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Abstract: Despite being the largest freshwater lake system in the world, relatively little is known about
the sestonic microbial community structure in the Laurentian Great Lakes. The goal of this research
was to better understand this ecosystem using high-throughput sequencing of microbial communities
as a function of water depth at six locations in the westernmost Great Lakes of Superior and Michigan.
The water column was characterized by gradients in temperature, dissolved oxygen (DO), pH, and
other physicochemical parameters with depth. Mean nitrate concentrations were 32 pmol/L, with
only slight variation within and between the lakes, and with depth. Mean available phosphorus was
0.07 umol/L, resulting in relatively large N:P ratios (97:1) indicative of P limitation. Abundances
of the phyla Actinobacteria, Bacteroidetes, Cyanobacteria, Thaumarchaeota, and Verrucomicrobia
differed significantly among the Lakes. Candidatus Nitrosopumilus was present in greater abundance
in Lake Superior compared to Lake Michigan, suggesting the importance of ammonia-oxidating
archaea in water column N cycling in Lake Superior. The Shannon diversity index was negatively
correlated with pH, temperature, and salinity, and positively correlated with DO, latitude, and N,
saturation. Results of this study suggest that DO, pH, temperature, and salinity were major drivers
shaping the community composition in the Great Lakes.

Keywords: Laurentian Great Lakes; Lake Michigan; Lake Superior; microbiome; 16S rRNA; microbial
diversity; archaea

1. Introduction

The Laurentian Great Lakes, hereafter referred to as the Great Lakes, are a series of
interconnected freshwater lakes located in North America. The Great Lakes form the largest
group of freshwater lakes on Earth, containing 21% of the volume of the world’s surface
fresh water [1]. These lakes possess sea-like characteristics, such as rolling waves, sustained
winds, strong currents, great depths, and distant horizons, and have been referred to as
inland seas [2]. As a source of water, transportation, food, and recreation, the Great Lakes
have had a major influence on the history and development of the United States and
Canada [3]. Interestingly, Lake Superior and, to a lesser extent, Lake Michigan, are known
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to have small concentrations of total phosphorus (IP), typically below 0.01 umol/L, with
comparatively greater concentrations of nitrate and a resultant large N:P ratio [4]. This is
particularly true when compared to the 16:1 N:P “Redfield ratio” of typical marine and
oligotrophic lacustrine ecosystems.

Microbes inhabit all freshwater habitats and are one of the major drivers regulating
biogeochemical cycles of lakes. However, geologically rapid changes in ecosystem state
caused by nutrient loading through municipal waste discharges, air- and waterborne
pollution, as well as changes in climate and other anthropogenic activities have raised
serious concerns about the health of the Great Lakes [1]. This has resulted in massive
changes at all biotic levels, resulting in deterioration of water quality and the diversity
of macro flora, including aquatic animals, plants, and microflora [1,5]. As one example,
anthropogenic activities have resulted in increased surface temperatures, which can lead
to unfavorable shifts in the structure of the microbial community, including nuisance
cyanobacteria species, such as Microcystis spp. and Cylindrospermopsis spp. Investigating
and identifying the composition of the microbial communities of these lakes at different
spatial and temporal scales will enable better understanding of the microbial ecology and
help determine how significant microbial interactions respond to and influence the overall
status and trends in conditions of the Great Lakes.

It has been shown that lakes within the same geographic region can vary largely
in spatial and temporal conditions [6]. These differences are caused by differences in
environmental exchanges including runoff, outflow, and atmospheric loading, as well as
differences in physical and geochemical states that can affect structures and functions of
microbial communities and the biogeochemical processes that they mediate [7]. Microbial
communities regulate essential processes, such as nutrient cycling, which controls overall
ecological state through interactions between primary production and organic matter
processing [8]. Abundance of individual taxa relative to the numerically dominant microbial
community members can be influenced by changes in physicochemical properties [9,10].
Thus, it is particularly important to understand microbial communities throughout the
water column, particularly in deep lakes where gradients prevent continuous mixing.

In holomictic lakes, mixing of the water column, turnover, and subsequent return to
stratified conditions occurs seasonally. This phenomenon can influence structures of micro-
bial communities as a consequence of shifting environmental conditions [11-13]. Thermal
stratification of water at different temperatures and densities results in a hypolimnion
that is colder with lesser concentrations of dissolved oxygen (DO) and pH relative to
the epilimnion, and inorganic nutrients typically accumulate in the hypolimnion [14,15].
Stratification is a major disturbance that will likely affect structures of microbial commu-
nities as the lake gradually stratifies post-mixing. Results of studies have suggested that
microbial communities respond to turnover with various degrees of resilience, and some
communities may remain unaffected by the disturbance [16,17].

Mixing of lakes can also transport dissolved organic carbon (DOC) throughout the
water column [18-20], which is important because DOC plays a key role in shaping compo-
sitions of sestonic microbial communities [21,22]. Following stratification, accumulation
and remineralization of organic matter in the hypolimnion are important biogeochemical
processes [23,24]. The phyla Actinobacteria, Proteobacteria, and Bacteroidetes are glob-
ally predominant in freshwater systems [25]. However, other phyla, such as Chloroflexi,
Thaumarchaeota Marine Group I, and members of Planctomycetes also dominate the oxy-
genated hypolimnion [26-30]. Although these constituents are important components
of the lacustrine microbial food web, it is unclear how abundant they are, and their eco-
logical importance to functional metabolic diversity of the freshwater ecosystem is not
well described.

The main goal of this study was to examine the bacterial community diversity as a
function of depth in the water column at several locations roughly along a north-south
transect in Lake Michigan (LM) and Lake Superior (LS). Lakes Michigan and Superior span
nearly 600 km east to west and over 800 km north to south. Based on nutrient status, Lakes
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Michigan and Superior are generally classified as oligotrophic [4,31-33]. Both lakes stratify
seasonally, with a substantial hypolimnion developed below the thermocline. However,
these lakes have unique and contrasting physicochemical properties. The objective of
this study was to characterize the microbial community structure and diversity within
each lake and across geographically distant sampling locations to analyze temporal and
spatial variability.

2. Materials and Methods
2.1. Sampling

Samples of water were collected from LM and LS in September 2010 and May 2011
onboard the US Environmental Protection Agency (USEPA) R/V Lake Guardian. Two sam-
pling locations from LM (M028 and M041) and four sampling locations from LS (5001, S008,
5019, and S114) were included in this study (Figure 1, Table S1). This sample collection
trip was ad hoc for this research and was not part of the seasonal cruises. At all locations,
samples of water were obtained at depths of 5, 10, 20 and 50 m, and then every 50 m
to the profundal zone with 2 additional samples at 2 and 10 m from the sediment-water
interface. In total, 16 samples of water were collected across 2 sampling locations of LM
and 33 samples of water across the 4 locations in LS. The sampling locations have been
sampled in several previous studies as points of comparison [34—40]. Sampling details are
provided in supplementary data.

Depth (meters)

Value
- High :0

Low :-400

SN — ilometers
0 60 120 240 360 480

Figure 1. Sampling locations in Lake Michigan and Lake Superior. Sample collection locations in
Lake Michigan (M028 and M041) and Lake Superior (5001, S008, S019, and S114) are shown with a
star symbol. Geographical locations of the sampling sites are provided in Table S1.
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2.2. Extraction, PCR Amplification, and Sequencing of DNA

DNA was extracted using the PowerSoil DNA isolation kit following the manufac-
turer’s protocol (Qiagen, Inc, Germantown, MD, USA). A standard DNA extraction protocol
from the Earth Microbiome Project (EMP) was used (http://www.earthmicrobiome.org/
protocols-and-standards/dna-extraction-protocol. The detailed methods are provided in
supplementary data.

2.3. Bioinformatics and Statistical Analysis

Reads were quality filtered and taxonomic annotations were obtained using the auto-
mated annotation pipeline at MG-RAST web server [http://metagenomics.anl.gov/]. The
best hit classification was used with a maximum e-value 1 x 10~ cutoff and a minimum
97% identity cutoff using the Greengenes database [41,42]. The quality-filtered OTU table
was compared at the phylum and genus level, with taxa comprising >1% of the reads
defined as abundant. Relative abundance for each taxon was normalized by the percentages
of respective reads over the total assigned reads of the microbiome. Data corresponding to
taxonomical distributions and sample comparisons were analyzed with the STAMP ver. 2.0
software [43]. The detailed methods are provided in supplementary data. LDA-based LEfSe
approach (linear discriminant analysis effect size) was used as the statistical biomarker
tool to identify preferentially abundant taxa across LM and LS as well as among various
sampling locations at phylum and genus level [44]. LEfSe analysis was run using Calypso
web server [45] with bootstrap iterations of 30 and minimum effect size of 3.0. The detailed
methods are provided in supplementary data.

2.4. Molecular Phylogenetic Analysis for Thaumarchaeota

A 16S rRNA gene-based phylogenetic tree of closest known sequences within the
Thaumarchaeota from Lakes Michigan and Superior was constructed. The tree was based on
the aligned representative sequences for 14 OTUs from LM and 32 OTUs from LS identified
in this study. Representative sequences for Archaea were sequence matched using the
National Center for Biotechnology Information (NCBI) genome browser for each OTU. All
nucleotide sequences were aligned using ClustalW and a phylogenetic tree was constructed
using MEGA version 4.0 [46]. The method details are provided in the supplementary data.

3. Results and Discussion
3.1. Spatial Variation in Physicochemical Parameters

Great differences in aqueous geochemical parameters were observed between Lakes
Michigan and Superior (Figures 2 and S1). The LM water column had statistically signifi-
cantly (p < 0.0001) greater pH, temperature, and salinity compared to LS (Figure S1). In
general, the aqueous geochemical parameters were more similar between LM sampling
locations M028 and M041, while LS aqueous geochemical parameters varied to a greater
extent among sampling locations and depths. Greater N, saturation and relatively compa-
rable concentrations of DO were observed among sampling locations in LS compared to
those among LM locations. In sampling location S008, samples at depths 2 m off bottom
and 10 m off bottom revealed a distinct pattern for temperature, pH, DO, and N, saturation
compared to other depths, while no significant differences were detected in salinity among
these depths. At all locations, profiles of temperature, DO, beam transmission, and pH
clearly demonstrated stratification (Figure 2). The bottom water in LM had greater pH,
lower temperature, beam transmission, and DO compared to the surface water. In contrast,
the bottom water in LS had greater pH, concentrations of DO, and temperature, with lesser
beam transmission than the surface water. Comparing within LS, site S008 had lower
concentrations of DO and greater beam transmission compared to other locations within
the lake (Figure 2, Table S1). A Jaccard distance matrix shows the heatmap for variability
among aqueous chemical parameters across sampling locations and depths (Figure S2). In
contrast to physicochemical parameters, there was only a small variation in nutrient concen-
trations between and among lakes and with depth (Figure 3A,B). The mean concentration
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2.0 25

of NO3™~ was 31 &+ 1 umol/L in LM and 33 £ 2 umol/L in LS, with no significant difference
(95% CI) observed in benthic samples (2 and 10 m off the bottom) compared to those in the
water column (Figure 3A). The only statistically significant difference in NOs ™~ (p < 0.001)
was observed between site 5114 and locations S008 and S019. There were no statistically sig-
nificant differences in dissolved TP between and among lakes (0.066 £ 0.014 umol/L and
0.073 + 0.029 pmol/L in LM and LS, respectively), except for the peak in TP at 50 m depth
at site S019 (Figure 3B). These relatively large N and relatively small TP concentrations
resulted in large N:P ratios at all locations, averaging 97:1 on a molar basis (Figure 3C), a
value greater than the 16:1 Redfield ratio typically observed in marine and oligotrophic
lacustrine locations, suggestive of P limitations. Both the NOs;~ and TP concentrations are
consistent with published results compiled for LS [4], with averages of 24-27 umol/L and
0.036 umol/L for NO3~ and dissolved TP, respectively.

Temperature (C) DO (mg/L)
3.0 35 4.0 45 8.5 8.7 8.9 9.1 9.3 9.5

y 0
b ‘ 40 Mo28
I 60 —M041

80
100 5001

120 5008
E 160 ==5019

= 180 —s114
M028 S 200

f O 240

5001 260 i——i—‘d .- iz
5008 280 ‘

300
—-—=5019 320

—5114 340
T 360

93 94

Mo28
=—=M041

5001
~=5008
===5019
-—5114

380

Beam Transmittance (%)

95 96 97 98 8.3 8.5

Figure 2. Water column profiles of physical and chemical parameters in Lakes Michigan and Superior.
Shown are (A) temperature, (B) dissolved oxygen (DO), (C) beam transmittance, and (D) pH as a
function of depth.
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Figure 3. Nutrients in LM and LS sample locations. Shown are (A) nitrate (NO3), (B) total phosphorus
(TP), and (C) molar NO3- N:TP ratio in filtered LM and LS samples. Note that not all samples were
available for analysis. Error bars on x axis data represent the 95% uncertainty (U95), which was 2.3%
and 12.9% for nitrate and TP, respectively.

3.2. Microbial Community Structure

Sample description and sequence details are provided in Table S2. The microbiome
data for each sample was ordinated by applying principal coordinate analysis (PCoA)
techniques (Figure 4). PCoA identified distinct clusters of LM and LS samples at both the
phylum (Figure 4A) and genus (Figure 4B) levels. PC1 and PC2 explained 16.5% and 7.9%
of the total variance among the samples for phylum and genus level, respectively. A 95%
confidence interval threshold showed a group separation of the LM and LS samples both at
phylum and genus level. Separation of the LM and LS microbiomes was determined by use
of Ward’s hierarchical clustering method using Pearson’s correlation similarity (Figure S3).
The dendrogram confirmed segregation of the LM and LS samples similar to the PCoA
analysis. LM samples were similar to one another, as were LS samples. To determine the
microbial diversity structure of different sampling locations, the microbial taxa in the lakes
were analyzed by use of PCoA analysis (Figure 4C). Together, these analyses indicate that
the LM and LS have markedly different microbial community compositions.

(B) Genus ©) Genus
| Lake Michigan  Lake Superior T sMiaog S SR ¢ WA

]

PC2:4.7%
PC2:4.1%
L]

PC1:16.5%

PC1:7.9% PC1: 7.7%

Figure 4. Principal coordinate analysis of the bacterial diversity at phylum level (A) and genus level
(B) in Lakes Michigan and Superior. Also shown are (C) genus level diversity in different sampling
locations in Lakes Michigan and Superior. Each dot in the graph represents a sample and color circles
indicate various sampling locations. Red circles represent Lake Michigan and light green represent
Lake Superior samples. The Lake Michigan and Lake Superior groups are well separated and could
be differentiated readily using variation of the first two components (PC1 and PC2) of the PCA plot
and noted in both axis labels. Similar direction and magnitude of clustering indicate a large positive
association among the lake types. A 95% confidence interval was used as the threshold to identify
potential outliers.
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3.3. Microbial Taxa and Diversity Indices between Lakes

Microbiomes in both Lakes Michigan and Superior were dominated by two major bac-
terial phyla: Bacteroidetes (32—44%) and unclassified bacteria (26-32%). Proteobacteria were
similar in abundance in both Lakes (8-9%) whereas Cyanobacteria and Verrucomicrobia
were more abundant in LS (13-14%) compared to LM (4-7%) (Figure 5A, Table S3). The ar-
chaeal phyla Thaumarchaeota was detected in both LM and LS (0.2-0.6%) in low abundance.
Phylum Actinobacteria was much greater in abundance in LS (3.1%) compared to LM (0.7%).
Overall, the phyla Actinobacteria, Bacteroidetes, Cyanobacteria, Thaumarchaeota, and Ver-
rucomicrobia were statistically significantly different in microbial abundance between the
lakes. To focus on more specific classification between samples, data were analyzed at
the genus level (Figure 5B, Table 54). A total of 144 genus level OTUs were identified in
LM and 118 in LS. Of these 262 OTUs, 64% (102) were shared, 26% (42) were exclusive to
LM, and 16% (10) were identified in LS only (Figure S4A—C). The top 19 genera/families,
comprising >1% abundance between lakes, are shown in Figure 5B. The Shannon diversity
index and species evenness values were greatest for LS compared to LM (Figure S5). The re-
sults of a one-way ANOVA analysis indicate that significantly (p < 0.0001) greater Shannon
diversity was observed in near bottom-water depths compared to surface-water column
sample locations (Figures 2 and S5). Some studies have suggested that anoxic hypolimnion
microbial communities are more diverse (x-diversity) than in the epilimnion [47-49], while
others have found no significant difference in diversity [30].

Abundance

100%

80%

o
3
=S

40%

20%

0%

LM

Verrucomicrobium***
® Unclassified Bacteria 80 unclassified Betaproteobacteria®
= Marinoscillum***
Planctomycetes
- Pedosphaera***
— ® Chitinophaga***
—3
—

munclassified bacteria

(A) 100

Other phyla = Mycobacterium***

® Actinobacteria***

8 60 » unclassified Alphaproteobacteria***
u Firmicutes g = Hymenobacter*
-g ® Chthoniobacter***
Verrucomicrobia*** g - Diplosphaera
< 40 = Candidatus Amoebophilus**

m Cyanobacteria*** Synechococcus***

®unclassified Comamonadaceae

m Proteobacteria ®munclassified Sphingobacteriaceae***

Alistipes

®m Bacteroidetes™** ® Flavobacterium

®unassigned***

= Thaumarchaeota***
mTerrimonas*

LS LM LS » Tenacibaculum*

Figure 5. Stacked bar chart representing the relative abundance of different (A) phyla and (B) gen-
era/families across Lakes Michigan and Superior. The top 20 taxa, by abundance, are shown for
clarity. Significant differences among the lakes were computed using Mann-Whitney U test. * p < 0.05,
**p <0.001, and *** p <0.0001. The significantly different phyla/genera/families among the lakes are
shown in the figure description.

3.4. Microbial Community Structure in Different Sampling Locations

In all the sampling locations, 20-26% of the microbial community was identified as
unclassified bacteria (Figure 6A, Table S5). Among the identified bacterial phyla, Bac-
teroidetes and Cyanobacteria were more abundant (54% vs. 45%, and 6% vs. 4%, re-
spectively; p < 0.001) at sampling location M028 compared to M041 (Figure 6A, Table S5).
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The phylum Verrucomicrobia was greater in abundance (9.6%) in sampling location M041
compared to M028 (5.8%) in LM. There were no significant differences in the phyla Acti-
nobacteria, Proteobacteria, and unclassified bacteria among these two sampling locations in
LM. The phylum Bacteroidetes (42.6%) was detected in great abundance at S001 compared
to sampling locations S008, S019, and S114. In addition, the phyla Cyanobacteria (12-18%),
Verrucomicrobia (14-16%), and Actinobacteria (2.5-4%) were significantly greater across all
sampling locations in LS compared to LM (Figure 6A, Table S5). There was no significant
difference among the phyla Proteobacteria and unclassified bacteria in all sampling loca-
tions in LS. Of particular interest, the only Archaeal phylum identified in all locations was
Thaumarchaeota, which varied on average between 0.2% total abundance in LM and 0.6% in
LS. The greatest abundance, of 1.3%, was detected at LS site S008. A genus-level analysis
provides the most in-depth details on the microbiome composition between and among
sample locations (Figure 6B, Table S6). Each sampling location revealed a characteristic site-
specific microbial profile that was readily distinguishable from other locations (Figure S6).
The genera Terrimonas and Synechococcus were abundant at specific depths across lakes,
while the genera Alistipes and Flavobacterium were predominant only at sampling locations
5008 and S001, respectively (Figure S14). Microbial diversity at phylum level across dif-
ferent depths provided further detailed description for the microbial diversity between
lakes (Figures 513 and S7A-H). At M041, Bacteroidetes abundance was lesser than that at
MO028 (Figure S7F). As expected, photosynthetic Cyanobacteria were almost absent (<1%
abundance) in deep locations at 2 and 10 m off bottom compared to near-surface samples
at most sites.

n 100%

80%
60%

40%

Relative abundance

20%

0%

MO028 Mo041  S001

= Verrucomicrobium
# Pedosphaera

= Nitrosopumilus

= Mycobacterium

E 100% -
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Other phyla

® unclassified bacteria
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= unclassified Alphaproteobacteria

= Chthoniobacter
Candidatus Amoebophilus

= Diplosphaera
Hymenobacter

m unclassified Sphingolb faceae

®unclassified Comamonadaceae
Alistipes

= Synechococcus

= Flavobacterium

= Tenacibaculum

= Terrimonas

Planctomycetes***

® Actinobacteria***
60%

® Firmicutes

Verrucomicrobia***
40%
® Cyanobacteria***

® Proteobacteria

Relative abundance

20%
™ Bacteroidetes***

® Thaumarchaeota™**

%

S008  S019  S114 MO028 MO041 S001 S008 S019 S114

Figure 6. Stacked bar chart representing the relative abundance of different (A) phyla and (B) gen-
era/families across various sampling locations in Lakes Michigan and Superior. The top 22 taxa, by
abundance, are shown for clarity. Significant differences among the lake types were computed using
one-way ANOVA with Tukey’s post hoc test for multiple comparisons, *** p < 0.0001. Significantly
different phyla/genera/families among the lakes are shown in the figure description.

3.5. Distribution of Thaumarchaeota

Relative abundances of phylum Thaumarchaeota at various depths in LM and LS
sampling locations were significantly different (p < 0.0001) (Figure 7A,B). LS archaeal
sequences were more closely related to each other than to LM sequences (Figure S8). The
greatest abundance of Thaumarchaeota (1.4-1.6%) was detected in sampling location S008
in samples from near the bottom (50-200 m, 2-10 m off bottom) compared to surface
samples (1-1.4%) at 5 to 20 m depths. Sampling location S008 had the greatest abundance of
Thaumarchaeota compared to all other locations. At sampling location 5114, Thaumarchaeota
abundance varied from 0.4-0.8%, and was greatest (0.8%) at the deepest site (365 m)
sampled in this study (Figure 7A,B). Prior to the discovery of ammonia-oxidizing archaea
(AOA, phylum Thaumarchaeota), oxidation of ammonia was thought to be limited to certain
lineages of Proteobacteria [50]. This discovery has dramatically increased our knowledge of
microbial nitrogen cycling in freshwater ecosystems [51-58]. The majority of AOA present
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in freshwater ecosystems belong to a specific subgroup referred to as Marine Group L.
Oxidation of ammonia produces protons that can create lower pH microenvironments and
potentially facilitate growth of AOA in the natural environments. Additionally, AOA can
also adapt to lower pH environments that might promote growth of AOA [59]. The results
from this study indicate that Thaumarchaeota are present throughout the water column in
LS at all sampling locations, in contrast to LM. Thaumarchaeota were most abundant at
location S008 and primarily at depths of 50 m and below from the surface. These sample
depths and locations also have lower temperature and pH compared to surface water,
consistent with the niche partitioning of AOA abundance.
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Figure 7. Distribution of Thaumarchaeota in the western Great Lakes. Shown are (A) relative
abundance of phylum Thaumarchaeota at different depths in Lake Michigan and Lake Superior
sampling locations, with relative abundance and sample name followed by depth shown in the x
and y axes, respectively. Horizontal dashed line represents the mean abundance within each group.
Lakes are separated by vertical black dashed lines. Samples are color coded to reflect sampling
location in both the lakes. (B) The significant differences among the sampling locations for phylum
Thaumarchaeota were computed using one-way ANOVA with Tukey’s post hoc test for multiple
comparisons. *** p < (0.0001.

3.6. Biomarker Signature Analysis (LEfSe)

LEfSe analysis can be used to analyze bacterial community data at any taxonomy level,
and in the present study, we conducted LEfSe analysis for each sampling location at both
the phylum level (Figure S9A) and genus level for each lake (Figures S9B and S10A). A
total of 6 bacterial phyla were distinct to at least 1 sampling location using the criterion of
logarithmic LDA score > 3 (Figure S9A). Notably, LDA score plots only show taxa with LDA
values > 3 for clarity. At the genus level, the top 24 enriched genera in different sampling
locations across lakes are shown (Figure S9B). Comparisons of biomarker genera across
the lakes reflected similar results to those seen in the comparison of sampling locations
(Figure S10A). Using the same LDA > 3 criterion, a total of 26 characteristic biomarker taxa
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were identified for LM and LS (Figure S10A). Based on the Log10 odds ratio, biomarker
taxa were identified; they can be used to segregate microbiomes by lake and sampling
location. A detailed description of 19 significantly different (p < 0.0001) taxa identified are
reported (Figure S10B).

3.7. Environmental Variation and Community Structure

ANOSIM between lakes and among sampling locations identified key differences
in structures of microbial communities (Figure S11A,B; ANOSIM R = 0.72, p < 0.0001).
Significant correlations (p < 0.001) were found between DO, pH, temperature, and other
variables and microbial beta diversity. Multivariate CCA was used to analyze variation
in community structure with DO, N, saturation, pH, conductivity, salinity, temperature,
pressure, latitude, longitude, and depth. Collectively, these data explained 66.6% and
21.3% of the variation in community structure by the PC1 and PC2 principal components,
respectively (p < 0.05) (Figure 8A,B). This proportion is relatively high compared to those
reported in other studies of freshwater lakes [60,61]. Freshwater aquatic microbiomes are
greatly influenced and significantly correlated with DO [62], and this was observed in this
study since concentrations of DO were significantly (p < 0.001) related to compositions of
microbial communities (Figure 8A, Table S7). Multiple taxonomic groups were statistically
significantly correlated with environmental variables (Table S7). Specifically, members
of the phylum Thaumarchaeota were positively correlated with latitude, beam transmis-
sion, and surface irradiance, and negatively correlated with pH, salinity, conductivity,
and fluorescence. Proteobacteria were negatively correlated with DO while Bacteroidetes
were positively correlated with pH, salinity, conductivity, and temperature, and negatively
related to latitude, N, saturation, beam transmission, and surface irradiance. Members
of Actinobacteria, Cyanobacteria, and Verrucomicrobia were negatively correlated to pH,
salinity, conductivity, and temperature, and positively correlated to latitude and N sat-
uration. The photosynthetic Cyanobacteria were positively correlated with DO, while
Planctomycetes were negatively correlated with DO. Unclassified bacteria were positively
correlated with salinity, conductivity, and temperature, and negatively correlated with Np
saturation. Other OTUs related to unclassified Sphingobacteriaceae (Chitinophaga) contain
aerobic microbial taxa [63] and are common in the Great Lakes [64]. Members of the phyla
Proteobacteria and Planctomycetes were inversely correlated to DO. While correlations
with pH suggest that preferred environmental pH can differ for individual genus level OTU,
the data are too few to make generalizations across most taxonomic groups. However, there
were groups of bacteria that were negatively correlated with pH, including Actinobacteria,
Cyanobacteria, Verrucomicrobia, and Thaumarchaeota (Figure 9), while Bacteroidetes and
unclassified bacteria were positively correlated with pH (Figure 10). Many others, including
Proteobacteria, Firmicutes, and Planctomycetes, were not correlated with pH. These taxa
may have been constrained by other factors (DO, temperature, or salinity), which can limit
the impact of pH as a constraining variable. As pH generally decreases with increasing
depth within the water column, these taxa may be more abundant near the water surface.
The Shannon diversity index was also negatively correlated with pH, temperature, and
salinity and positively correlated with DO, N, saturation, and latitude (Figure 10).
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Figure 8. Canonical correspondence analysis (CCA) of (A) the environmental variables and microbial
community at various depths across the lakes. Also shown is (B) a biplot of loading scores of
environmental variables on each axis. Lines indicate direction and magnitude of measurable variables
associated with community structure (loadings on each principal component). The percentage of
total variance explained by each axis is noted in both the axis labels. Each symbol is color coded
to represent lake or sampling locations and is provided in the figure description. Each color point
represents a different bacterial community structure from each lake sample, and similar direction and
magnitude of lines indicate a large positive association.
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Figure 9. Linear regression analysis between microbial diversity at phylum level and environmental
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Correlation coefficient and p-values are provided in the figure description.
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4. Conclusions

The Laurentian Great Lakes are unique, interconnected aquatic ecosystems for in-
vestigating fundamental questions on microbial evolution and community structure in a
natural freshwater system. Great lakes with ocean-like physical processes (strong currents
and upwelling) provide a unique opportunity to study key principles that maintain these
microbial communities in the freshwater ecosystems. Although they constitute a critical
component of aquatic ecosystems, microbial communities of great lakes have been far less
studied compared to small lake and marine ecosystems. Freshwater ecosystems along the
temporal and spatial scales have the potential to uncover diversity patterns that are not
apparent in the traditional studies of either bacteria or archaea in single freshwater lake
systems. Our objectives were to characterize microbial community patterns across lakes,
sampling depths, and locations to explore the physicochemical variables and interactions
that underlie these patterns. Our study further raises new questions on how and which
metabolic processes shape this wide genome diversity across different aquatic ecosystems.
This study provides an extensive overview of the sestonic microbial community struc-
ture in Lakes Michigan and Superior, down to some of the deepest depths in the water
column sampled. Microbial diversity analysis revealed that LM sampling locations are
more similar to each other yet represent a distinct microbiome signature. Similarly, LS
sampling locations represent a site-specific microbial structure and Thaumarchaeota was
present across all depths but greatly abundant in sampling location S008. The two lakes are
greatly different from each other in physicochemical variables, but surprisingly similar in
nutrient concentrations of N and P. Diversity index analysis identified that the Shannon
diversity index was negatively correlated with pH, temperature, and salinity, but positively
correlated with DO, latitude, and N saturation. In general, LS exhibited a greater diversity
index at all sampling locations and depths compared to locations in LM, with DO, pH, tem-
perature, and salinity being the most significant drivers in shaping the microbial dynamics
and composition.

Results of this study have highlighted the findings that the microbial communities
within DO, pH, and temperature-stratified lakes are greatly different from each other
compared to communities within lakes that do not chemically stratify. Surprisingly, these
differences do not appear to be influenced as strongly by N and P, although both nutri-
ents are present in small concentrations relative to most mid-latitude lacustrine systems.
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Correlations of individual microbial phyla and OTUs with DO, pH, salinity, latitude, and
temperature relate to the metabolic and functional capabilities of these microbial taxonomic
groups. This also suggests that lake stratification and environmental variables unique to
LM and LS may influence the adaptation and abundance of some microbial taxa more
strongly than others. Such adaptation may play a role in the abundance of Thaumarchaeota
in LS compared to LM. The strong correlation of Thaumarchaeota with pH in LS suggests the
need to investigate the impacts of acidification. A finding that more acidic pH promotes
the growth of AOA could potentially influence the ecosystem processes, such as ammonia
oxidation, that are carried out by these taxa. This is further supported by phylogenetic
analysis of archaeal 165 rRNA, which revealed that the archaea of LS are members of the
ammonia-oxidizing Group I.1a Thaumarchaeota that are most closely related to Candidatus
Nitrosopumilus sp. NM25. These AOA are distinct from the AOA in LM’s water column.
Pearson correlations and canonical correspondence analysis (CCA) showed that the differ-
ences in abundance and diversity of AOA are likely related to the sampling locations and,
thereby, to the different trophic states of both lakes.

Results of this study emphasize the importance of sampling the entire water column
from surface to near-bottom depths in lakes. Distinct physical and chemical attributes
among lakes suggest the potential impact of lake mixing and stratification as a disturbance
to microbial communities. Seasonal variations make the water column thermally stratified,
and development of vertical structure in depth profiles of nutrients, and other lake physic-
ochemical variables analyzed in this study, significantly correlate with microbial diversity
at various depths and locations. Within temperate freshwater lacustrine systems, these
sestonic changes could ultimately influence microbial community functional diversity and
biogeochemical processes. Our findings reveal that the LM and LS microbial diversity
is composed of similar microbial taxa shared across these lakes. However, they vary in
abundance and community structure based on sampling depth and location in each lake. At
the same time, some taxa show very strong enrichment only in certain sampling locations,
such as Synechococcus and Thaumarchaeota in LS sampling stations, suggesting a critical role
of selection in shaping these communities. Similarly, near the bottom, samples have lower
temperature and pH compared to surface water, consistent with the niche partitioning of
ammonia-oxidizing archaea abundance in LS. Of specific interest, our findings highlight
a highly underexplored freshwater habitat that may foster novel metabolic interactions
yet to be discovered. The temporal and spatial diversity patterns of surface-water micro-
bial communities were relatively invariant compared to bottom-water communities that
typically had great divergence among depths. This provides further evidence that lake
stratification is greatly important in shaping microbial communities across both lakes. Our
results provide a characteristic site-specific microbial profile that was readily distinguish-
able from other locations, highlighting the need to study how microbial evolution and
selection shapes the microbial diversity across these extreme water ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390 /microorganisms11020504/s1.

Author Contributions: Conceptualization, A.R., R.R. and KJ.R.; Methodology, A.R., R.R.,, SM.C.B,,
M.I and K.J.R; Validation, A.R., R.R. and K.J.R.; Formal analysis, A.R., R.R., SM.C.B., M.I. and
K.J.R.; Resources, ].P.G. and K.J.R,; Data curation, A.R. and R.R.; Writing—original draft, A.R., R.R.
and K.J.R.; Writing—review & editing, A.R.,, RR.,, SM.C.B,, ML, JPG., AL, N.CS. and K]J.R;
Visualization, A.R. and R.R.; Supervision, ].P.G., AL, N.C.S. and K.J.R; Funding acquisition, K.J.R.
All authors have read and agreed to the published version of the manuscript.

Funding: Samples were obtained onboard the R/V Lake Guardian through ship time available under
the US EPA Great Lakes National Program Office grant GL-00E00538 (PIs: AL, KJR, NCS, and
JPG). The research was supported by a Discovery Grant from the Natural Science and Engineering
Research Council of Canada (Project # 326415-07) and a grant from Western Economic Diversification
Canada (Project # 6578, 6807 and 000012711). The authors wish to acknowledge the support of an
instrumentation grant from the Canada Foundation for Infrastructure. Prof. Giesy was supported by


https://www.mdpi.com/article/10.3390/microorganisms11020504/s1
https://www.mdpi.com/article/10.3390/microorganisms11020504/s1

Version of record at: https://doi.org/10.3390/microorganisms11020504

Microorganisms 2023, 11, 504 14 of 16

the Canada Research Chair program, a Distinguished Visiting Professorship in the Department of
Environmental Sciences, Baylor University in Waco, TX, USA.

Data Availability Statement: The sequence data is available at the MG-RAST web server [41] and the
accession numbers are provided in Table S2. Study description, sequencing files, and sample metadata
are also available at EBI server (http://www.ebi.ac.uk/ena) with accession number ERP016492 under
The Earth Microbiome Project (EMP, http:/ /www.earthmicrobiome.org).

Acknowledgments: The authors wish to thank the captain and crew of the R/V Lake Guardian,
and Kelly Granberg (US Army Corps of Engineers, Chicago District) and Raja Kaliappan (CH2M,
Milwaukee, WI, USA) for assistance with sampling.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fuller, K. The Great Lakes: An Environmentals Atlas and Resource Book; Government of Canada and United States Environmental
Protection Agency: Toronto, ON, Canada, 1995.

2. Ellis, W.D. Land of the Inland Seas: The Historic and Beautiful Great Lakes Country; Weathervane Books; American West Pub. Co.:
Sanger, CA, USA, 1974.

3. Zou, B,; Rockne, K.J.; Vitousek, S.; Noruzoliaee, M. Ecosystem and Transportation Infrastructure Resilience in the Great Lakes.
Enwiron. Sci. Policy Sustain. Dev. 2018, 60, 18-31. [CrossRef]

4. Sterner, RW. C:N:P stoichiometry in Lake Superior: Freshwater Sea as end member. Inland Waters 2011, 1, 29-46. [CrossRef]

5. O’Beirne, M.D.; Werne, ].P; Hecky, R.E.; Johnson, T.C.; Katsev, S.; Reavie, E.D. Anthropogenic climate change has altered primary
productivity in Lake Superior. Nat. Commun. 2017, 8, 15713. [CrossRef]

6. Clement, T.A.; Murry, B.A.; Uzarski, D.G. Fish community size structure of small lakes: The role of lake size, biodiversity and
disturbance. J. Freshw. Ecol. 2015, 30, 557-568. [CrossRef]

7. Bier, R.L.; Bernhardt, E.S.; Boot, C.M.; Graham, E.B.; Hall, E.K.; Lennon, ].T.; Nemergut, D.R.; Osborne, B.B.; Ruiz-Gonzélez, C.;
Schimel, ].P,; et al. Linking microbial community structure and microbial processes: An empirical and conceptual overview.
FEMS Microbiol. Ecol. 2015, 91, fiv113. [CrossRef]

8.  Essington, T.E.; Carpenter, S.R. Mini-Review: Nutrient Cycling in Lakes and Streams: Insights from a Comparative Analysis.
Ecosystems 2000, 3, 131-143. [CrossRef]

9.  Shade, A.; Chiu, C.Y,; McMahon, K.D. Differential bacterial dynamics promote emergent community robustness to lake mixing:
An epilimnion to hypolimnion transplant experiment. Environ. Microbiol. 2010, 12, 455-466. [CrossRef] [PubMed]

10. Shade, A.; Chiu, C.-Y.; McMahon, K.D. Seasonal and Episodic Lake Mixing Stimulate Differential Planktonic Bacterial Dynamics.
Microb. Ecol. 2010, 59, 546-554. [CrossRef] [PubMed]

11. Garcia, S.L.; Salka, I.; Grossart, H.-P.; Warnecke, F. Depth-discrete profiles of bacterial communities reveal pronounced spatio-
temporal dynamics related to lake stratification. Environ. Microbiol. Rep. 2013, 5, 549-555. [CrossRef] [PubMed]

12.  Meuser, ].E.; Baxter, B.K,; Spear, ].R.; Peters, ].W.; Posewitz, M.C.; Boyd, E.S. Contrasting Patterns of Community Assembly in the
Stratified Water Column of Great Salt Lake, Utah. Microb. Ecol. 2013, 66, 268-280. [CrossRef] [PubMed]

13.  Andrei, A.-S.; Robeson Ii, M.S.; Baricz, A.; Coman, C.; Muntean, V.; Ionescu, A.; Etiope, G.; Alexe, M.; Sicora, C.I; Podar, M.; et al.
Contrasting taxonomic stratification of microbial communities in two hypersaline meromictic lakes. ISME ]. 2015, 9, 2642.
[CrossRef] [PubMed]

14.  Fenchel, T.,; Finlay, B. Oxygen and the Spatial Structure of Microbial Communities. Biol. Rev. 2008, 83, 553-569. [CrossRef]
[PubMed]

15.  Zadereev, E.; Tolomeev, A.; Drobotov, A. Spatial and Seasonal Dynamics of Dissolved and Suspended Nutrients in the Water
Column of Meromictic Lake Shira. Acta Geol. Sin.-Engl. Ed. 2014, 88, 173-174. [CrossRef]

16. Shade, A ; Read, ].S.; Welkie, D.G.; Kratz, TK.; Wu, C.H.; McMahon, K.D. Resistance, resilience and recovery: Aquatic bacterial
dynamics after water column disturbance. Environ. Microbiol. 2011, 13, 2752-2767. [CrossRef]

17. Shade, A.; Peter, H.; Allison, S.; Baho, D.; Berga, M.; Buergmann, H.; Huber, D.; Langenheder, S.; Lennon, J.; Martiny, J.; et al.
Fundamentals of Microbial Community Resistance and Resilience. Front. Microbiol. 2012, 3, 417. [CrossRef]

18. Mostofa, KM.G.; Yoshioka, T.; Konohira, E.; Tanoue, E.; Hayakawa, K.; Takahashi, M. Three-dimensional fluorescence as a tool
for investigating the dynamics of dissolved organic matter in the Lake Biwa watershed. Limnology 2005, 6, 101-115. [CrossRef]

19. Li, W,; Wu, F; Liu, C.; Fu, P; Wang, ].; Mei, Y.; Wang, L.; Guo, ]. Temporal and spatial distributions of dissolved organic carbon
and nitrogen in two small lakes on the Southwestern China Plateau. Limmnology 2008, 9, 163-171. [CrossRef]

20. Chappaz, A.; Curtis, PJ. Integrating Empirically Dissolved Organic Matter Quality for WHAM VI using the DOM Optical
Properties: A Case Study of Cu-Al-DOM Interactions. Environ. Sci. Technol. 2013, 47, 2001-2007. [CrossRef] [PubMed]

21. Amaral, V,; Graeber, D.; Calliari, D.; Alonso, C. Strong linkages between DOM optical properties and main clades of aquatic
bacteria. Limnol. Oceanogr. 2016, 61, 906-918. [CrossRef]

22. Lucas, ].; Koester, I.; Wichels, A.; Niggemann, J.; Dittmar, T.; Callies, U.; Wiltshire, K.H.; Gerdts, G. Short-Term Dynamics of North

Sea Bacterioplankton-Dissolved Organic Matter Coherence on Molecular Level. Front. Microbiol. 2016, 7, 321. [CrossRef]


http://www.ebi.ac.uk/ena
http://www.earthmicrobiome.org
http://doi.org/10.1080/00139157.2018.1495508
http://doi.org/10.5268/IW-1.1.365
http://doi.org/10.1038/ncomms15713
http://doi.org/10.1080/02705060.2015.1030787
http://doi.org/10.1093/femsec/fiv113
http://doi.org/10.1007/s100210000015
http://doi.org/10.1111/j.1462-2920.2009.02087.x
http://www.ncbi.nlm.nih.gov/pubmed/19878266
http://doi.org/10.1007/s00248-009-9589-6
http://www.ncbi.nlm.nih.gov/pubmed/19760448
http://doi.org/10.1111/1758-2229.12044
http://www.ncbi.nlm.nih.gov/pubmed/23864569
http://doi.org/10.1007/s00248-013-0180-9
http://www.ncbi.nlm.nih.gov/pubmed/23354179
http://doi.org/10.1038/ismej.2015.60
http://www.ncbi.nlm.nih.gov/pubmed/25932617
http://doi.org/10.1111/j.1469-185X.2008.00054.x
http://www.ncbi.nlm.nih.gov/pubmed/18823390
http://doi.org/10.1111/1755-6724.12267_18
http://doi.org/10.1111/j.1462-2920.2011.02546.x
http://doi.org/10.3389/fmicb.2012.00417
http://doi.org/10.1007/s10201-005-0149-6
http://doi.org/10.1007/s10201-008-0241-9
http://doi.org/10.1021/es3022045
http://www.ncbi.nlm.nih.gov/pubmed/23331061
http://doi.org/10.1002/lno.10258
http://doi.org/10.3389/fmicb.2016.00321

Version of record at: https://doi.org/10.3390/microorganisms11020504

Microorganisms 2023, 11, 504 15 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Wetzel, R.G. Limnology: Lake and River Ecosystems; Academic Press: Cambridge, MA, USA, 2001.

Hayakawa, K.; Kojima, R.; Wada, C.; Suzuki, T,; Sugiyama, Y.; Kumagai, T.; Takei, N.; Bamba, D. Distribution and characteristics
of ultraviolet absorption and fluorescenceof dissolved organic matter in a large lake (Lake Biwa, Japan). J. Great Lakes Res. 2016,
42,571-579. [CrossRef]

Newton, R.J.; Jones, S.E.; Eiler, A.; McMahon, K.D.; Bertilsson, S. A guide to the natural history of freshwater lake bacteria.
Microbiol. Mol. Biol. Rev. MMBR 2011, 75, 14-49. [CrossRef] [PubMed]

Denef, VJ.; Mueller, R.S.; Chiang, E.; Liebig, ].R.; Vanderploeg, H.A. Chloroflexi CL500-11 Populations That Predominate
Deep-Lake Hypolimnion Bacterioplankton Rely on Nitrogen-Rich Dissolved Organic Matter Metabolism and C1 Compound
Oxidation. Appl. Environ. Microbiol. 2015, 82, 1423-1432. [CrossRef]

Coci, M.; Odermatt, N.; Salcher, M.M.; Pernthaler, J.; Corno, G. Ecology and Distribution of Thaumarchaea in the Deep
Hypolimnion of Lake Maggiore. Archaea 2015, 2015, 590434. [CrossRef] [PubMed]

Mukherjee, M.; Ray, A.; Post, A.F.; McKay, R.M.; Bullerjahn, G.S. Identification, enumeration and diversity of nitrifying planktonic
archaea and bacteria in trophic end members of the Laurentian Great Lakes. J. Great Lakes Res. 2016, 42, 39-49. [CrossRef]
Okazaki, Y.; Nakano, S.-I. Vertical partitioning of freshwater bacterioplankton community in a deep mesotrophic lake with a fully
oxygenated hypolimnion (Lake Biwa, Japan). Environ. Microbiol. Rep. 2016, 8, 780-788. [CrossRef] [PubMed]

Fujimoto, M.; Cavaletto, J.; Liebig, ].R.; McCarthy, A.; Vanderploeg, H.A.; Denef, V.J. Spatiotemporal distribution of bacterioplank-
ton functional groups along a freshwater estuary to pelagic gradient in Lake Michigan. ]. Great Lakes Res. 2016, 42, 1036-1048.
[CrossRef]

Barbiero, R.P.; Tuchman, M.L. Results from the U.S. EPA’s Biological Open Water Surveillance Program of the Laurentian Great
Lakes: II. Deep Chlorophyll Maxima. J. Great Lakes Res. 2001, 27, 155-166. [CrossRef]

Barbiero, R.P; Tuchman, M.L.; Warren, G.J.; Rockwell, D.C. Evidence of recovery from phosphorus enrichment in Lake Michigan.
Can. J. Fish. Aquat. Sci. 2002, 59, 1639-1647. [CrossRef]

Barbiero, R.P; Warren, G.J. Rotifer communities in the Laurentian Great Lakes, 1983-2006 and factors affecting their composition.
J. Great Lakes Res. 2011, 37, 528-540. [CrossRef]

Buckley, D.R.; Rockne, K.J.; Li, A.; Mills, W.]J. Soot Deposition in the Great Lakes: Implications for Semi-Volatile Hydrophobic
Organic Pollutant Deposition. Environ. Sci. Technol. 2004, 38, 1732-1739. [CrossRef] [PubMed]

Corcoran, M.; Sherif, M.I,; Smalley, C.; Li, A.; Rockne, K.J.; Giesy, ].P.; Sturchio, N.C. Accumulation rates, focusing factors, and
chronologies from depth profiles of 210Pb and 137Cs in sediments of the Laurentian Great Lakes. ]. Great Lakes Res. 2018, 44,
693-704. [CrossRef]

Bonina, S.M.C.; Codling, G.; Corcoran, M.B.; Guo, ].; Giesy, ].P; Li, A.; Sturchio, N.C.; Rockne, K.]. Temporal and spatial differences
in deposition of organic matter and black carbon in Lake Michigan sediments over the period 1850-2010. ]. Great Lakes Res. 2018,
44,705-715. [CrossRef]

Codling, G.; Hosseini, S.; Corcoran, M.B.; Bonina, S.; Lin, T.; Li, A.; Sturchio, N.C.; Rockne, K.J.; Ji, K; Peng, H.; et al. Current and
historical concentrations of poly and perfluorinated compounds in sediments of the northern Great Lakes—Superior, Huron, and
Michigan. Environ. Pollut. 2018, 236, 373-381. [CrossRef] [PubMed]

Li, A,; Guo, J.; Li, Z; Lin, T,; Zhou, S.; He, H.; Ranansinghe, P.; Sturchio, N.C.; Rockne, K.J.; Giesy, ].P. Legacy polychlorinated
organic pollutants in the sediment of the Great Lakes. . Great Lakes Res. 2018, 44, 682-692. [CrossRef]

Li, A.; Rockne, K.J.; Sturchio, N.C.; Mills, W.J.; Song, W.; Ford, ]J.C.; Buckley, D.R. Chronology of PBDE air deposition in
the Great Lakes from sedimentary records. 2006. Available online: https://www.researchgate.net/publication/270275380_
Chronology_of_PBDE_Air_Deposition_in_the_Great_Lakes_from_Sedimentary_Records_Final_Report_to_US_EPA (accessed on
12 December 2022).

Peng, H.; Chen, C.; Cantin, J.; Saunders, D.M.V,; Sun, J.; Tang, S.; Codling, G.; Hecker, M.; Wiseman, S.; Jones, P.D.; et al.
Untargeted Screening and Distribution of Organo-Bromine Compounds in Sediments of Lake Michigan. Environ. Sci. Technol.
2016, 50, 321-330. [CrossRef]

Meyer, F.; Paarmann, D.; D’Souza, M.; Olson, R.; Glass, E.M.; Kubal, M.; Paczian, T.; Rodriguez, A.; Stevens, R.; Wilke, A.; et al.
The metagenomics RAST server—A public resource for the automatic phylogenetic and functional analysis of metagenomes.
BMC Bioinform. 2008, 9, 386. [CrossRef]

Mitra, S.; Stark, M.; Huson, D.H. Analysis of 165 rRNA environmental sequences using MEGAN. BMC Genom. 2011, 12, S17.
[CrossRef]

Parks, D.H.; Tyson, G.W.; Hugenholtz, P.; Beiko, R.G. STAMP: Statistical analysis of taxonomic and functional profiles. Bioinfor-
matics 2014, 30, 3123-3124. [CrossRef]

Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef]

Zakrzewski, M.; Proietti, C.; Ellis, J.].; Hasan, S.; Brion, M.-].; Berger, B.; Krause, L. Calypso: A user-friendly web-server for
mining and visualizing microbiome—environment interactions. Bioinformatics 2017, 33, 782-783. [CrossRef] [PubMed]

Tamura, K.; Dudley, ].; Nei, M.; Kumar, S. MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) software version 4.0. Mol.
Biol. Evol. 2007, 24, 1596-1599. [CrossRef] [PubMed]

Meyerhof, M.S.; Wilson, ].M.; Dawson, M.N.; Michael Beman, J. Microbial community diversity, structure and assembly across
oxygen gradients in meromictic marine lakes, Palau. Environ. Microbiol. 2016, 18, 4907-4919. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jglr.2016.02.006
http://doi.org/10.1128/MMBR.00028-10
http://www.ncbi.nlm.nih.gov/pubmed/21372319
http://doi.org/10.1128/AEM.03014-15
http://doi.org/10.1155/2015/590434
http://www.ncbi.nlm.nih.gov/pubmed/26379473
http://doi.org/10.1016/j.jglr.2015.11.007
http://doi.org/10.1111/1758-2229.12439
http://www.ncbi.nlm.nih.gov/pubmed/27402328
http://doi.org/10.1016/j.jglr.2016.07.029
http://doi.org/10.1016/S0380-1330(01)70629-6
http://doi.org/10.1139/f02-132
http://doi.org/10.1016/j.jglr.2011.04.007
http://doi.org/10.1021/es034926t
http://www.ncbi.nlm.nih.gov/pubmed/15074682
http://doi.org/10.1016/j.jglr.2018.05.013
http://doi.org/10.1016/j.jglr.2018.03.001
http://doi.org/10.1016/j.envpol.2018.01.065
http://www.ncbi.nlm.nih.gov/pubmed/29414360
http://doi.org/10.1016/j.jglr.2018.02.002
https://www.researchgate.net/publication/270275380_Chronology_of_PBDE_Air_Deposition_in_the_Great_Lakes_from_Sedimentary_Records_Final_Report_to_US_EPA
https://www.researchgate.net/publication/270275380_Chronology_of_PBDE_Air_Deposition_in_the_Great_Lakes_from_Sedimentary_Records_Final_Report_to_US_EPA
http://doi.org/10.1021/acs.est.5b04709
http://doi.org/10.1186/1471-2105-9-386
http://doi.org/10.1186/1471-2164-12-S3-S17
http://doi.org/10.1093/bioinformatics/btu494
http://doi.org/10.1186/gb-2011-12-6-r60
http://doi.org/10.1093/bioinformatics/btw725
http://www.ncbi.nlm.nih.gov/pubmed/28025202
http://doi.org/10.1093/molbev/msm092
http://www.ncbi.nlm.nih.gov/pubmed/17488738
http://doi.org/10.1111/1462-2920.13416
http://www.ncbi.nlm.nih.gov/pubmed/27312889

Version of record at: https://doi.org/10.3390/microorganisms11020504

Microorganisms 2023, 11, 504 16 of 16

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hengy, M.H.; Horton, D.J.; Uzarski, D.G.; Learman, D.R. Microbial community diversity patterns are related to physical and
chemical differences among temperate lakes near Beaver Island, MI. Peer] 2017, 5, €3937. [CrossRef] [PubMed]

Shade, A.; Read, ].S.; Youngblut, N.D.; Fierer, N.; Knight, R.; Kratz, TK.; Lottig, N.R.; Roden, E.E.; Stanley, EH.;
Stombaugh, J.; etal. Lake microbial communities are resilient after a whole-ecosystem disturbance. Isme J. 2012, 6, 2153.
[CrossRef] [PubMed]

Purkhold, U.; Pommerening-Roser, A.; Juretschko, S.; Schmid, M.C.; Koops, H.P.; Wagner, M. Phylogeny of all recognized species
of ammonia oxidizers based on comparative 165 rRNA and amoA sequence analysis: Implications for molecular diversity surveys.
Appl. Environ. Microbiol. 2000, 66, 5368-5382. [CrossRef] [PubMed]

Konneke, M.; Bernhard, A.E.; de la Torre, J.R.; Walker, C.B.; Waterbury, J.B.; Stahl, D.A. Isolation of an autotrophic ammonia-
oxidizing marine archaeon. Nature 2005, 437, 543-546. [CrossRef]

Treusch, A.H.; Leininger, S.; Kletzin, A.; Schuster, S.C.; Klenk, H.P,; Schleper, C. Novel genes for nitrite reductase and Amo-related
proteins indicate a role of uncultivated mesophilic crenarchaeota in nitrogen cycling. Environ. Microbiol. 2005, 7, 1985-1995.
[CrossRef]

Stieglmeier, M.; Klingl, A.; Alves, R.J.; Rittmann, S.K.; Melcher, M.; Leisch, N.; Schleper, C. Nitrososphaera viennensis gen. nov., sp.
nov., an aerobic and mesophilic, ammonia-oxidizing archaeon from soil and a member of the archaeal phylum Thaumarchaeota.
Int. J. Syst. Evol. Microbiol. 2014, 64, 2738-2752. [CrossRef]

Brochier-Armanet, C.; Boussau, B.; Gribaldo, S.; Forterre, P. Mesophilic Crenarchaeota: Proposal for a third archaeal phylum, the
Thaumarchaeota. Nat. Rev. Microbiol. 2008, 6, 245-252. [CrossRef]

Brochier-Armanet, C.; Deschamps, P.; Lopez-Garcia, P.; Zivanovic, Y.; Rodriguez-Valera, F.; Moreira, D. Complete-fosmid and
fosmid-end sequences reveal frequent horizontal gene transfers in marine uncultured planktonic archaea. ISME | 2011, 5,
1291-1302. [CrossRef] [PubMed]

Spang, A.; Hatzenpichler, R.; Brochier-Armanet, C.; Rattei, T.; Tischler, P; Spieck, E.; Streit, W.; Stahl, D.A.; Wagner, M.; Schleper, C.
Distinct gene set in two different lineages of ammonia-oxidizing archaea supports the phylum Thaumarchaeota. Trends Microbiol.
2010, 18, 331-340. [CrossRef] [PubMed]

Spang, A.; Poehlein, A.; Offre, P.; Zumbragel, S.; Haider, S.; Rychlik, N.; Nowka, B.; Schmeisser, C.; Lebedeva, E.V.; Rattei, T.; et al.
The genome of the ammonia-oxidizing Candidatus Nitrososphaera gargensis: Insights into metabolic versatility and environmen-
tal adaptations. Environ. Microbiol. 2012, 14, 3122-3145. [CrossRef] [PubMed]

Bayer, B.; Vojvoda, J.; Offre, P; Alves, R.J.E.; Elisabeth, N.H.; Garcia, ].A.L.; Volland, J.-M.; Srivastava, A.; Schleper, C.; Herndl, G.J.
Physiological and genomic characterization of two novel marine thaumarchaeal strains indicates niche differentiation. ISME ].
2016, 10, 1051-1063. [CrossRef]

Qin, W.; Amin, S.A.; Martens-Habbena, W.; Walker, C.B.; Urakawa, H.; Devol, A.H.; Ingalls, A.E.; Moffett, ]JW.; Armbrust, E.V,;
Stahl, D.A. Marine ammonia-oxidizing archaeal isolates display obligate mixotrophy and wide ecotypic variation. Proc. Natl.
Acad. Sci. USA 2014, 111, 12504-12509. [CrossRef]

Van der Gucht, K.; Cottenie, K.; Muylaert, K.; Vloemans, N.; Cousin, S.; Declerck, S.; Jeppesen, E.; Conde-Porcuna, J.-M.;
Schwenk, K.; Zwart, G.; et al. The power of species sorting: Local factors drive bacterial community composition over a wide
range of spatial scales. Proc. Natl. Acad. Sci. USA 2007, 104, 20404-20409. [CrossRef]

Soininen, J.; Korhonen, J.J.; Luoto, M. Stochastic species distributions are driven by organism size. Ecology 2013, 94, 660-670.
[CrossRef]

Paver, S.F; Newton, R.J.; Coleman, M.L. Microbial communities of the Laurentian Great Lakes reflect connectivity and local
biogeochemistry. Environ. Microbiol. 2020, 22, 433-446. [CrossRef]

Rosenberg, E. The Family Chitinophagaceae. In The Prokaryotes: Other Major Lineages of Bacteria and The Archaea; Rosenberg, E.,
DeLong, E.E, Lory, S., Stackebrandt, E., Thompson, E, Eds.; Springer: Berlin/Heidelberg, Germany, 2014; pp. 493—-495.

Mou, X.; Jacob, J.; Lu, X.; Robbins, S.; Sun, S.; Ortiz, J.D. Diversity and distribution of free-living and particle-associated
bacterioplankton in Sandusky Bay and adjacent waters of Lake Erie Western Basin. J. Great Lakes Res. 2013, 39, 352-357. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.7717/peerj.3937
http://www.ncbi.nlm.nih.gov/pubmed/29062609
http://doi.org/10.1038/ismej.2012.56
http://www.ncbi.nlm.nih.gov/pubmed/22739495
http://doi.org/10.1128/AEM.66.12.5368-5382.2000
http://www.ncbi.nlm.nih.gov/pubmed/11097916
http://doi.org/10.1038/nature03911
http://doi.org/10.1111/j.1462-2920.2005.00906.x
http://doi.org/10.1099/ijs.0.063172-0
http://doi.org/10.1038/nrmicro1852
http://doi.org/10.1038/ismej.2011.16
http://www.ncbi.nlm.nih.gov/pubmed/21346789
http://doi.org/10.1016/j.tim.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20598889
http://doi.org/10.1111/j.1462-2920.2012.02893.x
http://www.ncbi.nlm.nih.gov/pubmed/23057602
http://doi.org/10.1038/ismej.2015.200
http://doi.org/10.1073/pnas.1324115111
http://doi.org/10.1073/pnas.0707200104
http://doi.org/10.1890/12-0777.1
http://doi.org/10.1111/1462-2920.14862
http://doi.org/10.1016/j.jglr.2013.03.014

	Introduction 
	Materials and Methods 
	Sampling 
	Extraction, PCR Amplification, and Sequencing of DNA 
	Bioinformatics and Statistical Analysis 
	Molecular Phylogenetic Analysis for Thaumarchaeota 

	Results and Discussion 
	Spatial Variation in Physicochemical Parameters 
	Microbial Community Structure 
	Microbial Taxa and Diversity Indices between Lakes 
	Microbial Community Structure in Different Sampling Locations 
	Distribution of Thaumarchaeota 
	Biomarker Signature Analysis (LEfSe) 
	Environmental Variation and Community Structure 

	Conclusions 
	References



