteins from the cell for infection. T1
belongs to the Siphoviridae family, has a ~49kb
DNA genome and uses the FhuA protein for
attachment (10). T3 has a short tail, a DNA
genome of ~40kb, and uses lipopolysaccharides
(LPS) for attachment to the cell surface (32). T4

is a member of the “T-even” phage group, has a
large DNA genome (~170kb) and uses OmpC
and LPS for attachment to cells (20). T5 has a
long non-contractile tail, a DNA genome of ~121
Kb, and uses the FhuA receptor for attachments
(15) (19). ΦX174 is a member of the
Microviridae family, does not contain a tail, has
a genome of ~5 Kb and uses LPS for attachment.
T3 and T4 use the same glucose residue for
binding, whereas ΦX174 uses a different site on
LPS for attachment (23).
We used two E. coli strains, the wildtype UCB
strain and a previously published strain with
a Tn10 insertion into the yhiM gene (21)
to test whether bacteriophage replication is
dependent on YhiM. We tested a wide range of
bacteriophages including T1, T2, T3, T4, T5, and
ΦX174. These viruses were chosen because they
are all well characterized and belong to different
families of viruses. Our data indicated that
replication of the bacteriophage T4 is dependent
on YhiM. Attachment to the cell surface is
blocked by a lack of YhiM, but this effect can be
partially rescued by using a high virus number
per cell or by prolonged incubation with the
virus. This suggests that YhiM mediates efficient
T4 attachment at the cell surface.
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MATERIALS AND METHODS
STRAINS USED

ATTACHMENT ASSAYS

The E. coli strains UCB and NVU31 have
been previously described (21). UCB is the
parental strain of NVU31 and NVU31 has a
Tn10 insertion at position 167 of the yhiM
gene (21). Strain B was obtained from Bruce
Voyles, Grinnell College, Grinnell, IA. T1, T3,
T4 and ΦX174 were obtained from Presque
Isle Cultures, Erie, PA. T4 was a gift from Peter
Gauss, Western State College, Gunnison, CO.

Mid-log cultures of UCB or NVU31 were
incubated at an MOI=0.01, 0.1, 1 or 10 and
lysed with chloroform prior to titer using strain
B. For experiments performed at 4oC, cells were
incubated on ice with shaking during attachment.
Cells were then shifted to 37oC prior to single step
growth curve analysis (17).

EFFICIENCY OF PLATING
These experiments were performed as
previously described (18). Briefly, UCB or
NVU31 was mixed with top agar (per liter:
10g tryptone, 1g yeast extract, 5g NaCl, 0.2g
glucose, 7g agar) and then layered on top of
bottom agar (per liter: 10g tryptone, 1g yeast
extract, 5g NaCl, 0.2g glucose, 10g agar). All
media components were obtained from Fisher
Scientific. Ten µl of various dilutions of virus
in T broth (per liter: 10g tryptone, 5 g NaCl)
were spotted on top of the top agar overlay.
Efficiencies are described relative to titer on
UCB.

COMPLEMENTATION
ASSAYS
yhiM was amplified from genomic DNA using the
primers RST201 (5’-GTGAACATATATATCGGGTGG-3’) and RST202 (5’- TTATTTTTTAGCAGGAACCGCTTC-3) and was cloned into
pTrc-HisTOPO (Invitrogen). pTrc-HisTOPO-yhiM or pTrc-HisTOPO-LacZ (Invitrogen)
was transformed into either UCB or NVU31.
Protein expression was verified by SDS Page.
Cells were induced for 2 hours with 1mM IPTG
prior to attachment assays.
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RESULTS
To determine whether yhiM plays a role in viral
infections, we infected wildtype (UCB) and
ΔYhiM (NVU31) with various viruses to see if
a lack of yhiM affected virus growth (Table 1).
A lack of yhiM had no effect on infection with
T5. In contrast, a lack of yhiM had a modest
effect on infection of T1, T3 and ΦX174, with a

10-fold reduction in efficiency of plating (EOP).
T4 was the most dependent on yhiM, with a >106fold decrease in efficiency of plating (Table 1 and
Fig. 1A). No plaques were seen after infection of
NVU31 cells with T4 (Fig. 1A).

Table 1: Efficiency of plating in cells missing yhiM. Efficiency of plating is relative to number of
plaques during infection of UCB. Experiment was repeated at least 3 times.

Figure 1: A) Efficiency of plating of T4 on NVU 31. B) Single step growth curve of T4 infection of
both wildtype (UCB) and ΔYhiM (NVU 31). All samples were lysed in chloroform prior to plaque
assay analysis. Each experiment was conducted at least 3 times. Error bars represent the standard
error of the mean (SEM).

We were interested in determining the stage of
the viral lifecycle that was blocked in NVU31
cells. One possible explanation for the lack of
plaques on NVU31 is that T4 can enter and
produce virus particles but cannot lyse NVU31.
We tested this possibility by doing a single
step growth curve on both NVU31 and UCB.

Samples were lysed in chloroform before assaying
the amount of virus to release any intracellular
virus. Our data indicated that no virus was
produced in NVU31 cells (Fig. 1B), suggesting
that the virus may not be able to enter and/or
replicate in NVU31.
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We next wanted to determine if the lack of
replication was due to a lack of attachment.
We performed attachment assays using both
UCB and NVU31 cells. We found that after
10 minutes of incubation at 37oC, 50% of T4
attached to UCB while <5% of T4 attached
to NVU31 cells (p=0.0013) (Fig. 2A). These
data suggested that the replication defect in
yhiM deficient cells may be due to an inhibited
attachment. To show that the block in
attachment was due to yhiM, we constructed a
plasmid that expresses yhiM (pTrc-HisTOPO-

yhiM) and transformed both UCB and NVU31
cells. We also transformed both cell lines with
pTrc-HisTOPO-LacZ as a control for protein
overexpression. We then tested attachment on
both cells (Fig. 2B). Consistent with previous
data, the virus attached to UCB expressing lacZ
but did not attach to NVU31 expressing lacZ
(p=0.042). In contrast, overexpression of YhiM
restored the ability of T4 to attach to NVU31
(p=0.4119), suggesting that the lack of attachment
to NVU31 is due to the lack of YhiM (Fig. 2B).
The previous data suggested that T4 could

Figure 2: A) Attachment of T4 to UCB and NVU 31 cells after 10 minutes. B) Attachment of T4
to UCB and NVU31 cells expressing either LacZ or YhiM after 10 minutes. Each experiment was
conducted at least3 times. Error bars represent SEM.

not attach to cells deficient in yhiM. We next
determined whether this was a complete
block in attachment or whether T4 attached
inefficiently to the cell surface. We took two
approaches to this question. First, we added
increasing amounts of virus per cell to see if
the addition of extra virus would complement
the phenotype. Addition of additional virus
resulted in an average percentage attachment of
2% at 0.01 and 0.1 pfu/cell (Fig. 3A and B) and
increased to 7.5% at 1 pfu/cell (Fig. 3C) and 9%
at 10 pfu/cell (Fig. 3D). Our data indicated that

while adding additional virus slightly increases
attachment, T4 does not attach to mutant cells
to the same degree as it attaches to wildtype cells
even when we add 10 pfu/cell (p=0.0026) (Fig,
3A-D). Another possibility to explain the lack
of attachment is that the virus attaches slowly to
the surface of cells. Because replication occurs
when cells are incubated at 37oC, we decided to
let the virus incubate at 4oC for 30 minutes and
then shift the cells to 37oC for the rest of infection
to occur. This allowed the virus to attach without
replication and lysis of the host cell. We found
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Figure 3: Attachment of T4 to UCB and NVU 31 cells using A) 0.01 pfu/cell, B) 0.1 pfu/cell, C) 1
pfu/cell or D) 10 pfu/cell. Attachment was measured at 10 minutes post addition of virus. Each
experiment was conducted at least 3 times. Error bars represent SEM.

that while some of the virus attached to NVU31
after 30 minutes, it did not attach at the same
level as UCB (p=0.0630) (Fig. 4A). We next
tested whether the virus that had attached to
the surface of NVU31 could enter and replicate
within these cells. We incubated UCB and
NVU31 cells with T4 for 30 minutes at 40C to let
the virus attach and then shifted the cells to 370C
to allow DNA entry and replication to occur.

After attachment to UCB at 40C, T4 could enter
and produce progeny when shifted to 370C (Fig
4B). In contrast, no progeny was produced after
attachment to NVU31 cells. This suggests that
while the virus can attach inefficiently to ΔYhiM
cells, YhiM is also necessary for a post attachment
step in viral replication.
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Figure 4: Attachment of T4 at 4oC. A) % attachment after 30 minutes of attachment. B) T4
replication at 37oC after 30-minute incubation at 4oC. Each experiment was conducted at least 3
times. Error bars represent SEM.

DISCUSSION
These experiments describe the identification of
the inner membrane protein yhiM as a cellular
component necessary for T4 but not T1, T2, T3,
T5 or ΦX174 replication. T4 resistant E. coli were
previously described (6,9,13,16,20,25,26,28). Some
of these mutations result in a block in head assembly (6, 9, 28). These mutations map to the tabB,
groE and mop genes. Mutations have also been
characterized that result in the delay of the onset of
viral DNA replication and failure to produce late
gene products (20, 25, 26). These mutations map
to RNA polymerase. Some of the mutations have
been linked to mutations in the LPS (13). Other
mutations result in a block in T4 replication at
increased temperature (16).
Bacteriophage adsorption involves three steps:
initial contact, reversible binding and irrevers-

ible binding (7). If any of these three steps fail
to occur, attachment will not occur and the virus
will fail to replicate. Our data indicated that yhiM
plays a role in one of these three steps. Given that
multiple viruses infect our yhiM mutant (T1, T3,
T5, ΦX174), it seems unlikely that major increases
in capsule production are responsible for our lack
of attachment. It is also possible that our mutants
express abnormal levels of OmpC or LPS, the two
receptors involved in T4 attachment on the cell
surface. However, OmpC is not required for T4
attachment, so it is unlikely that changes in OmpC
expression would lead to a decrease in T4 binding
(11). T3, T4 and ΦX174 all use LPS as a binding
site for attachment but only T4 is unable to bind to
cells missing yhiM (8, 15). Furthermore, T3 and
T4 bind to the same glucose residue on LPS (23),
suggesting that the LPS synthetic pathway is not
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significantly affected by a lack of yhiM.
Since YhiM belongs to a group of proteins regulated by RpoS, we suggest that a lack of YhiM
may affect other pathways regulated by RpoS
and that these pathways are necessary for normal attachment and replication of T4. YhiM is
involved in regulating survival in many growth
conditions, including response to increased
temperature (2). T4 growth is also affected by
changes in E. coli physiology and temperature
(12). T4 replication is not regulated properly
in the absence of RpoS (4). Since YhiM is one
of many RpoS regulated proteins, one possibility is that the inhibition of replication in RpoS
deficient cells is dependent on a lack of YhiM.
This could be because the virus interacts directly
with YhiM to promote attachment, which seems
unlikely since YhiM is not on the outer membrane where attachment occurs. Alternatively,
YhiM could be involved in other cell processes
that are also necessary for T4 attachment. For

instance, T4 replication is dependent on temperature (27), and previous T4 resistant mutants
fail to replicate T4 at high temperatures (16).
YhiM’s role in mediating cell survival at high
temperature (2) may indicate that T4 attachment depends on functional YhiM to maintain
cell viability at high temperatures, therefore
allowing T4 to successfully attach and replicate
within E. coli.
We have shown that the inner membrane
protein YhiM is important for efficient replication of T4 but not T1, T2, T3, T5 or ΦX174
bacteriophages. This block in replication is due
to a defect in T4 attachment. Further studies
will determine the mechanism by which YhiM
mediates this function.
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Burkholderia pseudomallei is a Gram-negative bacillus
and facultative intracellular pathogen. It causes the disease
melioidosis, which is a potentially fatal human disease
found throughout the world but particularly in Southeast
Asia and Northern Australia. B. pseudomallei is inherently
antibiotic resistant and therefore new therapies are needed
to combat this pathogen. Previous studies with the related
organism Burkholderia thailandensis have shown that the
antibiotic ceftazidime does not eliminate all bacteria in an in
vitro macrophage model, and the remaining bacteria could
still pose a health threat to a potential host. Due to their
survival in the presence of antibiotics, we hypothesized that
the remaining bacteria were one of two types of antibiotic
tolerant cells: classically antibiotic resistant cells or persister
cells. To test our hypothesis we isolated the bacteria that had
survived ceftazidime treatment in the macrophage infection
model and performed additional in vitro experiments
to show that the surviving bacteria are neither antibiotic
resistant nor persister cells. Instead, they are still susceptible
to high doses (200 μg/ml) of the antibiotic over a period
of 48 hours (p<0.001). We believe the bacteria survive
exposure to the antibiotic during the macrophage infection
because of their ability to move between intracellular and
extracellular compartments, thus avoiding the antibiotic
and its deadly effects. Our results provide evidence to
suggest that intracellular pathogens, through movement
between intracellular and extracellular compartments,
may be protected from the effects of antibiotics in similar
macrophage infection models.

INTRODUCTION
Burkholderia pseudomallei is a facultative
intracellular pathogen and the etiological
agent of melioidosis (1, 13, 14, 19). This
disease is endemic in regions such as
Southeast Asia and Northern Australia and
causes potentially fatal infections that can

present as pneumonia or septicemia (16). B.
pseudomallei is inherently highly antibiotic
resistant and due to the swift progression
and deadly nature of the disease it causes, is
considered to be a bioterrorism threat (17).
There is no current vaccine to prevent this
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deadly disease, and most of the treatments
for melioidosis involve several weeks of
intravenous antibiotics, often with the
antibiotic ceftazidime (13, 19). However,
even with antibiotic treatment, mortality
rates still range from 20-50%, and as
many as 10% of individuals experience
recurrent infections, usually due to relapse
of the original infection (17). The high rate
of relapse infections would suggest that
complete elimination of the pathogen is
important for a patient’s full recovery.
Considering the challenges of treating
melioidosis, it is essential to develop new
therapies, which could potentially decrease
the burden of disease.
A series of previous studies have
investigated one alternative treatment
option in a macrophage infection model
using both the virulent B. pseudomallei
and also the closely related and avirulent
organism Burkholderia thailandensis.
These studies show the ability of the
antibiotic ceftazidime to interact with the
macrophage activator, interferon-gamma
(IFN-γ), to synergistically reduce the
bacterial burden both inside the infected
macrophages (intracellular compartment)
and outside of the infected macrophages
(extracellular compartment) (10, 12). What
was surprising from this study was that
the infected macrophages treated with
antibiotic alone still harbored a significant
amount of extracellular bacteria, even
when the antibiotic concentration was
approximately five times the minimum
inhibitory concentration (MIC) (10). Since
current melioidosis treatment relies almost
exclusively on antibiotics alone, this
result was disconcerting and warranted
further investigation. Such remaining

bacteria may still pose a significant threat
in a host and could explain why patients
with melioidosis often develop recurrent
infections due to relapse of the original
infection. From these previous studies
we developed a new research question
regarding these surviving extracellular
bacteria: are the remaining extracellular
bacteria still sensitive to the antibiotic or
have they become antibiotic tolerant? This
question was the focal point of our study.
There are two main types of antibiotic
tolerant bacteria. Classical antibiotic
resistance is a permanent and heritable
tolerance to antibiotics, while persistence is
a temporary and non-heritable tolerance (8).
Persister cells are thought to be present as a
small subpopulation in any large bacterial
population and are characterized as slow
or non-growing, dormant, bacterial cells
that are temporarily tolerant to antibiotics
due to their lack of replication (3-5, 8,
9). Additionally, when the antibiotic
is removed and persister cells resume
replication, most of the progeny of persister
cells are susceptible to the antibiotic, a
trait that helps distinguish them from
classically resistant bacteria (7, 8). While
the rate of persister cell formation is
typically less than 1% for many pathogens,
studies on Burkholderia persisters have
shown that cultures of B. pseudomallei
and B. thailandensis can harbor around
ten times higher frequencies of persister
cells compared to other bacteria such as
Escherichia coli, Staphylococcus aureus, and
Pseudomonas aeruginosa (2, 6, 11, 18). We
therefore had reason to hypothesize that
persister cells may compose some or all
of the remaining population of bacteria
that had survived antibiotic treatment
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during the macrophage infection. The aim
of the current study was to determine if
the remaining extracellular bacteria were
sensitive to antibiotics, antibiotic resistant,
or persister cells. By further characterizing

the surviving extracellular bacteria, we
would have the opportunity to gain insights
about the treatment of macrophages in
our in vitro model and help inform future
treatment options against melioidosis.

MATERIALS AND METHODS
BIOCHEMICALS
Ceftazidime hydrate was purchased
from Sigma-Aldrich (St. Louis, MO).
Recombinant murine IFN-γ was purchased
from PeproTech (Rocky Hill, NJ).
Kanamycin Monosulfate was purchased
from MP Biomedicals, LLC (Santa Ana,
CA), and Luria Bertani (LB) broth was
purchased from ThermoFisher Scientific
(Waltham, MA).

BACTERIA
Burkholderia thailandensis E264 was
purchased from American Type Culture
Collection (Manassas, VA) and used for
all experiments. A single isolated colony
was inoculated into sterile LB broth and
incubated on an ambient air, shaking
incubator at 200 rpm for 16 hours at
37°C. Overnight cultures were aliquoted
and stored at -80°C in 0.5 ml volumes
as a 15% glycerol stock solution. A new
vial of B. thailandensis was thawed and
resuspended immediately prior to use in
the macrophage infection assay.

CELL LINES
The murine macrophage cell line, RAW
264.7, was purchased from American
Type Culture Collection (Manassas, VA)

and used for all macrophage infections.
Macrophages were maintained in complete
medium consisting of 1x Minimum
Essential Medium (MEM; ThermoFisher
Scientific) supplemented to a final
concentration of 10% EquaFetal Bovine
Serum (Atlas Biologicals, Fort Collins, CO),
1x MEM non-essential amino acids, 0.5x
MEM essential amino acids, 0.075% sodium
bicarbonate (Sigma-Aldrich), and 2 mM
L-Glutamine solution. In order to maintain
sterility of the cells, passages of the
macrophages were maintained in complete
MEM supplemented to a final dilution
of 100 µg/ml of penicillin-streptomycin
solution. All macrophage infections were
performed in antibiotic-free complete MEM
(cMEM). Macrophages were maintained in
a 37°C incubator supplemented with 5% CO2
and 80% relative humidity.

MACROPHAGE INFECTION
ASSAY
The macrophage infection was conducted
as previously described (10, 12). Briefly, a
hemocytometer was used to appropriately
count and dilute the RAW cells to a density
of 200,000 cells per well in 0.5 ml of
cMEM. After the cells were added to a
24-well plate, they were incubated at 37°C
with 5% CO2 and 80% humidity overnight
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for adherence. After this incubation
period, the cells were observed under
an inverted microscope to determine the
general health of the cells. The cells in each
well were washed one time, slowly and
carefully, with 1 ml of phosphate buffered
saline (PBS). A bacteria dilution of B.
thailandensis in cMEM was then applied
to the cells at a multiplicity of infection of
5, and incubated for 1 hour. After the first
hour of incubation, the cells were again
slowly washed one time with 2 ml of PBS
and then 1 ml of a 350 μg/ml kanamycin
solution was added into each of the wells
and incubated for 1 hour to remove
extracellular bacteria. After this final
incubation period, the cells were washed
two times with 2 ml of PBS to remove the
killed extracellular bacteria. Then 0.5 ml
of a 10 μg/ml solution of ceftazidime, was
added into each of the wells and incubated
for 18-24 hours.

TESTING FOR ANTIBIOTIC
RESISTANCE
After 24 hours of infection and treatments,
the remaining extracellular bacteria were
carefully resuspended in their wells and
100μl was directly plated onto agar with
varying concentrations of ceftazidime. The
agar plates contained either no antibiotic,
10 μg/ml of ceftazidime, or 200 μg/ml
of ceftazidime (which equates to ~100x
minimal inhibitory concentration (MIC) of
1.75 μg/ml) (20). Plates were incubated in
an ambient air incubator for 24-36 hours at
37°C and then inspected for growth.

TESTING FOR PERSISTER CELL
FORMATION
After the 18-hour treatment period of the
macrophage infection assay, macrophages
were inspected for apparent signs of
infection and consistency between wells.
Remaining extracellular bacteria were
resuspended slowly and carefully, and
transferred to 2 ml tubes, combining two
identical wells into 1 tube due to low
numbers of remaining bacteria. Tubes of
bacteria were centrifuged at 12000 xg for
five minutes, the supernatant was carefully
removed, and a 1 ml wash with complete
cMEM was added to each tube. After a
second spin, the pellets were reconstituted
in 0.5 ml cMEM and the entire tube
contents were plated into separate wells of
a new 24-well plate. Ceftazidime was readded to a final concentration of 200 μg/
ml and returned to the incubator at 37°C
with 5% CO2 and 80% humidity. Subjecting
bacteria to very high doses of antibiotics
is one way to identify persister cells (7).
Serial dilutions of the surviving bacteria
were plated at various time points postantibiotic treatment, and bacterial density
was calculated as colony forming units per
milliliter (CFU/ml) after incubation of the
agar plates.

STATISTICAL ANALYSES
Prism software version 7.01 (GraphPad,
La Jolla, CA) was used to plot the mean
and standard error of the mean (SEM)
for different treatment groups. One-way
analysis of variance (ANOVA) and Tukey’s
post test was used to compare differences
between three or more treatment groups.
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RESULTS
TESTING FOR CLASSICAL
RESISTANCE
Previously, we found that treatment of B.
thailandensis-infected macrophages failed
to kill all extracellular bacteria even after
18-24 hours of exposure to ceftazidime
above the MIC. To determine if these
remaining bacteria had developed
classical resistance to ceftazidime during
the treatment, we first recapitulated the
standard in vitro infection with appropriate
treatments. We then harvested the remaining
survivors from the treatment wells and
plated them on antibiotic-infused agar. After
incubation, bacteria were only detected on
the antibiotic-free control plates, with the
greatest density of bacteria coming from the
untreated control wells of the macrophage
infection (Table 1).

Ceftazidime treatment of infected
macrophages yielded many surviving
bacteria on the antibiotic-free control
plates, and the combination treatment
of ceftazidime and IFN-γ yielded
no detectable surviving bacteria. No
extracellular bacteria grew on ceftazidimeinfused agar, regardless of the concentration
and regardless of the treatment the infected
macrophages had received. With these
results in mind, we next asked whether or
not the bacteria that were surviving 18-24
hrs of ceftazidime treatment during the
macrophage infection were persister cells.
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Table 1: Remaining bacteria fail to grow on antibiotic-infused agar. RAW macrophages
were infected with B. thailandensis, and treated for 18 hours with ceftazidime alone (10
μg/ml) or the combination of ceftazidime (10 μg/ml) and IFN-γ (10 ng/ml). Surviving
extracellular bacteria were then plated onto agar plates without antibiotic, or with 10 μg/
ml or 200 μg/ml ceftazidime. This table represents similar data from two independent
experiments.

TESTING FOR PERSISTER CELLS
To determine if the remaining extracellular
B. thailandensis were persister cells,
we again harvested the bacteria from
the end of the macrophage infection to
determine their sensitivity. After 18 hours
of ceftazidime treatment (10 μg/ml) of
the infected macrophages, the remaining
extracellular bacteria were separated from
the macrophages, processed, and re-subjected
to a higher concentration of ceftazidime to
identify persister cells. At different time
points well contents were serially diluted and
plated onto LB agar. As shown in (Figure
1), the bacteria that had previously survived

antibiotic treatment in the presence of the
macrophages were now killed by high doses
of ceftazidime (200 μg/ml) over the 48
hour time frame, with most of the killing
occurring by 24 hours. From time point 0
to 3 hours, there was no statistical difference
in how many bacteria were killed by the
antibiotic. There was however, statistically
significant killing at the time point for 24
hours (p<0.01). By 48 hours, we were
unable to detect any viable B. thailandensis
cells (p<0.001), indicating that all bacteria
had been killed.
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Figure 1: After 18 hour macrophage infection, remaining extracellular bacteria are still
sensitive to high doses of antibiotic. RAW cells were infected with B. thailandensis.
After 18 hours of treatment with 10 μg/ml ceftazidime, the surviving extracellular
bacteria were removed, washed, and re-subjected to ceftazidime at 100x the MIC (200
μg/ml) in a macrophage-free system. Bacterial density was determined at time points 0,
1, 2, 3, 24, and 48 hours by plating dilutions of the well contents. Data is representative
of three similar and independent experiments that showed similar trends in killing.
Means and SEM were plotted for each time point. One-way ANOVA was used to
determine statistically significant differences from time point 0, with ** indicating P <
0.01, and *** indicating p < 0.001.

DISCUSSION
The purpose of these experiments was to
determine if the extracellular bacteria that
were surviving 18 hours of treatment with
ceftazidime in the macrophage infection
model were classically resistant or if they
were considered to be persister cells. Similar
to Titball et. al. we plated the bacteria onto

antibiotic-infused media to test for
antibiotic resistance due to spontaneous
mutations (2). In Table 1, we showed a
lack of growth on the antibiotic-infused
plates, which serves as evidence that the
extracellular bacteria were not classically
resistant. In classical resistance, the
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progeny of the resistant cells would also
be resistant, therefore we would expect to
see whole colonies of antibiotic-resistant
bacteria on the plates infused with antibiotic
concentrations above the MIC. Instead,
we were only able to see growth on the
antibiotic-free control plates. Since we did
not plate all of the volume from each of the
treated wells of the macrophage infection,
there is also a limit of detection to our assay,
and we cannot say with certainty that the
well contents did not contain any antibiotic
resistant bacteria. Regardless, we were
able to determine that the majority of the
extracellular bacteria are not resistant.
Previous studies found low bacterial burden
in the extracellular compartment following
macrophage treatment with ceftazidime
and IFN-γ (10). Here we were unable to
detect any extracellular bacteria from the
wells of infected macrophages that had
received the combination treatment group,
which indicates that this population of
bacteria is very small, and provides further
evidence that the combination therapy may
provide significantly more protection than
the antibiotic alone. While Table 1 shows
evidence that the remaining bacteria are
not classically resistant, from these results
alone, we cannot rule out the possibility that
some, or many, of the treatment-surviving
bacteria are persisters. If persisters existed
following treatment in the macrphage
infection model, then they would tolerate
high doses of antibiotics on the agar plates,
but the great majority of their progeny would
be susceptible, and therefore, we wouldn’t
be able to visualize any colonies on the
agar plate. Since this theory mirrored what
we observed, we hypothesized that some
remaining bacteria may be persisters.
We decided to identify potential persisters
as done previously by treating the bacteria
with a high dose of antibiotic and looking

for a plateau in the killing over time (4, 9).
In such cases, the bulk of the population
of bacteria is killed, while the antibiotic
tolerant persisters survive. Persisters
are identified as the subpopulation of
surviving bacteria after the bulk of
the population has been eliminated.
Graphically, the sensitive majority of the
population dies quickly over time, but
then the killing curve plateaus because
the remaining persisters are tolerant to
the antibiotic (4, 9). Previous experiments
with B. pseudomallei 82 showed that
bacteria exposed to cefotaxime at 100x
the MIC, without shaking, were killed
modestly for 24 hours, after which there
was no additional killing throughout
the 33 hour experiment (11). In these
experiments, there was less than a 10 fold
overall decrease in bacteria from time 0
through the 33 hour antibiotic treatment
period, showing tolerance of the bacteria
to the antibiotic. We expected persister
cells in our assay to show a similar trend
in tolerance when exposed to 100x the
MIC of antibiotic over a
period of time, even though we used B.
thailandensis instead of B.
pseudomallei and a different
cephalosporin antibiotic. If most of the
remaining bacteria were indeed
persisters, we would have expected
to see little killing or at least a plateau in
the killing over time. In Figure 1
we show that the remaining
extracellular bacteria are still
sensitive to high doses of ceftazidime
over a 24 hour period, with no detectable
bacteria by 48 hours. While we certainly
saw significant killing over time, we
cannot say definitively that the antibiotic
completely sterilized the wells, due to our
limit of detection. Based on standardized
definitions of the limit of detection (15)
we estimate that the number of remaining
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bacteria at 48 hours post-treatment is <1
CFU/ml. Overall, our evidence has suggested
that the extracellular bacteria that
survive the 18-24 hour treatments during
the macrophage infection remain sensitive
to both low (10 μg/ml) and high doses
(200 μg/ml) of the antibiotic ceftazidime.
Previous studies have suggested that the
transitioning of extracellular B. thailandensis
to the intracellular space, upon uptake, or
transitioning of intracellular bacteria to the
extracellular space, upon macrophage lysis,
may influence in vitro macrophage infection
models (10).
We now expand upon that hypothesis,
suggesting that the dynamic movement of
extracellular bacteria to the intracellular
compartment may protect them from
the antibiotic. This protected movement
between compartments may explain why
bacteria are still present in low numbers in
the extracellular niche of the macrophage
infection model after 18 hours of treatment,
and yet are still sensitive to the antibiotic.
Perhaps it is the rapid movement between
extracellular and intracellular compartments
that accounts for their protection from the
antibiotic. Future studies will attempt to
tease out these nuances of the macrophage
infection model through visualization
of real-time infections. The interactions
between bacteria in the intracellular
and extracellular compartments could
also be studied through repeated saline
washes of the extracellular compartment
throughout the 18 hour infection. If there is
a dynamic movement of bacteria between
compartments, and if the bacteria are not able
to re-infect the macrophages once released
to the extracellular compartment, we would
expect the intracellular numbers to fall more
quickly over time upon treatment with
the synergistic combination of IFN-γ and
ceftazidime.

Even if the bacteria are neither resistant
nor persister cells, there might be
some difference in susceptibility of
the extracellular bacteria that remain
at the end of the macrophage infection
compared to bacteria from untreated
wells of the macrophage infection.
Future experiments to compare the rate
of killing of the extracellular bacteria
that came from antibiotic-treated
macrophages to those that came from
untreated macrophages, and even to
bacteria never exposed to macrophages.
These experiments could determine if
interactions with the macrophages affords
the bacteria any amount of tolerance to the
antibiotic. Lower doses of antibiotic
could also be used against these groups to
compare killing curves.
In conclusion, we have shown evidence
that the B. thailandensis cells that survive
ceftazidime treatment for 18-24 hours in
the macrophage infection model are still
sensitive to high and low concentrations
of ceftazidime, and they are not classically
resistant nor are they persister cells.
We hypothesize that the ability of the
bacteria to move between intracellular
and extracellular compartments during
the macrophage infection likely accounts
for their ability to survive long periods
of time in the presence of bactericidal
concentrations of ceftazidime. Future
studies will continue to investigate
various host-pathogen interactions of this
macrophage infection model.
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THE CHALLENGE AND THE POWER OF DIVERSITY

A few years ago, I read an illuminating book
by social psychologist Claude Steele, with
the intriguing title of Whistling Vivaldi: How
Stereotype Affect Us And What We Can Do1
. The book presents overwhelming evidence
from solid scholarly behavioral research on
the implicit biases that reside inside all of us.
Steele is African-American and the title of
his book derives from a story told him by
Brent Staples, an African-American friend
who had been a graduate student at the
University of Chicago.
Staples observed that while walking at night
through the streets of Chicago’s Hyde Park
neighborhood wearing a hoodie, oncoming
pedestrians would cross the road so as not to
be on the same sidewalk. To them, there was
something threatening about a young black
man in casual clothing at night in a sketchy
neighborhood. However, when Staples—
the same young black man, in the same
outfit, at the same time, and in the same
neighborhood— tried cheerfully whistling
the “Spring” tune from Vivaldi’s “Four
Seasons,” passersby were much friendlier.
They would say hello, and wouldn’t cross
the road.
The abundant evidence provided in Steele’s
book which spans enormous breath of
situations and stereotypes, is solidly datadriven, based on the results from many
controlled behavioral experiments that
testify to these widespread biases. Steele’s
point is not merely that negative biases
exist—he says there are noxious biases
about virtually every group in American
life—young, old, male, female, Northerners,
Southerners, geeks, jocks, or Californians—
but often the real damage is internal for the
person on the receiving end. Self-worth and
personal-expectations fall. The problem is
especially serious when someone is made
to feel out-of-place and under suspicion

like an inner city minority student on a
college campus that seems populated only
by privileged whites. A dynamic is set
up, says Steele, where these individuals
systematically underperform when
compared to their already demonstrated
potential.
This is a real and difficult problem to
address, particularly in science education.
By not fostering a diversified and multicultural environment, we lose talent because
individuals cannot express or perform as
well as they could. The power of diversity
is that it creates better groups, better schools,
and ultimately a better society.
Stereotypes are deeply rooted in our society.
The challenge is to recognize them and
to act. If you think that you are immune
to bias, think again, your immune system
may be working hard to fight it, but the
antigen is certainly around. Try taking the
Harvard Implicit Association Test (IAT) [link
to WEBSITE https://implicit.harvard.edu/
implicit/demo/], it takes about five minutes.
IAT is a very solid instrument literally taken
by hundreds of thousands of people; it is a
very robust and validated instrument. It is
illuminating to see what kind of biases may
be creeping into your daily life.
Diversity produces benefits, although it can
be hard to look beyond the snap biases that
Steele shows so clearly envelop our daily
lives. We know on one level that people
from different identity groups or cultures
bring different tools, ways of thinking and
of solving problems to society. And yet
rather than leveraging those differences
for the collective benefit, we often allow
them to impede progress and innovation.
Certainly leveraging diversity is not an easy
job. The political scientist Robert Putnam
presents data indicating that the level of
civic engagement and general trust decreases

133
when communities become more diverse.
The problem is compounded; not only do
people trust other groups less, they trust
people within their own group less.
However, other researchers, most notably
the mathematician, economist, “decision
scientist,” Scott Page, author of the
wonderful book The Difference2 builds
on organizational theorist I.D. Steiner’s
work providing us with an interesting
conceptual framework. When we are tasked
to do something as a group, we need to
analyze the nature of the assignment. Is it
a disjunctive task where only one person
needs to succeed in the group for the whole
group to succeed or is it a conjunctive task,
when everyone’s contribution is critical? A
group tackling a complex math problem is
an example of a disjunctive task. The more
diverse the thinking, the easier, it is for the
team to solve the problem. Football, though,
is a conjunctive task. The offensive linemen
must complete their task of protecting the
quarterback or the quarterback cannot
succeed in his assignment. If a lineman fails
to do his job, the quarterback gets sacked.
So, the more we can deal with disjunctive
tasks, the easier it will be to leverage
diversity and differences. The problem in
bioscience is that tasks are rarely either
disjunctive or conjunctive, but a mix of the
two. The trick is to transform conjunctive
tasks into disjunctive tasks. The best
example is possibly crowdsourcing and
the greatest current example is Wikipedia
where distributed problem solving can be
a powerful source of innovation. So, in this
framework, where decentralized problemsolving and innovation go hand-in-hand,
diversity deserves some credit. We have
to think of sharing ideas—and sharing our
scientific community—not as protecting
privileged information or advantages but
as building a collective scientific enterprise,
a lever large enough to lift the world, as

Archimedes said.
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SARAH BUHAY
BIOLOGY (PRE-MEDICAL)
Working with Fine Focus this semester has been a truly insightful and fulfilling
experience. Upon hearing about the opportunity to work with Ball State University’s
Fine Focus, I was immediately drawn in and excited for what was ahead. As an
undergraduate student in research, I understood the importance of the work behind
publishing a paper, but from this experience I learned what happens on the other side of
submission, the great effort put into creating a quality research journal, and what many
journals look for in research articles.

“

“

FINE FOCUS IS TEACHING IMPORTANT ASPECTS OF RESEARCH
THAT IS OFTEN GONE UNSEEN (PEER-REVIEW AND PUBLICATION)
AND DIVERSIFYING THE PUBLICATION INDUSTRY BY REACHING
OUT TO DIFFERENT STUDENT GROUPS.

The experience with the Fine Focus group was not only educational, but also personal.
The students at Detroit Mercy were able to connect with those from Ball State; hearing
each other’s stories and learning hands-on from one’s peers was a personable learning
experience for all of us. The work that Fine Focus is doing has bounds of benefits to
students from all places. With the Fine Focus journal, they are recognizing hardworking
undergraduates within the STEM sciences and spreading this new science across the
world. Under the grant for the educational outreach, Fine Focus is teaching important
aspects of research that is often gone unseen (peer-review and publication) and
diversifying the publication industry by reaching out to different student groups.
In a field that needs more diversity, inclusion, and input, Fine Focus’ mission and work
is vital to the future of science. We ReBUILDetroit students that have collaborated with
Fine Focus value diversity within the STEM fields, and we are ecstatic to see the fire
for teaching others and diversifying the field ignite with a group organization like Fine
Focus. Perspective is everything, and I can only say “thank you” to the Fine Focus group
for teaching us about the perspective of reviewers and publishers and for valuing our
perspectives.
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ALI ISSA
BIOLOGY

Ball State University has an incredible group of undergraduate students that call themselves
Fine Focus. Fine Focus’s mission is to give undergraduate researchers from all over the world an
opportunity to publish their hard work. That is something fantastic and every university should
fragment a similar group with similar ideologies.
Before I attended my first Fine Focus meeting, I was very hesitant, especially because I was one
of the few ReBUILDetroit students who were randomly selected to be a part of this special
opportunity. I had no idea what the Ball State group was about, or why they chose the University
of Detroit Mercy (which is in a completely different state) as a place to communicate and
distribute their knowledge. After my first two meetings, I fell in love with everything they were
doing. We sat through various presentations and participated in many engaging activities that
were meant to help us better understand the process of the editorial board. The members of the
editorial board are the ones who review journals; in this case, microbiology journals.
I learned a lot from Fine Focus. I learned that the editorial board does a double-blind peer
review. A double-blind peer review is something many journals do, including Fine Focus, so
that the identity of the authors and the reviewers are never revealed to each other. Something
cool I learned was that Fine Focus receives many submissions from authors all over the world,
including third world countries. Many of the authors of these countries don’t have English as
their first language, so when their manuscripts go through the editorial process, rejections are
often given out due to a plethora of errors. Errors may include maintaining a consistent idea that
is brought up in the paper, or too many grammatical errors.
With all the hard work Fine Focus is doing, I hope that we can establish a similar group on our
campus who can publish undergraduate research from the Detroit area or even from all parts
of the world. I appreciate Fine Focus for taking their time and driving all the way to Detroit
to educate us in the stressful work that goes into editing journals. I am so thankful for this
experience.

CHRISTINA JONES
BIOLOGY (PRE-DENTAL)
I’m Christina Jones, a ReBUILDetroit Scholar and Biology major at the University of Detroit
Mercy. I joined this program as a community college student with little research experience
and a lot of determination. Since my transition to UDM, I have gained extensive research
experience working in a bacterial pathogenesis lab at the School of Dentistry. I work
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with Yersinia pestis, the causative agent of plague. I have also become a published author
through my work under the SEA-PHAGES program, a discovery-based undergraduate
research course administered by the University of Pittsburg and the Howard Hughes Medical
Institute.

“

“

THIS COLLABORATION [WITH FINE FOCUS] HAS HELPED TO
REINFORCE MY PASSION FOR RESEARCH—I LOVE BEING A PART OF
THE SCIENTIFIC COMMUNITY AND EACH NEW EXPERIENCE THAT
I HAVE AS A REBUILDETROIT SCHOLAR BRINGS ME THAT MUCH
CLOSER TO WHERE I WANT TO BE IN LIFE.

Collaborating with the Ball State Fine Focus group has been a far more insightful and
enjoyable experience than I would have imagined. I was surprised to learn about all that
goes into the peer review process and feel that this knowledge will help me when I draft
my own report for publication. I enjoyed having the opportunity to share my experiences
with fellow undergraduate students and to give feedback on an actual article being reviewed
by the Fine Focus team. This collaboration has also helped to reinforce my passion for
research—I love being a part of the scientific community and each new experience that I
have as a ReBUILDetroit scholar brings me that much closer to where I want to be in life.
As a Biology/Pre-dental major and senior at UDM, I am excited to continue my journey in
research in the field of dentistry. I hope to pursue a DDS/PhD or DMD/PhD degree so that I
may continue publishing my work and contributing to scientific knowledge.

SHELBI MATLOCK
ENGINEERING & SCIENCE
Participating in Fine Focus was a chance for me to enhance my researching skills
and learn all that goes into the making of a scientific journal. From this experience, I
learned the do’s and don’ts of writing a scholarly article, was able to have intellectual
conversations with peers about issues that arise in article reviewing processes, and
gained friendships. Being around a group of individuals who also share a passion for
research was a valuable and unique experience for me. One that I brag about.
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From this, I have gained confidence in my own scholarly article writing, assurance in
knowing what scholarly journals look for, and an abundance of information that I can use
towards my own research and article writing experiences. Another thing is the pleasure
of knowing that I have created a network with young researchers like myself who I can
turn to if I need advice or help. I am extremely thankful and forever grateful for the
collaboration of ReBUILDetroit and Fine Focus of Ball State.

CHANNING SESOKO
ENGINEERING & SCIENCE
My experience with Fine Focus this last semester was one that I didn’t think I would
enjoy as much as I did. I was expecting a cut and dry set of lectures about the peer
review process and all the behind-the-scenes work that goes on in a publication.
There was always good food to be eaten, stories to be shared, and laughs to be heard
throughout the building. Not only did our team of BUILD Scholars learn a lot from this
experience, but over the course of several months, we became friends. The crew from
Muncie, Indiana would always seem eager to trek out to Detroit, Michigan, just so they
could teach us and graciously involve us in their magazine. Believe me when I say, the
energy and tenacity that these people have is amazing, and I’m glad we were given the
opportunity to come together and put the work in with them to get the last issue out.
It was also a treat feeling like a Hollywood celeb, being interviewed underneath all the
hot lights, with microphone wires running up and down our shirts, being able to talk
about our experiences in the world of science, research, and eventually publishing and
disseminating some incredible novel research. Working with Fine Focus has not only
given me an inside view of the workings of a scientific journal, but has also helped me
forge friendships that span across the country, which is a true blessing. I give my best to
the whole Ball State crew, and hope to see everyone again soon!
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L to R Fine Focus Editorial Board members Saara Maria Kallio, Indira Komanapalli, Emma Kate Fittes,
Kyla Adamson, and Managing Editor John McKillip at the conclusion of the autumn 2017 inaugural
Executive Committee Meeting. Further details in the “Objective Lens” perspective in this issue

CALL FOR MANUSCRIPT SUBMISSIONS
We are an international journal dedicated to showcasing
managed entirely by undergraduate students from production to
print, but utilizes an external Editorial Board of experts for doubleblinded peer review of manuscripts.

MISSION: We publish original research by undergraduate students
in microbiology. This includes works in all microbiological
specialties and microbiology education.
ABOUT US: Fine Focus is a peer-reviewed academic journal with
microbiology research in both print and electronic platforms.
As an international journal, Fine Focus accepts article submissions
from undergraduates, and works with more than 70 Editorial Board
members from around the world. We use a double-blind review
system to ensure fair and objective review.

WHY WE ARE UNIQUE:
Fine Focus allows
interested students the opportunity to see their research efforts
through to fruition via publication while learning about the
By offering an
opportunity for undergraduate students to publish early in their
training, they become the authors of, and authorities on, their own
education and professional development.-

DONATE:
that able us to continue our work with undergraduates and get their
To donate, please visit:
.

WANT TO GET INVOLVED?: Undergraduate students can submit
microbiology research by going to
.
Microbiology professors and other professionals can get involved
with Fine Focus as editors or reviewers. Let us know if you would
like Fine Focus in your college or university library.

Online:
Facebook: Fine Focus Journal
Twitter: @focusjournal

Fine Focus at a glance:
•¥Free - no page charges or
subscription costs
¥
• Partnering with the
American Society for
Microbiology (ASM) &
University of DetroitMercy
•¥Published articles
searchable and indexed via
EBSCO Host and Cardinal
Scholar
•¥Full text free digital access:
cardinalscholar.bsu.edu/
handle/123456789/199

