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SUMMARY 

Despite their observed importance in mediating ecological and human health, our ability to 

predict aquatic microbial community response to major environmental disturbances is still 

limited. In this dissertation, the research focuses on understanding the various ways 

environmental perturbations can impact microbial community structure and function in 

regionally important aquatic ecosystems – the Chicago Area Waterways and Lake Michigan. I 

have aimed to address the following broad questions: 

 

1. What are the short-term implications of stormflow as a perturbation event on the 

microbial community structure and functional potential in a highly urbanized 

section of the Chicago Area Waterways? 

2. How do the bacterial community diversity and dissolved organic matter (DOM) 

metabolism compare between the nearshore and offshore regions of Lake Michigan 

in light of the recent ecological changes caused by the invasive dreissenid mussels? 

3. What is the relative potential of bacterial communities in nearshore and offshore 

Lake Michigan in the post-mussel period to utilize terrestrial-derived DOM (t-

DOM)? 

 

 Chapter 2 of the dissertation addresses the first question. Urban streams are susceptible to 

various anthropogenic stressors on their ecology and environment, and rain-induced storm flow 

events represent one such source of complex physical, chemical and biological perturbations. In 

this study, we focused on the short-term impacts of storm flow events on the microbial 

community dynamics of North Shore Channel, a highly urbanized section of the Chicago Area 



 

 xv 

Waterways. Using a combination of 16S rRNA gene sequencing and shotgun metagenomics, we 

investigated the stream microbial community composition and functional potential during dry 

and wet weather conditions between 2013-2015. The results demonstrated general trends present 

in the stream under storm flow versus base flow conditions and also highlighted the influence of 

increased wastewater treatment plant (WWTP) effluent flow following rain in shifting the stream 

microbial community from abundant freshwater taxa to those more associated with 

urban/anthropogenic settings. Shifts in the taxonomic composition were also linked to changes in 

the functional gene content. Overall, results from this study highlighted the significant changes 

in an urban stream microbial community during rain-induced storm flow conditions, with 

potential environmental and public health implications. 

 Chapter 3 primarily focuses on addressing the third question, but also provides some 

preliminary data for the second question. Lake Michigan is one of the largest lakes in the world, 

and over the last two decades has witnessed significant ecological changes due to proliferation of 

invasive dreissenid mussels into deeper regions of the lake. Carbon fixed by phytoplankton 

production constitutes a major source of labile DOM for bacterioplankton in Lake Michigan. 

However, the recent expansion of invasive dreissenid mussels into offshore lake waters has 

caused dramatic declines in phytoplankton production, negatively impacting the labile DOM 

pool available for bacteria. In addition, coastal waters in the southeastern part of the lake receive 

terrestrial-derived DOM (t-DOM) and nutrients from large tributaries such as the Kalamazoo 

River. How this spatial variation in the DOM pool impacts the bacterial community composition 

and function in Lake Michigan, and the relative importance of t-DOM in coastal and offshore 

bacterial community metabolism in the post-mussel period are poorly understood. In this project, 

we performed a preliminary investigation of Lake Michigan bacterial community structure and 
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activity across a nearshore-to-offshore transect beginning near the mouth of the Kalamazoo 

River. In addition, using water from the nearshore and offshore locations we evaluated short-

term bacterioplankton response to a pulse of t-DOM (leaf litter leachate). The bacterial 

community composition and activity for the natural and t-DOM enriched samples was 

characterized using combined metagenomics and metatranscriptomics. The results from this 

study showed a significantly higher number of transcripts for Synechococcus in the offshore as 

compared to nearshore, but despite this and certain other differences for DOM-related transporter 

gene transcripts, the nearshore and offshore bacterial communities showed a similar capacity to 

utilize t-DOM. These findings have important implications in explaining bacterial community 

dynamics related to carbon metabolism in southern Lake Michigan in the post-mussel period. 

 Chapter 4 addresses the second question. By performing further microbial sampling of 

the nearshore-to-offshore Kalamazoo River transect, this project aimed at extending the 

preliminary work done in Chapter 3 to identify the spatiotemporal variation in the in situ 

dissolved organic matter (DOM) metabolism and the associated microorganisms in southern 

Lake Michigan. In addition to the samples collected across the nearshore-to-offshore transect in 

September 2015 for Chapter 3, we collected samples across the transect in summer 2017. These 

samples were processed to obtain deeply sequenced metagenomes, which were combined with 

the 2015 metagenomes to more reliably test the broad questions related to carbon metabolism in 

nearshore and offshore Lake Michigan. Results demonstrated broadly similar communities in the 

two regions both in terms of taxonomic composition and functional gene content. However, there 

were differences in the relative abundance of specific bacterial groups and functional processes 

across the transect, such as a higher abundance of genes encoding for aromatic compound 

metabolism in nearshore versus offshore. In addition, the chemical composition of the bulk 
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DOM pool in Lake Michigan was characterized using spectrofluorometric methods and showed 

correlation with some of the microbial community trends, with the nearshore waters comprising 

a significantly higher fraction of aromatic and terrestrial-derived humic DOM in comparison to 

offshore. Overall, the results from this study highlighted the specific differences in microbial 

community composition and potential carbon metabolism between the oligotrophic offshore and 

the more productive nearshore waters of southern Lake Michigan.
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I. INTRODUCTION 

 
Freshwater lakes and rivers are critical water sources. Despite covering a small fraction of 

Earth’s surface, they contribute significantly to regional and global carbon budgets. It is 

estimated that of all the carbon delivered annually to inland waters from terrestrial sources, about 

40% is released to the atmosphere and about 12% is stored in the sediments of these water bodies 

before the remaining carbon is delivered to the oceans (1). Freshwater ecosystems are also home 

to a rich biodiversity adapted to the unique habitats within these systems. Microorganisms such 

as heterotrophic bacteria are an important component of this biodiversity and perform critical 

ecological functions. Their role in nutrient cycling and assimilating constituents of the dissolved 

organic matter (DOM) pool is fundamental to the biogeochemical flux and food web dynamics in 

these ecosystems (2,3). However, aquatic bacterial communities are sensitive to changes in 

nutrient regimes and substrate availability arising from fluxes in terrestrial inputs and other 

perturbations (4). Moreover, anthropogenically influenced terrestrial loadings to aquatic systems 

are important for the aquatic microbiome not only from an ecological perspective, but also in a 

public health context (5). Despite the importance of freshwater microbial communities, our 

understanding of the impact of environmental disturbances on their diversity and activity remains 

limited.  

 In ecology and particularly in microbial ecology, a disturbance can be defined as any 

event that causes a change in the physical or chemical characteristics of the direct environment 

of a community (6). The response of a microbial community to a disturbance event can be 

assessed in terms of its stability. Community stability can be defined as the degree to which a 

community is resistant or resilient (recovery of a community to its original state after a 
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disturbance) to a disturbance event (6). Disturbances can either be discreet, short-term events 

(pulse) or more long-term and continuous in nature (press). For microbial communities in aquatic 

ecosystems, examples of pulse disturbances include rainfall-associated flooding and algal 

blooms. The proliferation of an invasive species in an aquatic body and the associated changes in 

the food web structure and nutrient regime is an example of a press disturbance. A microbial 

community’s response to a disturbance can be evaluated by assessing changes in the population 

structure or community functional diversity, or both. Modern omics technologies such as 

metagenomics and metatranscriptomics provide an opportunity to measure microbial community 

composition, functional gene content and expression at a high resolution and thus enable a robust 

investigation of community responses to disturbance events. 

 

A. Anthropogenic and Natural Sources of Disturbance to Aquatic Microbial 

Communities 

 Aquatic ecosystems in urban landscapes are susceptible to various types of 

anthropogenically driven disturbances. Microbes and chemical pollutants from the wastewater 

infrastructure in cities reach surface waters of stream, rivers, lakes and estuaries in large 

quantities everyday through various dissemination routes (7). These routes include non-point 

discharge from leaky and failing sewage infrastructure, stormwater runoff, and treated effluent 

from wastewater treatment facilities. Studies using cultivation and/or molecular approaches have 

documented the prevalence of fecal indicator bacteria, potential pathogens and antibiotic 

resistant bacteria/genes in surface waters exposed to inputs from the urban wastewater 

infrastructure (5, 8, 9). However, efforts so far to establish broad patterns of pollution in the 

urban aquatic microbiome have been challenging due to important effects of local factors such as 
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weather and impervious land cover (7). Also, while most work in these urban aquatic ecosystems 

has focused on tracking pollutant microorganisms/genes in the context of public health issues, 

the impact of wastewater discharge on the resident microbial community in aquatic systems from 

an ecological standpoint remains less explored (10). The use of whole-genome shotgun (WGS) 

metagenomics-based approaches to evaluate the impact of wastewater discharge on microbial 

community structure and functional diversity in urban aquatic ecosystems holds promise from 

both a public health and ecological perspective. 

 For large freshwater ecosystems such as the Great Lakes, the sources of ecological 

disturbance can be more varied and at different scales in comparison to urban aquatic systems. 

Although anthropogenic activities in the catchment area can directly affect the microbial ecology 

of large lakes (11), it is the indirect effects of human activity on the internal ecological processes 

and food web dynamics of these lakes that often have a larger impact on the overall microbial 

community dynamics. For example, the increased nutrient levels in Lake Erie due to loadings 

from tributaries with intensively farmed landscapes has caused frequent occurrence of 

cyanobacterial harmful algal blooms. These blooms have acted as a significant biological 

disturbance to the lake’s bacterial community, affecting its composition and diversity (12). On 

the other hand, the impact of invasive dreissenid mussels on the ecology and microbial food web 

of Lake Michigan has been quite different – these mussels are prolific filter feeders and their 

expansion into deeper waters of the lake over the last 2 decades has decimated the annual spring 

diatom bloom (13, 14). This loss of primary productivity can have implications for the rest of the 

food web, including bacterioplankton production as now there would be less availability of labile 

phytoplankton-derived dissolved organic matter (DOM) for bacterial consumption (15). Large 
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lakes in other parts of the world are also facing similar stresses related to habitat alteration, 

invasive species and climate change (16, 17). 

 

B. Using Omics Approaches to Investigate Disturbance Scenarios in Aquatic 

Ecosystems 

 Advances in DNA sequencing technology as well as computational tools in the last two 

decades have enabled microbial ecologists to investigate questions about microbial community 

dynamics in various habitats without being limited by the need to isolate members of a microbial 

community and study them in laboratory settings. For instance, the use of next-generation 

amplicon sequencing of the phylogenetic marker gene encoding for 16S ribosomal RNA in 

prokaryotes has enabled evaluating the microbial ecology of urban rivers and estuaries and the 

source tracking of potential pathogens and fecal indicator bacteria in these ecosystems (4, 5, 18). 

Direct retrieval and sequencing of the whole community genomic DNA (shotgun metagenomics) 

has provided researchers studying aquatic microbial communities information about not only the 

community composition (who is there?) but also about their genetic content (what are they 

potentially doing?) (19, 20). Additionally, development of methods to assess gene expression in 

environmental microbial communities (metatranscriptomics, (21)) provides a powerful approach 

to investigate community metabolic response to disturbance events, such as in short-term 

manipulation experiments (22). These omics approaches when combined with the advanced 

bioinformatics tools such as isolation of population genomes from metagenomes (23) and their 

metabolic modeling (24) can help us arrive at some level of mechanistic understanding about the 

disturbance effects on microbial community dynamics and potential ecosystem-level 

consequences. 
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II. Taxon-Driven Functional Shifts Associated with Storm Flow in an Urban Stream 

Microbial Community1 

 
A. Abstract 

Urban streams are susceptible to stormwater and sewage inputs that can impact their ecological 

health and water quality. Microbial communities in streams play important functional roles, and 

their composition and metabolic potential can help assess ecological state and water quality. 

Although these environments are highly heterogenous, little is known about the influence of 

isolated perturbations, such as those resulting from rain events on urban stream microbiota. Here, 

we examined the microbial community composition and diversity in an urban stream during dry 

and wet weather conditions with both 16S rRNA gene sequencing across multiple years and 

shotgun metagenomics to more deeply analyze a single storm flow event. Metagenomics was 

used to assess population-level dynamics as well as shifts in the microbial community taxonomic 

profile and functional potential before and after a substantial rainfall. The results demonstrated 

general trends present in the stream under storm flow versus base flow conditions and also 

highlighted the influence of increased effluent flow following rain in shifting the stream 

microbial community from abundant freshwater taxa to those more associated with 

urban/anthropogenic settings. Shifts in the taxonomic composition were also linked to changes in 

functional gene content, particularly for transmembrane transport and organic substance 

biosynthesis. We also observed an increase in relative abundance of genes encoding degradation 

 
1 Copyright © American Society for Microbiology, [mSphere, 3, 2018, e00194-18, 
https://doi.org/10.1128/mSphere.00194-18] 
This article was published in the journal under an open access Creative Commons CC BY 4.0 
license. The author retains the right to reuse the full article in his/her dissertation without 
permission from the journal.   
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of organic pollutants and antibiotic resistance after rain. Overall, this study highlighted some 

differences in the microbial community of an urban stream under storm flow conditions and 

showed the impact of a storm flow event on the microbiome from an environmental and public 

health perspective. 

 

B. Introduction 

 Streams and rivers are important freshwater resources, used for recreation, agriculture, 

domestic water sources, and industrial purposes. By storing, processing, and transporting 

terrestrially derived nutrients and organic matter, rivers play an important ecological role in 

linking biogeochemical cycles between terrestrial and aquatic ecosystems (1). Over the last 

century, many streams and rivers have witnessed rapid urbanization and anthropogenic 

development of their drainage basins, which has exposed them to frequent external inputs in the 

form of wastewater treatment plant (WWTP) effluent, industrial discharge, and 

sewer/stormwater overflows. These inputs often impact stream hydrological, physicochemical, 

and biological characteristics (2). For streams and rivers that serve as wastewater and/or 

stormwater outfall sites, rain-induced storm flow events are especially influential, as they often 

lead to an increased influx of WWTP effluent and unregulated waste via combined sewer 

overflows (CSOs) (3, 4). These perturbations bring in nutrients, a variety of microorganisms, 

including pathogens, and chemical pollutants such as steroid hormones that impact water quality, 

biodiversity, and ecosystem health (2, 3, 5, 6). 

 Because urban aquatic streams are typically highly variable systems that are regularly 

subject to anthropogenic inputs, it is unclear how much isolated perturbations such as rainfall 

and associated increases in storm flow might influence the water column microbial community, 
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even in the short-term. Studies investigating urban river microbiota using genetic markers for 

fecal bacteria or 16S rRNA gene-based microbial community surveys have shown the presence 

of human fecal contamination, “urban signature” bacteria, and changes in community 

composition in streams and rivers impacted by WWTP effluent, stormwater, and CSOs (7–11). 

Moreover, others have documented the possible influx of antibiotic-resistant bacteria and 

pathogens from WWTP effluent (12, 13) and stormwater events (6, 14) into urban environments, 

further signifying the importance of evaluating the persistence of these organisms and their 

impact on the riverine microbiome from a public health perspective. While these studies provide 

valuable information about the effects of storm flow events on urban stream microbial content, 

they are limited to specific taxonomic and pollutant marker genes. Recent whole-genome 

shotgun (WGS) metagenomics-based approaches have explored community composition and 

functional dynamics in urban-impacted streams (15, 16), although a direct effect of storm flow 

on microbial dynamics remains less explored. A robust evaluation of the impacts of such isolated 

and short-term perturbations is critical for making predictions about the public health and 

possible longer-term ecological implications. 

 In this study, we used both 16S rRNA gene amplicon and shotgun metagenomics to 

analyze the water column microbial community during base flow and storm flow conditions in 

the North Shore Channel (NSC) stream, a section of the highly urbanized Chicago Area 

Waterway System (CAWS) (see Supplementary Figure S2.1). We focused on a site downstream 

of a WWTP and numerous CSO outflow points using 16S rRNA gene amplicon sequencing of 

samples from both base flow and storm flow over the course of multiple seasons and years. 

Additionally, samples obtained immediately before and shortly (<24 h) after a single rain event 

at the same site provided an opportunity for a deep analysis of short-term variability in the 
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taxonomic and functional composition of the water column microbiome using WGS 

metagenomics. Coupled with the 16S rRNA data from multiple samples, we were able to link 

some of these changes in the stream microbial taxonomic and functional profiles to storm flow 

conditions. Although our deep metagenomics-based analysis is centered around a single event, 

our findings provide a window into the variability and short-term changes in an urban freshwater 

system and set the groundwork for making predictions about possible ecosystem-level and 

public-health-related impacts of rainfall events on these systems. Overall, our results show that 

rain-associated WWTP effluent flow and perhaps CSOs impact the stream microbiome 

composition and functional potential, with the introduction of exogenous organisms to the 

system being a significant driver of the observed change. 

 

C. Results and Discussion 

 Impact of rainfall on NSC microbial community composition. Rainfall can impact 

urban waterways by increasing effluent flow from WWTPs or causing combined sewer overflow 

events (CSOs) at outflow points along streams (4). The NSC site that we investigated has a 

WWTP (O’Brien Water Reclamation Plant) and several CSO outfall sites within a few 

kilometers upstream (Supplementary Figure S2.1) and often experiences increased flow from 

both following rainfall, including the two rain events reported in this study (Supplementary 

Figure S2.2). Sequences from 16S rRNA gene amplicons at five distinct times between 2013 and 

2015 representing both summer and fall and stream base flow (dry weather; three samples) and 

storm flow (<24 h after rain; two samples) (with additional details in Supplementary Table S2.1) 

revealed both a temporal and rainfall-associated clustering of the samples at the operational 

taxonomic unit (OTU) level (principal-coordinate analysis [PCoA], Bray-Curtis metric) (Figure 
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2.1A). In particular, the separate clustering of storm flow and base flow samples along the 

principal axis 2 highlights the strong influence of rain on the microbial community composition, 

regardless of time/year sampled. Such changes might result from either a direct influx of 

allochthonous microbes or a shift in the resident microbial community in response to altered 

chemical conditions following rain, although none of the measured physicochemical parameters 

showed a statistically significant difference between storm flow and base flow conditions (P > 

0.05, Welch’s t test [Supplementary Table S2.1]). In addition to shifts in community 

composition, microbial diversity based on OTU richness and Good’s coverage was slightly 

higher in the storm flow samples than the base flow samples (Supplementary Table S2.2), 

although the differences were not significant (P > 0.05, Welch’s t test).  

 To analyze shifts in the microbial community across all storm flow versus base flow 

samples, OTUs were clustered at various hierarchical taxonomic levels. There was a difference 

in genus-based community compositions between the storm flow and base flow samples as per 

analysis of similarity (ANOSIM; Bray-Curtis metric, R2 = 0.5, P = 0.1). Genus-level 

comparisons of microbial community composition revealed a significantly lower abundance of 

unknown genera within groups Pelagibacteraceae, ACK-M1, and Actinomycetales and a 

significantly higher abundance of Arcobacter and genus C39 within the family Rhodocyclaceae 

during storm flow compared to base flow (P < 0.05, Welch’s t test) (Figure 2.1B). The ACK-M1 

family of Actinobacteria and Pelagibacteraceae include common freshwater organisms that do 

not favor nutrient-rich conditions (17, 18), while genera within Rhodocyclaceae are 

Betaproteobacteria, known to take advantage of nutrient/substrate-rich conditions, likely due to 

higher growth rates (17). Rhodocyclaceae has previously been associated with urban streams and 

was reported to be abundant in impacted Milwaukee waterways (19). Similarly, 
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Arcobacter  has often been associated with sewage and WWTP effluent (8, 9, 20). The increase 

in the relative abundance of these organisms in the NSC following rainfall could be due to point 

source inputs from the increased effluent flow and/or CSOs and was analyzed in more detail with 

shotgun metagenomics (described below). 

 Overall, the rain-associated changes in the microbial community composition appeared to 

be directly related to increased effluent; the after-rain community OTUs were more similar to 

those in the WWTP effluent than to those in the before-rain community (Figure 2.1A). This 

could be linked to a few taxa, such as unknown genera within families Procabacteriaceae and 

Legionellacaea as well as the genus Arcobacter, which were abundant in the effluent and 

increased in the stream after rain (Figure 2.1B).  

 Metagenomics-based microbial community composition before and after rain 

in North Shore Channel. The overall trends from the 16S rRNA gene-based analysis across 

seasons and years warranted a whole-community metagenomic analysis of more temporally 

resolved samples clustered around a large rainfall event. Here, we report our observations of a 

single, isolated event, acknowledging that this might not be representative of every rainfall event 

in this dynamic urban system. Instead, our results allow us to make predictions and better 

understand how urban microbial communities might be influenced by system-wide perturbations. 

Metagenomes with 4.06 to 16.21 million reads per library were obtained (Supplementary Table 

S2.3) from the same NSC site discussed above (Supplementary Figure S2.1) before and <24 h 

after a heavy rainfall that followed a dry period in October 2013 (Supplementary Figure S2.2). 

These were used to comprehensively identify short-term changes in the microbial taxonomic 

profile after the rain. The rain resulted in increased WWTP effluent flow into the stream for ~24 

h following precipitation, from <200 million gal per day (MGD) to >300 MGD, and several  
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Figure 2.1. (A) Principal-coordinate analysis (PCoA; Bray-Curtis metric) of OTU-based 
microbial community diversity for North Shore Channel (NSC) water and WWTP effluent. 
Samples were obtained during either base flow or storm flow conditions between 2013 and 2015 
in the summer (July) and fall (October). Each NSC time point is represented on the PCoA by 
biological duplicates, except for October 2013 storm flow and base flow samples, which also 
have sequencing duplicates for one of their biosamples. (B) Heat map representing the relative 
abundance (percentage of total 16S rRNA gene sequences) of dominant bacterial taxa classified 
until the lowest possible level (up to genus) for the NSC and effluent samples. Taxa highlighted 
with a star represent bacterial groups with significantly different relative abundance (P < 0.05, 
Welch’s t test) between the storm flow and base flow samples of NSC. Two biological replicates 
marked as A and B represent each NSC time point, and the average value of these replicates per 
time point was used in Welch’s t test between the two groups (storm flow and base flow). 
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CSO events at at least three outfall locations upstream of our sampled site within 10 h of rain 

(http://www.mwrd.org/irj/portal/anonymous/overview) (Supplementary Figure S2.2). 

Community coverage estimates using read redundancy (21) showed that the before-rain 

metagenomes captured between 50 and 60% of the community and the after-rain libraries 

captured approximately 40% (Supplementary Figure S2.3), indicating only a nominal increase in 

diversity after rainfall; as described above, a small increase in community OTU richness after 

rain was also observed with the 16S rRNA gene amplicon data (Supplementary Table S2.2). 

Furthermore, the concentrations of microbial cells in the before- and after-rain samples were 

determined by DAPI (4',6-diamidino-2-phenylindole) counts and found to be similar: 1.39 × 106 

and 1.25 × 106 cells/ml, respectively. Previous studies have reported conflicting responses of 

microbial community diversity to urban inputs, with some showing an increase (19) and others a 

decrease (15, 22) relative to less-impacted conditions/systems. This may be due to different base 

conditions (operationally defined here as dry weather for at least 72 h); the NSC is characterized 

by significant urban effluent flow even in the absence of rain. While Lake Michigan provides the 

primary freshwater input, about 70% of the annual flow through the CAWS is contributed by the 

treated effluent discharge from WWTPs in the city (23) during both base flow and storm flow 

conditions. Our results do not show a strong pattern of change in microbial community 

diversity/richness during storm flow in NSC, perhaps because of the variable nature of urban 

stream microbial communities or due to the small size of this study. However, we hypothesize 

based on our results that individual rain events might not significantly impact microbial diversity 

in this system. 

 Despite overall similarities in microbial diversity and cell counts, numerous taxonomic 

differences were seen following rain, indicating that these changes likely reflect actual changes 
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in microbial populations. The microbial communities pre- and post- rainfall determined both 

from 16S rRNA genes and by assigning taxa to assembled metagenomic contigs showed overall 

concordance; however, we focused on the assembled contigs for a high-resolution, population-

level characterization of the community and to evaluate possible links between taxonomic and 

functional changes in the microbiome (24). About ~67% of the large (>500-bp) contigs used by 

MyTaxa were classifiable at the phylum level, ~35% at the genus level, and 24% at the species 

level. At the phylum level (Proteobacteria divided into subphyla), several individual taxa 

showed significantly different relative abundances after rain with large effect sizes (Figure 

2.2A). Actinobacteria and Bacteroidetes significantly decreased in relative abundance after rain, 

whereas Gammaproteobacteria, Betaproteobacteria, and Chlamydia significantly increased (P < 

0.05, t test, false-discovery rate corrected) (Figure 2.2A). Similarity percentage (SIMPER) 

analysis (25) revealed that Actinobacteria, Gammaproteobacteria, and unclassified 

Proteobacteria contributed the most (35, 14, and 21%, respectively) to the differences in 

community compositions between the before- and after-rain samples at the phylum level. At the 

genus level, the decrease in relative abundance of innominate (unclassified at genus level) 

Actinobacteria,“Candidatus Pelagibacter,” and Streptomyces as well as the increase in relative 

abundance of Legionella and Rickettsia-affiliated sequences after rain contributed to the major 

change (>50%) in community composition (Figure 2.2B). Francisella, Nitrospira, Chlamydia, 

and Pseudomonas were other major genera that increased significantly (P < 0.05, t test, FDR 

corrected) in relative abundance in the after-rain microbiome. As was observed with 16S rRNA 

amplicons in all samples (described above), the urban signature bacterium Arcobacter increased 

by >50% in relative abundance following rain, although the increase was not statistically 

significant (Figure 2.2B). Legionella, Pseudomonas, and Arcobacter have all been 
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previously  associated with effluent contamination of urban waterways (20), supporting the 

significant role of increased effluent flow on the NSC microbiome. Increases in the relative 

abundance of other taxa such as Francisella, Rickettsia, and Chlamydia that comprise pathogenic 

species (26, 27) and are usually not abundant in aquatic environments could be a result of 

microbial influx from the effluent and/or the CSOs upstream. The decrease in the freshwater 

groups of Actinobacteria and Pelagibacteria after rain likely reflects a dilution effect on base 

flow NSC waters from the increased effluent and CSO flow. Several species, including 

Francisella tularensis, “Candidatus Nitrospira defluvii,” Legionella longbeachae, and 

Enterococcus faecalis, were rare (<0.1% of the total sequences characterized by MyTaxa) in the 

before-rain microbiome but increased in relative abundance after rain to >0.1% (Supplementary 

Table S2.3). Most of these species are not common freshwater bacteria and are indicative of 

contamination. 

 Population-level changes in response to rainfall in the North Shore Channel. We 

followed population-level trends for abundant organisms that exhibited large changes in their 

relative abundance after rain. Organisms most similar to Legionella pneumophila increased 10-

fold in relative abundance after rain and also comprised the largest fraction of characterized 

species (11%) in the after-rain microbiome. Reads were recruited to the longest contig assigned 

to L. pneumophila in the rain-associated samples, with roughly equal similarities (about 90 to 

100% nucleotide identity) from each sample, suggesting the presence of the same population 

both before and after rain that increased substantially after rain (Supplementary Figure S2.4). 

This was supported by similarities in the average amino acid identity (AAI) of predicted protein-

coding genes from L. pneumophila before and after rainfall contigs (60% and 63%, respectively) 

to the genome sequences of the environmental isolate L. pneumophila strain LPE509 and the   
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Figure 2.2. Rank abundance plots for (A) phylum (Proteobacteria subdivided into classes)- and 
(B) genus-level classifications of metagenomic contigs from October 2013 before- and after-rain 
samples. The relative abundances of different taxa are averages of biological replicates for each 
sample (n =	2). Based on taxon mean relative abundance across the samples, only the top 15 
phyla and top 25 genera are shown. Phyla and genera highlighted with a star represent taxa with 
significant difference in relative abundance between the before- and after-rain microbiota (P < 
0.05, t test, false-discovery rate corrected). “Innominate organism” comprises contigs classified 
as organisms that either belonged to no known phylum/genus or a candidate phylum/genus. 
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clinical isolate L. pneumophila subsp. pneumophila strain Philadelphia 1. The AAI between 

genes attributed to L. pneumophila in the before- and after-rain metagenomes was 83%. 

Although genome pairs for the same species typically exhibit higher AAIs (~90%) (28, 29), 83% 

still signifies close genetic relatedness and not necessarily distinct populations. Overall, these 

results indicate that the before- and after-rain Legionella isolates are members of the same 

species, but different from any currently known, sequenced members of Legionella. The 

discordance between our Legionella-like organisms and well-characterized L. pneumophila 

strains also makes it unclear if the corresponding populations are pathogenic, although a few 

predicted genes (1 and 3 for the before- and after-rain metagenomes, respectively) had high 

identity matches (>90%) to known L. pneumophila virulence genes in the Virulence Factor 

Database (http://www.mgc.ac.cn/VFs/). Organisms within Legionella have been associated with 

artificial aquatic environments, such as water distribution systems and cooling towers in 

buildings (30, 31), as well as WWTP effluent (20): thus their dramatic post-rain surge is not 

surprising.  

 Another notable increase in relative abundance after rain (~16-fold) was attributed 

to Francisella tularensis, an organism with known soil- and waterborne pathogenic subspecies 

(27, 32). Using a similar approach to that described above, AAIs between genes attributed to F. 

tularensis in before- and after-rain samples and a reference genome of pathogenic subspecies F. 

tularensis subsp. tularensis SCHU S4 were 47% and 54%, respectively. Similar AAI values were 

observed between the metagenomic sequences and genomes of low-virulence subspecies of this 

organism. The AAI between the before- and after-rain F. tularensis genes was 68%. Thus, 

sequences classified as F. tularensis in our samples likely share the same taxonomic order 

Thiotrichales, but are different species from the known F. tularensis and might represent 
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different populations within the same genus in the before- and after-rain samples, although the 

low number of sequences in the before-rain data set could bias AAI calculation. 

 We also evaluated the population dynamics for species that dramatically dropped in 

relative abundance after the rain. Actinobacterium SCGC AAA027-L06 is a member of the 

ubiquitous freshwater Actinobacteria lineage acI-B (33), and the relative abundance of contigs 

affiliated with this organism decreased dramatically (43-fold) after rain. Read recruitment 

indicated similarity between the before- and after-rain populations, with reads from each sample 

sharing ~90 to 100% nucleotide identity to the largest contig of this organism, although fewer 

reads mapped to the contig from the after-rain samples (Supplementary Figure S2.5). As with the 

L. pneumophila population, the 84% AAI between the before- and after-rain sequences indicates 

close genetic relatedness between the two populations. Furthermore, the AAIs with respect to the 

Actinobacterium SCGC AAA027-L06 draft genome were similar for the sequences from the 

before- and after-rain microbial communities (81% and 83%, respectively), indicating close 

genetic relatedness to this organism. Members of the acI-B lineage have been detected in diverse 

freshwater habitats (19, 34–36) and tend to prefer oligotrophic environments due to their small 

cell size and oligotrophic life strategies (18, 37). Their decrease in relative abundance after rain 

likely reflects the reduced influence of freshwater flow from Lake Michigan due to increased 

wastewater flow. 

 Overall functional gene content in before- and after-rain microbial communities. 

Functional gene profiles revealed taxon-driven shifts in the microbial community functional 

potential after rain. Although many abundant Gene Ontology (GO) terms related to 

housekeeping functions, such as nucleic acid and small molecule binding, did not significantly 

change in relative abundance after rain (data not shown), we observed an increase of  >50% of 
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functions within the broad terms of transporter activity and carbohydrate metabolism after rain 

(Figure 2.3A). Little is known about the selective increase in transporter genes under various 

environmental conditions, although transporters are the primary microbial mechanism for the 

uptake and subsequent assimilation of nutrients and organic matter. Transporter gene expression 

has been shown to change in response to organic carbon inputs (38) and a phytoplankton bloom 

(39) in marine systems. In freshwater systems, transporters are important for cyanobacterial 

phosphorus acquisition (40). More recently, amino acid and amine transporter genes were among 

those found to be associated with various environmental conditions in Polynucleobacter 

populations in the CAWS (41). Here, we identified transporter genes that were more abundant 

change in relative abundance after rain (data not shown), we observed an increase of  >50% of 

functions within the broad terms of transporter activity and carbohydrate metabolism after rain 

(Figure 2.3A). Little is known about the selective increase in transporter genes under various 

environmental conditions, although transporters are the primary microbial mechanism for the 

uptake and subsequent assimilation of nutrients and organic matter. Transporter gene expression 

has been shown to change in response to organic carbon inputs (38) and a phytoplankton bloom 

(39) in marine systems. In freshwater systems, transporters are important for cyanobacterial 

phosphorus acquisition (40). More recently, amino acid and amine transporter genes were among 

those found to be associated with various environmental conditions in Polynucleobacter 

populations in the CAWS (41). Here, we identified transporter genes that were more abundant 

following the observed rain event and were primarily related to transmembrane and substrate-

specific transporter activity (Figure 2.3A). 

 Within the broad GO term of transporter activity, genes related to substrate-specific 

transmembrane transporter activity, specifically organic acid and ion transmembrane transporter  
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Figure 2.3. (A) Heat map showing relative abundance (percentage of total predicted genes) at 
level 3 of Gene Ontology (GO) terms for the before- and after-rain microbiomes. GOs that had a 
higher relative abundance (>50%) in one of the two groups (before versus after rain) compared 
to the other are shown. GOs that had less than 100 gene counts (in situ abundance) across all the 
samples have been excluded from the plot. Samples numbered 1 and 2 for each time point 
represent biological replicates. (B) Taxonomic composition at the phylum level of genes from 
the rain event microbial communities classified within the GO term “transmembrane transporter 
activity.” Relative abundances are a fraction of total sequences identified at the phylum level. 
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activity, doubled in relative abundance after rain from an average of 0.06% to an average of 

0.12% (Supplementary Figure S2.6). Genes encoding all transmembrane transporters were 

primarily attributed to Actinobacteria (31% of the identified sequences at phylum level) and 

unclassified Proteobacteria (22%) before rain, whereas unclassified Proteobacteria (39%) and 

Gammaproteobacteria (16%) were the major groups encoding transporters after rain (Figure 

2.3B). Gammaproteobacteria harboring transporter genes increased by 51% after rain, while 

Actinobacteria encoding these genes exhibited more than 9-fold decrease, mirroring the shifts 

observed for the overall taxonomic profiles for these groups (Figures 2.2 and 2.3B). Genera 

contributing to the increase in gammaproteobacterial sequences included Legionella, 

Francisella, and Pseudomonas, exhibiting a pattern similar to the shifts in their relative 

abundance in the overall microbial community. Furthermore, as with the overall microbial 

community, Actinobacterium SCGC AAA027-L06 (unclassified at genus level) contributed the 

largest fraction of sequences containing transmembrane transporter activity genes within 

Actinobacteria in the before-rain community. Interestingly, based on the functional gene content 

of organisms with dominant shifts in their relative abundance, those organisms that increased 

after rain had a higher proportion of their genes affiliated to transporter functions compared to 

those that dropped in abundance after rain. For instance, 3.7% and 6.8% of the L. pneumophila 

and F. tularensis genes, respectively, were associated with transmembrane transport, whereas 

Actinobacterium SCGC AAA027-L06 and the genus Pelagibacter had ≤2%. Thus, the increase 

in transporter functions following the rain appears to be directly associated with an increase in 

the relative proportion of a subset of the organisms that harbor these functions rather than an 

increase in the distribution of these genes across the community. Organisms with transmembrane 
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transporter genes, especially for organic substrates like organic acids, may be more suited to take 

advantage of the heterogeneous environment resulting from storm flow conditions. 

 Additional GOs showing differential abundances included genes related to 

photosynthesis, biosynthesis of organic compounds such as amines, vitamins, and pigments, as 

well as the activity of enzyme groups oxidoreductase (acting on the CH-NH2 group of donors) 

and ligase (forming phosphoric ester bonds) that were twice as abundant in the before-rain 

microbiome (Supplementary Figure S2.6). Genes related to multiorganism processes such as 

pathogenesis and conjugation were >50% more abundant after rain, while the before-rain 

microbiome had >50% more functions related to the catabolic process, amine metabolic process, 

and phosphate-containing compound metabolic process (Figure 2.3A). Should the trend of 

increased pathogenesis and conjugation genes commonly occur with rainfall and persist in the 

system, it could pose a public health threat, particularly if it promotes the spread of pathogenicity 

genes throughout the community. Thus, this could be an important group of genes to investigate 

in future studies.  

 Further evidence that changes in community composition drove the overall changes in the 

metabolic capacity came from genes that decreased in relative abundance after rain, such as 

those encoding biosynthesis of organic substances, which mirrored the overall shifts in taxa 

(Figure 2.2); Actinobacteria (39% of the identified sequences at phylum level) and unclassified 

Proteobacteria (31%) were the major taxa encoding organic substance biosynthesis before rain 

and unclassified Proteobacteria (45%) and Gammaproteobacteria (13%) after rain. The short-

term nature and lack of gene expression data make it difficult to know about the viability and 

activity of these organisms, but taxon-driven shifts in community functional potential were 

recently observed in another river in response to sewage and terrestrial-derived organisms (15). 
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 Biodegradation and antibiotic resistance gene abundance before and after 

rain. In addition to the GO-based functional analysis, we examined how rainfall impacted 

biodegradation and antibiotic resistance gene content. Predicted open reading frames (ORFs) 

from both the before- and after-rain metagenomes were searched against a compiled database of 

protein sequences of microbial enzymes involved in the degradation of 12 different compounds 

associated with wastewater contamination, stormwater runoff, and WWTP effluent input (Figure 

2.4A). We detected biodegradation genes (BDGs) in both the before- and after-rain samples for 8 

out of the 12 contaminants tested, but observed a significant increase (P < 0.05, t test) in the 

relative abundance of genes involved in the degradation of nicotine, phenol, 1,4-

dichlorobenzene, and pentachlorophenol and a decrease (P < 0.05) in cholesterol-degrading 

genes after rain (Figure 2.4A). Additionally, the total relative abundance of all BDGs was 

significantly higher in the after-rain sample (P < 0.05, t test). BDGs before rain were primarily 

affiliated with unclassified Proteobacteria and Actinobacteria (35% and 30% of the identified 

sequences at phylum level, respectively), with the profile shifting to unclassified Proteobacteria 

and Betaproteobacteria (49% and 19%, respectively) as the dominant members of the 

community after rain, similar to the overall taxonomic shifts described above. These results 

reflect the increase in effluent flow from the WWTP as well as the suspected presence of these 

compounds in untreated wastewater and CSOs (3, 42–47)(Figure 2.4A). 

 Changes in the relative abundance of antibiotic resistance genes (ARGs) after rain 

were evaluated using the Comprehensive Antibiotic Resistance Gene Database (CARD). As only 

a few ORFs (~10 per library) could be classified as ARGs from both the time points, we queried 

the unassembled paired-end reads against CARD. This resulted in several hits for various ARG 

categories at both time points (0.04% and 0.07% of the total number of reads for before- and 
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Figure 2.4. Relative abundance of (A) biodegradation genes (BDGs) and (B) antibiotic 
resistance genes (ARGs) in the before- and after-rain microbial communities. Relative 
abundance of BDGs refers to gene count (in situ abundance) per million genes per library 
averaged for each sample for their replicates (n = 2) (see Materials and Methods). For ARGs, 
relative abundance refers to read count per million reads per library averaged for each sample for 
their replicates. BDGs and ARGs with significant differences in relative abundances between the 
two time points (P < 0.05, t test) are highlighted with stars.  
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after-rain samples, respectively) and revealed notable increases in the relative abundance of 

several ARG classes after rain (Figure 2.4B), including significant increases in aminocoumarin 

and polymyxin resistance genes (P < 0.05, t test). As with the BDGs, the total relative abundance 

for all ARGs pooled for each time point was significantly higher in the after-rain sample (P < 

0.05, t test). Increases in ARGs with urban-impacted storm flow were recently observed 

elsewhere as well (14), indicating that this could be a significant and underexplored effect of 

storm flow. Reads with high matches to ARGs were queried against metagenomic contigs, 

revealing that unclassified Proteobacteria and Firmicutes were the abundant ARG-carrying 

phyla (40% and 23% of the identified sequences at the phylum level, respectively) in the before- 

rain microbiome, whereas unclassified Proteobacteria (50%) and Gammaproteobacteria (24%) 

were the dominant groups after the rain. This further supports the importance of taxon-driven 

changes on gene content. 

 The results for both community composition and functional gene analysis provide 

evidence for the significant influence of storm flow-related input on the microbial community, 

particularly from increased WWTP effluent flow rates associated with heavy rain. Overall, this 

study revealed a shift in microbial community composition following rain from organisms 

frequently associated with freshwater systems toward organisms associated with urban-impacted 

waters (9, 19, 20), as well as a shift in functional gene content. The increased relative abundance 

(and possibly actual abundance) of BDGs and ARGs along with the increase in genes associated 

with conjugation and pathogenesis in the after rain microbiome highlight the environmental and 

public health implications of storm flow in urban waterways. The extent to which these changes 

in gene content are expressed metabolically and persist is unknown. Although the WGS 

metagenomic analysis of a single rainfall event limits the scope of interpretations that can be 
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drawn, our results provide substantial insights into microbial community dynamics in an urban 

stream during storm flow conditions, highlighting the need to investigate the urban stream 

microbiome with longer temporal scales and systematic sampling design to better predict the 

impact of rain-associated storm flow events. 

 

D. Materials and Methods 

 Site description and sample collection. The North Shore Channel (NSC) is a 12.3-km-

long man-made stream of the Chicago Area Waterway System that receives freshwater input 

from Lake Michigan and effluent input from the O’Brien Water Reclamation Plant, a WWTP 

that serves over 1.3 million people residing in a 365-km2 area 

(http://www.mwrd.org/irj/portal/anonymous/waterreclamation). Our study site is approximately 

1 km downstream of the WWTP outfall (Supplementary Figure S2.1). The NSC also has 48 

CSOs along its course, six of which are located within about 1 km upstream of WWTP, and two 

of which are located within 1 km downstream of the WWTP. These release excess stormwater 

mixed with untreated sewage into the river when the transport and storage capacity of the city’s 

sewage network is exceeded following high rainfall 

(http://www.mwrd.org/irj/portal/anonymous/overview)(Supplementary Figure S2.1). Water from 

the selected NSC site was sampled five times between 2013 and 2015 (0- to 1-m depth): three 

samplings represent stream water during base flow (dry weather) conditions, and the other two 

represent storm flow (<24 h after rainfall) conditions (details are in Supplementary Table S2.1). 

We also sampled the WWTP effluent in October 2013 during base flow conditions. Additional 

sample metadata and water chemistry are given in Supplementary Table S2.1.  
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 Water was collected using a horizontal sampler (Wildco, Yulee, FL) and passed on-site in 

succession through ~1.6-µm-pore-size glass fiber filters to remove larger particles (Whatman, 

Pittsburgh, PA), and cells were collected on 0.22-µm-pore-size polycarbonate membrane filters 

(EMD Millipore, Billerica, MA). WWTP effluent was collected from the WWTP outlet where 

the released effluent mixes with stream water. About 10 liters of water was filtered in duplicate 

for each NSC sampled time point (for effluent, a single ~10-liter sample was obtained), and ~20 

ml of the filtrate was transported back to the lab for chemical analysis. Water temperature, pH, 

conductivity, and total dissolved solids were measured on-site using a portable water quality 

meter (Hanna Instruments, Woonsocket, RI). Additional water chemistry analysis is described in 

Supplementary Table S2.1.  

 DNA extraction and sequencing. DNA was extracted from filters as described in 

reference 48. Briefly, filters were incubated in lysis buffer (50 mM Tris-HCl, 40 mM EDTA, 

0.75 M sucrose) containing 1 mg/ml lysozyme and 200 µg/ml RNase at 37°C for 30 min. 

Subsequently, the samples were incubated with 1% SDS and 10 mg/ml proteinase K at 55°C and 

rotated overnight. From the lysate, DNA was extracted using phenol-chloroform, followed by 

ethanol precipitation and elution in Tris-EDTA (TE) buffer. 

 Whole-genome shotgun (WGS) metagenomic sequencing was done on the Illumina 

HiSeq (v1) with a paired-end format and a read length of 150 bp at the Michigan State 

University Research Technology Support Facility. We obtained 2.82 and 3.18 Gbp of paired-end 

read data for the before- and after-rain samples, respectively. Replicate filters were sequenced at 

the University of Illinois at the Chicago DNA Services Facility (DNAS) on a single lane of the 

Illumina HiSeq platform with paired-end format and read length of 100 bp, yielding 4.04 and 

1.31 Gbp of paired-end read data for the before- and after-rain libraries, respectively. 
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 For 16S rRNA gene amplicon sequencing, 10 to 30 ng of DNA from each biological 

replicate (filter) was amplified with the V1 to V3 primers 27F and 534R (49, 50). Amplicons 

were sequenced at the DNAS on the Illumina MiSeq platform with the paired-end format and 

read length of 300 bp. Between 28,933 and 160,811 sequences per sample were obtained, with 

an average of 61,337 sequences per sample. 

 16S rRNA gene-based analysis of microbial community diversity. Paired-end bar-

coded reads of 16S rRNA gene amplicons were obtained for all the time points sampled and 

quality filtered using Trimmomatic (51), with a minimum average quality score of 20 across a 4-

base sliding window and a minimum read length of 100 bp (including primer) post-trimming. 

Trimmed, paired-end reads were merged using Pear (52), but due to low yield of the merged 

reads, likely due to issues related to the MiSeq V2 kit chemistry, further analysis was only 

performed on the trimmed forward reads. Reads were analyzed using QIIME version 1.8.0 (53). 

Library statistics are summarized in Supplementary Table S2.2. Chimeric sequences were 

removed using identify_chimeric_seqs.py with the usearch61 denovo method and filter_fasta.py. 

Filtered sequences were clustered into operational taxonomic units (OTUs) at a 97% identity 

level using scripts pick_otus.py and pick_rep_set.py based on usearch61 denovo OTU picking. 

Representative OTUs were assigned taxonomy based on the Greengenes reference database 

(May 2013 version) using assign_taxonomy.py with uclust. OTUs occurring as singletons or with 

sequences from just one library were excluded from analyses. Determination of community 

taxonomic composition and alpha diversity was performed using summarize_taxa.py and 

alpha_diversity.py, respectively, with a random subsample of 17,384 sequences per sample to 

avoid bias arising from variation in sequencing depth. Good’s coverage for each library was 
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estimated using alpha_diversity.py and OTUs that included singletons, subsampled to an even 

depth of 18,289 sequences per library, the smallest library size. 

 Metagenomic sequence assembly and phylogenetic classification. Raw metagenomic 

sequences were quality filtered using a Phred average per sliding window with a quality 

threshold (Q) of ³ 20 and not allowing any N values. Quality-filtered coupled reads for each 

metagenomic library were assembled as described in reference 48. Coupled reads were first 

assembled into contigs with Velvet (54) and SOAPdenovo2 (55) separately and input to Newbler 

2.0 to obtain longer contigs with better N50 values (56). Additional metagenomic library statistics 

are provided in Supplementary Table S2.4. Gene calling was done with MetaGeneMark (57). 

Due to uneven data yields from sequencing, we used assemblies from the first sequencing run for 

each sample as the representative sequences for annotations and mapped the coupled reads from 

both the replicate libraries to these contigs for each sample to calculate the contig coverage in 

each library. The predicted protein-coding genes for each data set were used for phylogenetic 

classification of the corresponding contigs using MyTaxa (28) with a database of all sequenced 

bacterial and archaeal genomes (http://enve-omics.ce.gatech.edu/data/mytaxa) using DIAMOND 

blastp in the sensitive mode (58). Reads were mapped to contigs using blastn with cutoffs of 

³50% alignment length, identity of ³97%, and an E value of ≤10-10. Contig coverage (sum of 

lengths of reads mapping to contig/contig length) was used as a proxy for in situ abundance in 

each library and calculated using the BlastTab.seqdepth_nomedian.pl script from the Enveomics 

bioinformatics toolbox (59). The script aai.rb from the same toolbox was used to calculate 

average amino acid identity (AAI) between any two sets of protein-coding genes.  

 Analysis of functional gene content and antibiotic resistance genes. Predicted 

metagenomic genes were searched against the Swiss-Prot database (60) using blastp and cutoffs 
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of at least 40% sequence identity, 70% coverage of the query sequence, and an E value of ≤10-10. 

The Swiss-Prot match for the best hit for each query sequence was mapped to its corresponding 

Gene Ontology (GO) term (61), followed by binning the characterized genes at various depths 

(distance of a GO term from the parent node) of the GO database using the Semantics collection 

of scripts in the Enveomics toolbox (http://enveomics.blogspot.com/2012/11/semantics.html). To 

evaluate the functional profile at a specific depth, in situ abundance for these GO terms was 

calculated using gene coverage (described above), and relative abundance for each GO term was 

obtained as a fraction of the total abundance of genes with identified functions in that library. 

The taxonomic affiliation of genes classified within a specific GO term was evaluated using 

MyTaxa, as described above. 

 To specifically evaluate the presence and abundance of genes involved in biodegradation 

of select wastewater contaminants in the rain-associated metagenomes, we created a database of 

protein sequences of enzymes related to degradation of select contaminants that are commonly 

found in WWTP effluent and sewage: testosterone, ibuprofen, caffeine, nicotine, cholesterol, 

1,4- dichlorobenzene, methylnaphthalene, pentachlorophenol, phenol, N,N-diethyl-3-toluamide, 

tetrachloroethylene, and phthalate (3, 42–47). The enzymes were selected based on their role in 

the degradation pathways for these compounds (62), as well as the sequence availability in 

NCBI. This database is available from the corresponding author upon request. The predicted 

ORFs were searched against this database using blastp, and the best hits were filtered at same 

thresholds used for Swiss-Prot (described above). Coverage estimates were used for calculation 

of the in situ abundance for each BDG class and normalized for each library by dividing the 

abundance of each BDG class by the total coverage of all predicted genes in that library and 

multiplying the result by 1 million to obtain gene count per million genes per library. 
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 Antibiotic resistance genes in the rain-associated samples were identified by searching 

the predicted ORFs as well as paired-end metagenomic reads against the Comprehensive 

Antibiotic Resistance Gene Database (CARD) (63) using blastp and blastx and a threshold of at 

least 80% sequence identity and 80% coverage of the query sequence (64, 65). Filtered reads for 

each library were binned into broad antibiotic resistance categories using the Resistance Gene 

Categories index file provided on the CARD website (http://arpcard.mcmaster.ca/), and the read 

counts for each category were normalized for the library size as read count for ARG category per 

million reads per library. 

 Microbial abundance estimation using fluorescence microscopy. October 2013 NSC 

samples were fixed with paraformaldehyde (1% final concentration) in triplicate and stored in 

4°C. Samples were then vortexed and collected on 25-mm black polycarbonate filters (0.2-µm-

pore size) and stained with 5 µl of a 10-mg/ml DAPI (4',6-diamidino-2-phenylindole) working 

solution diluted in 10×	phosphate-buffered saline (PBS). Microbial cells were enumerated (three 

slides from three replicate samples per time point) with an epifluorescence microscope (Zeiss 

Axio Scope.A1). 

 Statistical analyses. Analysis of similarity (ANOSIM) and similarity percentage 

(SIMPER) analysis on 16S rRNA gene and metagenomic community composition data sets, 

respectively, were performed using the R vegan package (66). The Statistical Analysis of 

Metagenomic Profiles (STAMP) software package was used for two-tailed Student’s t tests or 

Welch’s t tests to evaluate differentially abundant taxonomic groups among the 16S rRNA gene 

and metagenomic data sets (67) (multiple test correction, if applied, was done using Storey’s 

false-discovery rate correction), and R was used for these tests to evaluate differentially abundant 

physicochemical parameters, ARGs, and BDGs. Principal-coordinate analysis (PCoA; Bray-
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Curtis metric) of OTUs (with singletons removed and the table subsampled to an even depth per 

sample) was performed with the Phyloseq package in R (68). 

 Accession number(s). All of the sequence data in this study have been submitted to the 

Sequence Read Archive at NCBI under accession no. SRP080963. 
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III. Bacterioplankton Response to Allochthonous Dissolved Organic Matter Across a 

Coastal to Offshore Transect in Lake Michigan2 

 

A. Abstract 

Heterotrophic bacterioplankton play an important role in the lake food web and the global carbon 

cycle through assimilation of constituents of the dissolved organic matter (DOM) pool. Lake 

Michigan is one of the largest lakes in the world, and second largest of the Great Lakes by 

volume. Over the last two decades, the lake has witnessed significant ecological changes due to 

proliferation of the invasive quagga mussels into deeper regions of the lake. The impact of these 

changes on the labile dissolved organic matter pool available for bacterial consumption, and the 

relative importance of terrestrially derived DOM (t-DOM) for bacterial metabolism across Lake 

Michigan in the post-mussel period is poorly understood. Here, we investigated Lake Michigan 

bacterial community structure and activity across a coastal-to-offshore transect beginning near 

the mouth of Kalamazoo River, one of the largest tributaries to southern Lake Michigan. In 

addition, we evaluated short-term bacterioplankton response to a pulse of t-DOM (leaf litter 

leachate) in shipboard mesocosms set up using nearshore and offshore lake-water. The bacterial 

community composition and activity for the natural and t-DOM enriched samples was 

characterized using combined metagenomics and metatranscriptomics. Despite observing 

differences in the active community composition and DOM related transporter gene transcripts 

across the transect, the nearshore and offshore bacterial communities showed a similar responses 

to t-DOM, primarily in the form of increased transcriptional activity for aromatic compound 

 
2 Chaudhary A, Turner S, Poretsky R. Submitted to Limnology and Oceanography. 
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metabolism. The use of metagenome assembled genomes identified populations within the 

Bacteroidetes phylum that play an important role in t-DOM response. 

 

B. Introduction 

 Heterotrophic bacterioplankton play a critical role in biogeochemical cycling and food 

web dynamics in freshwater lake ecosystems by assimilating components of the dissolved 

organic matter (DOM) pool. Bacterioplankton secondary production and respiration are 

responsible for most of the carbon flux through these systems (1) and contribute significantly to 

regional and global carbon budgets (2, 3). Among the freshwater lakes in the world, the 

Laurentian Great Lakes comprise the largest group, containing about 21% of the world’s surface 

freshwater by volume; however, there have been surprisingly few research efforts to investigate 

microbial food web and bacterioplankton dynamics in this system. Recent efforts to characterize 

bacterioplankton in the Great Lakes and especially in oligotrophic Lake Michigan have provided 

valuable information about their spatiotemporal dynamics but have largely been restricted to 

marker gene surveys (4–6). 

 Primary production (PP) and bacterial secondary production (BP) are generally tightly 

coupled in nutrient-limited lakes like Lake Michigan. Until recently, phytoplankton-derived 

DOM was estimated to support roughly 90% of the annual BP in Lake Michigan euphotic zone, 

with the rest supported by terrigenous carbon (7). However, the annual spring diatom bloom in 

offshore waters of the lake has been decimated in the last 10-15 years due to filtering effects 

from invasive dreissenid mussels (8, 9). This has a direct impact on the annual DOM pool 

available for bacteria. Changes in PP in the spring season can impact not only spring BP, but also 

the subsequent summer; BP typically exceeds PP in the summer and is hypothesized to use the 
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accumulated DOM from the previous spring, as spring PP is typically higher than BP (7). In 

contrast, nearshore waters (typically < 30m water-column depth) receive terrestrially-derived 

DOM (t-DOM) and nutrients from sources such as rivers (10). The higher nutrient levels 

especially during spring runoff events trigger phytoplankton blooms in the nearshore (11), and 

the DOM resulting from such blooms together with t-DOM likely leads to overall higher levels 

of DOM available for bacterial assimilation and production in the nearshore. While recent 

studies have provided important information about bacterial community diversity, secondary 

production, and respiration rates across this coastal to offshore gradient in southern Lake 

Michigan (5, 6, 12, 13), our understanding of functional activity of specific bacterial groups 

across this gradient remains limited. 

 Despite the recent decline in phytoplankton productivity and the associated 

oligotrophication of offshore Lake Michigan waters, bacterial respiration rates and cell 

abundance have remained relatively stable in comparison to pre-dreissenid mussel periods (11, 

12), resulting in offshore Lake Michigan becoming a net source of carbon as compared to a net 

sink prior to dreissenid mussel proliferation (12). By contrast, nearshore waters in southern half 

of the lake continue to remain a net sink of carbon. The relative potential of nearshore and 

offshore Lake Michigan bacterial communities to use t-DOM, and consequently the extent to 

which bacterial metabolism in the post-mussel period is supported by t-DOM in different regions 

of the lake, remains unclear (12).  

 To provide insights into the impact of potentially differing water chemistries and carbon 

availability in coastal and offshore Lake Michigan on bacterial community structure and DOM 

metabolism, we investigated the bacterial community composition (both for whole and 

transcriptionally active fractions) as well as community transcriptional activity across a 
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nearshore-to-offshore transect beginning near the mouth of Kalamazoo River, one of the largest 

tributaries to southern Lake Michigan. Additionally, to evaluate the potential of Lake Michigan 

bacterial communities from nearshore and offshore regions to metabolize t-DOM and identify 

the DOM compounds being assimilated, we conducted mesocosm experiments to test the short-

term bacterial community transcriptional response to a t-DOM pulse. Using a combination of 

metagenomics and metatranscriptomics, we identified a higher relative abundance for transcripts 

affiliated with Cyanobacteria in the offshore waters as compared to nearshore, as well as 

community-wide differences across the transect in the taxonomic composition of gene transcripts 

associated with DOM transporter activity. However, despite these differences, the nearshore and 

offshore bacterial communities showed a similar capacity at the transcriptional level to 

metabolize terrestrially derived DOM. The use of metagenome assembled genomes (MAGs) 

provided further evidence of a population-specific response to t-DOM across the transect, with 

populations within the Bacteroidetes phylum playing an important role. 

 
C. Materials and Methods 

 Sample collection and experimental design. Water samples were collected in 

September 2015 from Lake Michigan onboard the R/V Lake Guardian across a coastal-to-

offshore transect beginning near the mouth of Kalamazoo River, a major tributary to southern 

Lake Michigan (7). Water was collected in 10-20 L polycarbonate carboys from near-surface (2 

m depth) in a nearshore location (total depth – 18 m) along the transect, and from the near-

surface and hypolimnion (60 m depth) from an offshore location (total depth – 110 m). 

Approximately 60-70 L of water was collected from each location/depth. Collected water was 

stored at 4°C in the dark for 12-18 hours prior to the setup of mesocosm incubation experiments. 
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Nutrient concentrations and other environmental parameters (Table 3.1) were measured by US 

EPA personnel according to standard EPA methods. 

 Water from the nearshore and offshore sites was used in shipboard mesocosm 

experiments in acid-washed polycarbonate cubitainers (10 L capacity), where each mesocosm 

contained 2.7 L of lake water. Three mesocosms for each site were enriched initially with 120 

μM t-DOM and three mesocosms were left unamended (control). t-DOM was prepared from 

Eastern Cottonwood (Populus deltoides) leaf litter collected from the Marian Byrnes Park, 

Chicago, IL. To prepare the leachate, dry leaf litter was incubated in 10 L sterile deionized water 

in the dark for 7 days followed by removal of cell debris using combusted GF/F filters (14). The 

DOC concentration in the leachate was measured using high-temperature catalytic oxidation at 

Gray Research Group, Northwestern University. All mesocosms were incubated in the dark for 

19h, and subsampled for ~1 L water at 2 h and 19 h. Subsampled water was filtered immediately 

through 1.6 μm pore-size glass fiber filters (TISCH Scientific, North Bend, OH) to remove larger 

particles and organisms, and free-living cells were collected on 0.2 μm pore-size polycarbonate 

membrane filters (EMD Millipore, Billerica, MA). Filters were stored immediately in liquid 

nitrogen and transported back to lab for storage at -80 °C until DNA/RNA extraction. 

 DNA, RNA isolation and next generation sequencing. For microbial DNA extraction 

from the 0.2 μm filters, each frozen filter was first fragmented into small pieces and roughly 1/3rd 

of the fragments were randomly picked for use in an organic extraction method as described 

previously (15). Briefly, filter fragments were incubated in lysis buffer (50 mM Tris-HCl, 40 

mM EDTA, 0.75 M sucrose) containing 1.15 mg/ml lysozyme and 200 μg/ml RNase at 37 °C for 

30 min, followed by incubation with 1% SDS and 10 mg/ml proteinase K at 55 °C for 2 h while 

rotating. DNA was extracted from the lysate using phenol:chloroform, and isolated using ethanol 
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precipitation followed by elution in Tris-EDTA (TE) buffer. Genomic DNA (gDNA) for the 

filters corresponding to the triplicate control mesocosms at the 2 h time-point were pooled 

equally and used for whole-genome shotgun (WGS) sequencing at the University of Illinois at 

Chicago Sequencing Core. Sequencing was performed on an Illumina NextSeq500 with paired-

end format and read-length of 150 bp, yielding 62, 47, and 52 million reads for metagenome 

libraries for control mesocosms using lake-water from nearshore surface, offshore surface and 

offshore hypolimnion, respectively. 

 RNA was isolated from the remaining fragments for each filter using the same organic 

extraction method except that acid phenol:chloroform (pH 4.5) was used for the extraction step 

and RNase was not used in the lysis buffer. Isolated RNA was treated with DNase using the 

TURBO DNA-free DNase kit (Invitrogen, Carlsbad, CA) to digest residual genomic DNA. 

Purified RNA from the triplicate mesocosms for each treatment/time-point was pooled in equal 

amounts and concentrated using ethanol precipitation. Each pooled, concentrated RNA sample 

was then assessed for RNA concentration and integrity using the Qubit RNA quantitation kit and 

the Agilent 2200 TapeStation, respectively. The RNA integrity (RIN) number obtained from the 

TapeStation results for all the samples ranged from 4-6. Between 100-200 ng of total RNA from 

each sample was then used for ribosomal RNA (rRNA) depletion using the RiboZero kit 

(Illumina, San Diego, CA). The rRNA-depleted RNA was subsequently used for cDNA 

synthesis and library preparation using the SMARTer Stranded RNA-Seq kit (Takara Bio USA, 

Mountain View, CA), providing cDNA libraries with an average fragment length of ~300 bp. All 

the cDNA libraries were then sequenced on a NextSeq500 with paired-end format and read-

length of 150 bp, yielding between 13-32 million reads per library. All of the sequence data in 
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this study have been submitted to the Sequence Read Archive at NCBI under accession number 

PRJNA693412. 

 Metagenome assembly, annotation and read recruitment. The three metagenome 

libraries were first quality filtered using a Phred average per sliding window with a quality 

threshold (Q) of ≥ 20 and not allowing any N values. The filtered, short-read libraries were then 

individually assembled to obtain contigs using MEGAHIT (16) with default settings. Assembly 

yielded 243,721, 133,679 and 226,984 contigs longer than 500 bp for the nearshore-surface, 

offshore-surface and offshore-hypolimnion metagenomes with an N50 value of 1419 bp, 1623 bp 

and 1612 bp, respectively. Contigs from all the three metagenomes were mined for protein-

coding genes using MetaGeneMark (17). The predicted protein-coding genes and contigs were 

phylogenetically classified using MyTaxa (18), using its database of bacterial and archaeal 

genomes (http://enve-omics.ce.gatech.edu/data/mytaxa) and DIAMOND blastp in the sensitive 

mode (19). For functional annotation of the metagenome-derived genes, gene sequences were 

searched against the Swiss-Prot database (20) using blastp with following cutoffs: 30% sequence 

identity, 70% coverage of query sequence, and an E value of ≤ 10-10. Subsequently, the Swiss-

Prot match for the best hit for each query sequence was mapped to its corresponding term in the 

SEED (21) and Gene Ontology (GO) (22) databases. The SEED-based annotations were used for 

overall functional comparison between the metagenomes/metatranscriptomes (Figures 3.2 and 

3.3), whereas the GO-based annotations were specifically used for evaluating the DOM-

associated transporter activity (Figure 3.4). To calculate contig or gene abundance in the 

metagenomes, short-reads for each metagenome were mapped to the corresponding contigs or 

genes using blastn with cutoffs: ≥ 75 bp sequence alignment length, ≥ 95% sequence identity, 

and an E value cutoff of ≤ 10-10. 
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 Metagenome assembled genomes (MAGs) reconstruction. To reconstruct population 

genomes from the metagenomic datasets, we performed a combined assembly of pooled short-

reads from the three metagenomes using MEGAHIT with default settings. Subsequently, contigs 

larger than 1000 bp from the combined assembly were used for genome binning using MaxBin 

2.0 (23) with default settings. Contig bins obtained were assessed for quality (degree of genome 

completeness and contamination) using CheckM (24). We obtained 30 bins or MAGs with a 

genome completeness of at least 50% and with less than 10% contamination. For each of these 

MAGs, a reassembly was performed using the metagenome reads that aligned to a MAG’s 

contigs at ≥ 98% nucleotide identity and ≥ 100 bp length (25). Aligned reads for each MAG were 

reassembled using metaSPAdes (26). From the reassembly, only contigs longer than 1000 bp 

were retained in the final MAG (previously binned contigs were discarded), and the genome 

quality for the reassembled MAGs was assessed using CheckM. The reassembly process reduced 

the genome contamination levels for most of the final MAGs, and we focused further analysis on 

17 MAGs that had more than 50% completeness and less than 10% contamination based on 

CheckM (Supplementary Table S3.1). These MAGs were taxonomically annotated and mined 

for protein coding genes using the MiGA webserver (27). Subsequently, the predicted genes in 

each MAG were annotated using the SEED database as described above for the metagenomes. 

 Metatranscriptome processing and analysis. The metatranscriptome libraries were first 

quality filtered similarly to the metagenomes, followed by removal of adapter sequences and first 

three bases of the forward read (based on recommendations in cDNA library preparation kit) 

using Trimmomatic (28). This was followed by removal of ribosomal RNA encoding cDNA 

reads from the metatranscriptomes using SortMeRNA (29). The quality filtered, non-ribosomal 

cDNA reads were used for whole-community gene expression analysis for the different 
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mesocosm treatments/time-points by mapping them to genes from the corresponding 

metagenome. For example, all metatranscriptomes derived from mesocosms that had water from 

nearshore Lake Michigan were mapped to genes (functionally annotated with SEED/GO) from 

the nearshore surface metagenome. cDNA reads were mapped to the genes with the same 

similarity threshold as the metagenomic reads, as described above. Similarly, to evaluate the 

gene expression profile for genes corresponding to a MAG population across the mesocosm 

treatments and time-points, the metatranscriptome libraries were mapped to the genes for that 

MAG with the same similarity threshold as for the metagenomic reads. 

 Statistical analyses and data visualization. To account for differences in the water 

column depth and effects of thermal stratification across the nearshore-to-offshore transect, we 

focused our analysis to comparison of the near-surface bacterial communities between the two 

regions. The number of reads from a metagenomic (gDNA) or metatranscriptomic (cDNA) 

library mapping to a specific gene either from an assembled metagenome or a MAG was 

calculated using the BlastTab.seqdepth_nomedian.pl script from the Enveomics bioinformatics 

toolbox (30). The counts for gene abundance/expression were used for comparison of microbial 

community/individual MAG-based functional profile (and taxonomy profile in the case of whole 

community) between different metagenomes/metatranscriptomes using DESeq 2.0 package in R 

(31). The implementation first involved a normalization of the raw gDNA/cDNA read counts for 

each gene/functional category/taxon in a library to account variation in sequencing depth using 

the default method in DESeq 2.0, followed by differential abundance testing between any 

metagenomes/metatranscriptomes of interest with the Wald test. The package was also used to 

generate ordination plots and clustered heatmaps of the functional/taxonomic profiles for the 

metagenomes/metatranscriptomes, with the raw count data first normalized using the ‘rlog’ 
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(regularized-logarithm transformation) function in DESeq 2.0 for these plots so that the data 

were approximately homoskedastic (Supplementary Figures S3.1, S3.3 and Figure 3.2). For 

Figure 3.1B, Figure 3.4 and Supplementary Figure S3.4, the gene abundance/expression counts 

were normalized based on the RPKM formula (Reads Per Kilobase of gene or transcript, per 

Million mapped reads) before generating the plots. Visualization of MAG-specific differential 

gene expression (genes annotated and binned into functional categories using SEED Subsystems) 

between the t-DOM and control mesocosms was performed using the R package OmicCircos 

(32). 

 

D. Results 

 Lake Michigan water chemistry across the nearshore-offshore transect. Lake 

Michigan is dimictic and experiences thermal stratification in the summer season, and 

stratification was still evident from the temperature levels across the water-column during our 

sampling in the late summer/early fall season (Table 3.1). Across the nearshore-to-offshore 

transect (Figure 3.1A), nearshore surface waters had higher ammonia (22.7 μg N/L), nitrate 

(311.7 μg N/L) and chlorophyll-a levels (2.2 μg/L) as compared to offshore surface waters (9.6 

μg N/L, 242.3 μg N/L and 1.5 μg/L, respectively) (Table 3.1). Conversely, offshore surface had 

higher soluble reactive phosphate levels (13.9 μg P/L) as compared to nearshore surface (4.2 μg 

P/L). 

 Comparison of metagenome and metatranscriptome-based community composition 

of nearshore and offshore Lake Michigan. We compared the taxonomic composition of the 

whole as well as the active fractions of the bacterial community from metagenome (MG) and 

metatranscriptome (MTs) datasets from nearshore and offshore Lake Michigan surface waters  
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Table 3.1. Water chemistry and environmental characteristics for sampled Lake Michigan sites 

Site Nearshore Offshore Offshore 

GPS coordinates 42°41.4488 N 

086°15.2129 W 

42°42.6924 N 

086°42.3408 W 

42°42.6924 N 

086°42.3408 W 

Water column 

depth (m) 

18 106 106 

Water sample 

depth 

Near surface (~2 m) Near surface (~2 m) Hypolimnion (60.2 m) 

Sampling Date 9/13/15 9/13/15 9/13/15 

Nutrient 

sampling station 

Mid Epilimnion Mid Epilimnion Lower Hypolimnion 

NH4 μg N/L 22.7 9.6 20.3 

aSRP μg P/L 4.2 13.9 4.3 

NOx μg N/L 311.7 242.3 303.2 

TP μg P/L 2.3 6.3 4.6 

TN μg N/L 463.3 366.6 426.9 

bchl-a μg /L 2.2 1.5 0.5 

    

aSRP: Soluble Reactive Phosphate 

bchl-a: Chlorophyll-a  
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Figure 3.1. (a) Map showing the Great Lakes region (left panel) and southern Lake Michigan 
with the surrounding landscape (right panel). Nearshore and offshore sampling sites are 
highlighted in the right panel with pink and blue dots, respectively. The right panel also 
highlights the Kalamazoo River (in blue) and its watershed boundary (in red) (b) Taxonomic 
composition of the active (mRNA-based) and total (DNA-based) bacterial communities in the 
nearshore and offshore surface-waters of southern Lake Michigan. The taxonomic profile is 
shown at the phylum level, with Proteobacteria subdivided into classes. Relative abundance 
represents % of total phyla, and the “other” category represents organisms with low abundances.  
 
 
 
 
 
(Figure 3.1B, Supplementary Figure S3.1). Clustering of taxonomic profiles at the phylum level 

revealed similarity between the nearshore MG, offshore MG and nearshore MT, whereas the 

offshore MT was relatively distinct from these samples (Supplementary Figure S3.1). Scatter 
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plots for phylum level comparison of taxonomic profile between the nearshore and offshore 

MGs/MTs showed a high similarity between the MGs (R2 = 0.99) and the MTs (R2 = 0.96) of the 

two regions. The only phylum differentially abundant between the nearshore and offshore MGs 

was ‘Innominate organism,’ which was present in low abundance in both sites (< 0.1% of the 

total phyla in the metagenome) but was ~6 times more abundant in the nearshore than offshore 

(DESeq2, P <0.05) (Supplementary Figure S3.1). As the percentage of sequences from the MG 

and MT datasets annotated at more resolved taxonomic levels was low (~35%), we used 16S 

rRNA gene amplicon sequences for comparison of nearshore and offshore bacterial communities 

at genus level. Although the 16S rRNA gene amplicons showed a similar community profile 

between the nearshore and offshore at the phylum level (R2 = 0.86), the regions were much less 

similar at the genus level (R2 = 0.64). Several genera were differentially abundant between 

nearshore and offshore (t-test, P <0.01): alfV-A and unclassified Cryomorphaceae were more 

abundant offshore, whereas unclassified bacV, unclassified Comamonadaceae, acIV-A, betIV-A 

and acSTL-A were more abundant nearshore (Supplementary Figure S3.2). Despite a general 

similarity in the community composition between the nearshore and offshore MGs and MTs, 

there were more phyla differentially abundant in the MTs between the nearshore and offshore 

bacterial communities as compared to the MGs, indicating differential activity of specific phyla 

in different regions of the lake. Among these differences, rare organisms (in both the MGs and 

MTs) Dictyoglomi and Gemmatimonadetes were attributed to more transcripts in the offshore 

community (DESeq2, P <0.05) (Supplementary Figure S3.1). The abundant phylum 

Cyanobacteria had ~4-fold more transcripts in the offshore community, although the difference 

was not significant (DESeq2, P=0.06) (Figure 3.1B). Nevertheless, the Cyanobacterial 

transcripts accounted for a large part of the difference between the nearshore and offshore active 
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taxa, and Synechococcus was the predominant genus contributing to Cyanobacterial transcripts 

both nearshore and offshore. Compared to their abundance in the total community (MG), 

Crenarchaeota and Thaumarchaeota were responsible for significantly fewer expressed genes 

(MT) nearshore (DESeq2, P<0.05) (Supplementary Figure S3.1). No phyla were significantly 

different in their expression versus abundance patterns in the offshore bacterial community. 

 Metabolic response of nearshore and offshore Lake Michigan bacterial communities 

to terrestrial dissolved organic matter pulse. In order to assess how different regions of the 

lake respond to pulses of terrestrial organic matter, we conducted mesocosm experiments with 

nearshore and offshore surface water. Given that these communities had similar taxonomic 

composition but differences in transcriptional active organisms, we expected to see a strong 

transcriptional response to t-DOM in our mesocosms. In general, the MTs for the nearshore 

mesocosms differed from the offshore mesocosm MTs (Figure 3.2A). The MTs were annotated 

based on SEED Subsystems and the major functional processes likely contributing to the 

difference between control nearshore and offshore MTs included photosynthesis (more 

transcripts in offshore MTs), membrane transport and regulation and cell signaling (more 

transcripts in nearshore MTs) (Supplementary Figure S3.3). In addition, the transcriptional 

activity of Lake Michigan nearshore and offshore bacterial communities changed with exposure 

to t-DOM in mesocosm-based incubations. The MTs were distinct depending on whether or not 

the sample received t-DOM (Figure 3.2A, Supplementary Figure S3.3). While the control MTs at 

2h and 19h clustered together in both nearshore and offshore bacterial communities, indicating 

that the transcriptional profile changed little over time, the t-DOM addition shifted the 

transcriptional profiles in the treatment mesocosm over the 19h incubation (Figure 3.2A). Broad 

functional categories that exhibited variation between the control and t-DOM MTs included 



 
 
 

 

58 

phosphorus metabolism, regulation and cell signaling, motility and chemotaxis (fewer transcripts 

in t-DOM MTs) as well as stress response, and iron acquisition and metabolism (more transcripts 

in t-DOM MTs) (Supplementary Figure S3.3). Analyzing the functional profile at a more 

resolved level of SEED Subsystems provided information for the specific functional processes  

 

 

 

 
Figure 3.2. (a) Principal Components Analysis (PCA) plot of metatranscriptomes (functionally 
annotated with SEED database) for the different mesocosms and time-points. (b) Clustered 
heatmap of metatranscriptome-based active functional profile for the bacterial communities in 
the different mesocosms and time-points. Functional processes were annotated at level 3 of the 
SEED Subsystems database. Nearshore and offshore sampling sites across the Lake Michigan 
transect are labeled as NRS and OFS, respectively. Functional processes that are significantly 
different based on DESEq2 (Wald test, p < 0.05) between the control and treatment mesocosms 
at either time-point are highlighted with a black star for nearshore lake-water mesocosms, and 
with a blue star for offshore lake-water mesocosms. 
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contributing to the overall differences in t-DOM and control mesocosm MTs (Figure 3.2B). 

Notably, the SEED Subsystems category important for complex organic matter metabolism, 

‘central meta-cleavage pathway of aromatic compound degradation’, had more transcripts in the 

t-DOM mesocosms compared to the control for the offshore (DESeq2, P < 0.05) and nearshore 

(DESeq2, P = 0.07) bacterial communities (Figure 3.2B). Transcripts related to RNA and protein 

metabolism – Wyeosine-MimG biosynthesis and ATP-dependent proteolysis in bacteria, 

respectively, were also significantly more abundant in the t-DOM mesocosms (DESeq2, P 

<0.05) (Figure 3.2B). Conversely, transcripts related to phosphorus metabolism were 

significantly less abundant in the t-DOM mesocosms as compared to the control mesocosms. 

These included transcripts encoding an ABC transporter for alkylphosphonate; alkylphosphonate 

utilization; and phosphate metabolism (DESeq2, P <0.05) (Figure 3.2B). 

 While these differences between the control and t-DOM mesocosm MTs were generally 

similar for the nearshore and offshore bacterial communities, there were some exceptions to this 

trend. Notably, iron acquisition and metabolism had more transcripts for t-DOM mesocosm MTs 

for only nearshore bacterial community (Supplementary Figure S3.3), whereas transcripts for 

alkylphosphonate utilization as well as for encoding rubrerythrin, a protein involved in oxidative 

stress response, were significantly more abundant only in the offshore t-DOM mesocosms 

(Figure 3.2B). Many functional processes had different temporal patterns in their transcriptional 

variation between the control and treatment mesocosms for the nearshore and offshore bacterial 

communities. For instance, differences in the transcript levels between the respective control and 

t-DOM mesocosm MTs for central meta-cleavage pathway of aromatic compound degradation 

and alkylphosphonate utilization were significant at only 2h, whereas transcripts encoding ABC 

transporter for alkylphosphonate were significantly different between nearshore control and t-
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DOM MTs at only 19h. Similarly, transcripts encoding stress response and related processes 

were significantly abundant in the t-DOM MTs as compared to control MTs mostly at 19h for 

the nearshore and offshore bacterial communities. All other described differences between t-

DOM and control mesocosms for both the offshore and nearshore bacterial communities were 

similar at both 2h and 19h. 

 Population specific bacterioplankton response to t-DOM based on metagenome-

assembled genomes (MAGs). In addition to evaluating the changes in the Lake Michigan 

bacterial community activity in response to t-DOM enrichment mesocosms, we investigated 

population specific trends in metabolic activity by mapping transcripts to reconstructed 

population genomes or MAGs from the Lake Michigan MGs. The taxonomic profiles at the 

phylum level for MTs from t-DOM mesocosms were largely similar to their corresponding 

control MTs for the 2h time-point, and at 19h both nearshore and offshore t-DOM MTs exhibited 

a ~100% increase in the transcripts for the Bacteroidetes phylum as compared to their control 

MTs (Supplementary Figure S3.4). Because the taxa present were not vastly different between 

samples and had a similar response to t-DOM pulse in both the nearshore and offshore 

mesocosms, MAGs were used to evaluate how organisms might respond differently based on 

their location in the environment and to the t-DOM pulse. Three deeply sequenced MGs from 

nearshore and offshore lake water were co-assembled and the contigs were subsequently used for 

genome binning to generate MAG consensus populations that are present across the sampled 

transect. The MG co-assembly, genome binning, and refining process resulted in the generation 

of 17 MAGs of good quality (genome completeness ≥ 50%; contamination ≤ 10%) 

(Supplementary Table S3.1). Based on MAG quality, MAG putative taxonomy from the MiGA 

webserver (27) and the overall number of transcripts mapping to genes encoded on a MAG, we 
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narrowed our focus to 9 MAGs that had a higher number of mapped transcripts from the 

different MTs and were classified within the known, abundant freshwater taxonomic groups: 

bin004, bin008, bin020, bin035, bin040, bin093, bin100, bin104 and bin105 (these MAGs are 

highlighted in yellow in Supplementary Table S3.1). The differences in gene expression for 

specific functional processes between treatment and control bacterial community activity were 

tested using DESeq2 (here we describe relative expression of functional processes as more or 

less if there is a log2 fold-change of ≥ 0.5 and/or P value ≤ 0.05) (31). Certain MAGs, namely 

bin004 (Limnohabitans), bin008 (Rhodoferax), and bin040 (AcI-B1 Actinobacteria) showed 

differences in organic substrate metabolism between the treatment and control bacterial 

community activity at 2h for both the nearshore and offshore water-based mesocosms 

(Supplementary Table S3.2). We observed more transcripts related to tricarballylate utilization, 

salicylate and gentisate catabolism, and glycerol and glycerol-3-phosphate uptake and utilization 

in the 2h t-DOM MTs compared to control MTs for MAGs bin004, bin008 and bin040, 

respectively (Supplementary Table S3.2). These trends were generally similar for both the 

offshore and nearshore mesocosms, indicating that the same organisms responded similarly to t-

DOM regardless of their location in the lake (Supplementary Table S3.2). After 19h, these and 

other MAGs (bin093, bin105) had more transcripts related to cellular stress response, such as 

proteolysis, DNA repair, and protein chaperone activity (Supplementary Table S3.3) and fewer 

transcripts mapped to these MAGs, suggesting that these organisms were more stressed and less 

active towards the end of the t-DOM incubation (Supplementary Table S3.1).  

Conversely, MAGs bin020, bin035, bin100 and bin104 exhibited similar or higher 

transcript counts in t-DOM MTs as compared to control at all time-points. Although these MAGs 

also exhibited more stress response-related transcripts in treatment MTs at 19h, the response was 
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less intense (lower fold-change values) as compared to the MAGs described above. In addition, 

they had similar or more transcripts for certain processes related to carbon metabolism at both 

time-points, thereby displaying active organic matter processing throughout the incubation. 

Three of these four MAGs were classified as Bacteroidetes, and one (bin104) was classified as 

Sphingomonas, an Alphaproteobacterium (Supplementary Table S3.1). bin020, classified as 

Flavobacteriia within Bacteroidetes (Figure 3.3), was particularly active in the nearshore waters 

where the number of transcripts for metabolic processes related to TCA cycle, aromatic 

compound metabolism (protocatechuate branch of beta-ketoadipate pathway) and carbohydrate 

fermentation (actetyl-CoA fermentation to butyrate) increased after 19h with t-DOM (Figure 3.3, 

Supplementary Table S3.4).  

 Tracking the bacterial taxa exhibiting DOM-associated transporter gene expression 

in the mesocosms over time. In addition to evaluating the SEED Subsystems-based overall 

functional response to t-DOM pulse by Lake Michigan bacteria at the whole community as well 

as population level, we specifically evaluated DOM-related substrate transporter activity of 

different bacterial taxa across the nearshore-to-offshore transect and in response to the t-DOM 

pulse. We assessed the taxonomic profile of transporter genes expressed for different classes of 

DOM monomers by the bacteria. These included amino acids, carbohydrates, carboxylic acids, 

nucleic acids, polyamines, organic phosphonates and lipids. Of these, the first four classes listed 

above had either a similar or higher normalized expression of transporter genes in the t-DOM 

mesocosms relative to the controls at both the time-points. Transporter gene expression for these 

four classes also constituted the bulk (> 80%) of DOM related transporter genes expressed by 

bacteria in all mesocosms. Interestingly, the taxa associated with these transcripts were different 

nearshore vs. offshore (Figure 3.4). In nearshore control mesocosms, transcripts affiliated with 
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Bacteroidetes comprised the majority (~50%) of the transcripts for amino acids and carboxylic 

acids transporter activity, whereas the same was not the case for offshore control mesocosms  

 

 

 

 

Figure 3.3: Differential gene expression for MAG bin020 (Flavobacteriia) between the 
nearshore t-DOM and control mesocosms at 2h and 19h. Following the circular tracks from 
outside to inside: track 1 shows the broad SEED Subsystems categories represented by arcs of 
different colors. Each of these arcs includes more resolved Subsystems functional processes 
within which the gene expression data are organized for this MAG. Only the specific functional 
processes that were significantly more or less abundant (DESEq2, Wald test, P < 0.05) between 
the t-DOM and control mesocosms at any time-point are labeled; track 2 uses a step plot to show 
log2 fold-change in expression for each functional process in the t-DOM treatment versus the 
control at 2h; track 3 uses a step plot to show log2 fold-change in expression for each functional 
process in the t-DOM treatment versus the control at 19h. Figure was generated with OmicCircos 
(32). 
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where Actinobacteria and Proteobacteria affiliated transcripts together constituted the bulk 

(~65-85%) of the amino acids and carboxylic acids-associated transporter gene expression. 

Furthermore, while Actinobacteria and Firmicutes affiliated transcripts comprised the majority 

transcripts in nearshore control mesocosms for nucleic acids and carbohydrates transporter 

activity, respectively, offshore control mesocosms had Proteobacteria and Bacteroidetes 

affiliated transcripts as the majority transcripts for nucleic acids and carbohydrates-associated 

transporter gene expression (Figure 3.4). In addition to these differences between unamended 

nearshore and offshore bacterial communities, communities in mesocosms that received a t- 

DOM pulse exhibited a change over time in the composition of the taxa involved in DOM-

related transporter activity, primarily driven by an increase in the relative abundance of 

transcripts affiliated with Bacteroidetes after 19h in both the nearshore and offshore mesocosms 

(Figure 3.4). This was true for three of the four DOM classes; in the case of carboxylic acids, 

Bacteroidetes-affiliated transcripts only increased in relative abundance in the nearshore t-DOM 

mesocosms after 19h. In the offshore t-DOM mesocosms, Proteobacterial-affiliated transcripts 

increased after 19h (Figure 3.4). 

 

E. Discussion 

 Using an integrated metagenomics and metatranscriptomics approach, this project aimed 

to investigate the active bacterial taxa in coastal and offshore regions of southern Lake Michigan, 

the importance of various DOM substrates for their metabolism, and specifically the potential 

role of terrestrial-derived DOM (t-DOM) in bacterial metabolism given the recent decline in the 

lake’s phytoplankton abundance and production (8, 9). The significantly higher relative 

transcriptional activity of Cyanobacteria, which were predominantly Synechococcus, in the 
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Figure 3.4: Taxonomic affiliation at the phylum level of active genes involved in transporter 
activity for four major classes of DOM compounds in all the mesocosm bacterial communities: 
amino acids, carboxylic acids, carbohydrates, and nucleic acids. The first two letters of the x-axis 
labels refer to the sampling site (N for nearshore, O for offshore) and treatment (C for control, T 
for t-DOM), followed by numbers 2 or 19 that refer to the sampling time-points – 2h and 19h, 
respectively. Relative abundance of each taxa is a fraction of the total transcript count mapping 
to transporter genes that were classified at the phylum level, with the transcript count normalized 
for gene length and metatranscriptome library size. 
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offshore Lake Michigan as compared to in nearshore waters (11). The recent oligotrophication of 

offshore Lake Michigan as a result of invasive dreissenid mussels feeding on larger 

phytoplankton such as the diatoms has caused a decline in overall phytoplankton production (8, 

9), resulting in a greater role of picophytoplankton primary production, as seen in other lakes 

(33). Although mussel feeding in nearshore waters would also similarly affect the phytoplankton 

community, the proximity of nearshore waters to terrestrial nutrient inputs could mitigate some 

of the negative impacts of mussel feeding on phytoplankton production and this, together with 

influx of terrestrially derived DOM, could possibly result in a more diverse pool of DOM 

sources for bacterial consumption in nearshore as comparison to offshore. The 137%, 29% and 

44% more ammonium, nitrate and chlorophyll a in nearshore waters as compared to offshore at 

the time of sampling (Table 3.1) supports the hypothesis of terrestrial nutrient subsidies 

supporting nearshore primary production, although the SRP concentration in offshore was much 

higher (235%) as compared to in nearshore. The observed differences in Cyanobacterial 

transcripts between nearshore and offshore bacterial communities can likely be associated with 

the higher transcription of photosynthesis related processes observed in the offshore mesocosms 

as compared to nearshore (Figure 3.2B, Supplementary Figure S3.3). 

 In addition, we found differences in the taxonomic composition of transcripts associated 

with DOM-related transporter genes between the control nearshore and offshore bacterial 

communities (Figure 3.4). This is an interesting finding that suggests potentially different 

substrate preferences for organisms classified within the same phyla in different regions of the 

lake. This could be due to differential activity across the transect of phylogenetically related 

organisms that have different substrate preferences (34), and this in turn may reflect the local 

availability of these substrates and lake physicochemical conditions. Additionally, despite the 
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similarity in the phylum-level taxonomic profile for the total bacterial communities of control 

nearshore and offshore mesocosms, the differences in relative abundance of certain genera seen 

from the 16S rRNA gene amplicons (Supplementary Figure S3.2) may be associated with the 

observed taxonomic differences in the DOM-transporter gene transcripts. The significantly 

higher relative abundance of the alfV-A clade seen here in the offshore is consistent with the 

recent findings of high abundance for this group in offshore Lake Michigan waters in the 

summer (5). The low efficiency of annotating genes/transcripts at more resolved taxonomic 

levels (genus) limits the scope of our interpretations here. Lastly, the observed differences in the 

active bacterial community composition and transporter gene expression should be viewed in the 

context that they were evaluated using MTs from the control mesocosms (2h time-point), so 

potential variation in the transcriptional profile of the bacterial communities due to bottle effects 

cannot be ruled out (35).  Nevertheless, these results established the basis for a differential 

transcriptional response to t-DOM amendments depending on the region of the lake. This is 

especially interesting, given the overall similarity in the total microbial communities at the two 

locations. 

 Surprisingly, the transcriptional activity of nearshore and offshore bacterial communities 

observed in response to a t-DOM pulse in the mesocosms followed a generally similar pattern 

over time (Figure 3.2). In terms of organic matter metabolism, the upregulation of the central-

meta cleavage pathway of aromatic compound degradation both in offshore and nearshore 

mesocosms in response to the t-DOM pulse suggested the presence of such compounds in t-

DOM and provided evidence for metabolic capability, at least at the transcription level, of the 

bacterial communities across different regions of Lake Michigan to utilize t-DOM.  In addition 

to the transcriptional activity at the whole community level, we saw more transcripts for 
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aromatic compound degradation and C metabolism in response to t-DOM by MAGs, especially 

for populations associated with the phylum Bacteroidetes. Freshwater lineages of Bacteroidetes 

are known to be involved in complex DOM degradation derived either from humic-rich 

terrestrial sources or from protein-rich exudates of phytoplankton cells (36). Flavobacteriia have 

also been enriched in both DNA and RNA from freshwater-based microcosms amended with 

naphthalene, an aromatic hydrocarbon (37). Here, the observed relative increase in DOM 

transporter gene expression over time for the Bacteroidetes group from the t-DOM mesocosms 

(Figure 3.4) provides further evidence for the possible role of this group in breaking down 

complex components of t-DOM and assimilating the degradation products (38). Despite the 

generally similar response to t-DOM pulse observed in the nearshore and offshore lake water-

based mesocosms, it is important to note that there were differences in the activity and response 

to t-DOM for certain organisms across the transect (Figures 3.3, 3.4). The predominantly higher 

transcriptional activity for the Flavobacteriia-affiliated organism represented by MAG bin _020 

in nearshore mesocosms suggests its habitat preference for nearshore waters, and its ability to 

metabolize t-DOM may be linked to the potentially higher levels of terrestrial C subsidies in the 

nearshore. In the context of recent metagenomics and population genomics-based work that 

evaluated the carbon and nutrient metabolism of various possible C sources in freshwater 

bacteria (39), the short-term transcriptional response to the t-DOM pulse observed here seems 

specific to aromatic compounds. 

 It is unclear if the higher transcriptional activity observed for stress response-related 

processes for the bacterioplankton in t-DOM mesocosms at 19h is a result of bacterial 

competition in response to t-DOM enrichment or due to the chemical composition of the t-DOM 

treatment itself. From the transcriptional abundance patterns of the MAGs (Supplementary 
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Tables S3.1, S3.2 & S3.3), it seems that some organisms such as Bacteroidetes and 

Alphaproteobacteria (Sphingomonas) were more functionally active and less stressed in the t-

DOM mesocosms than others. Thus, the relative increase in transcriptional activity of DOM-

related metabolic processes such as transporter gene expression seen in Bacteroidetes could 

possibly be due the organisms’ direct response to t-DOM enrichment or a result of other 

organisms being under more stress, or both. Despite the confounding effects of the stress 

response on limiting the interpretation of community metabolic response to the t-DOM pulse, the 

overall results from our incubation experiment suggest that bacterial community assemblages 

both nearshore and offshore in Lake Michigan have the capacity to metabolize terrestrially 

derived complex DOM. In addition, this ability is relatively independent of the distance of the 

assemblages from the shore with the possible exception of few organisms that may exhibit 

habitat preferences across the transect. Recent work in southern Lake Michigan reported that 

despite their relatively low abundance, various taxa within Bacteroidetes and Proteobacteria 

have a significantly higher cellular protein synthesis potential (PSP) than the more abundant 

freshwater groups like AcI and LD12 (6). Although their larger cell size may be a contributing 

factor to this, the higher PSPs could also be an indication of a more active role for these taxa in 

freshwater ecosystem processes than their relatively low abundance would suggest. The role of 

bacterial groups within the Bacteroidetes as the primary responders at the transcript level to the 

t-DOM pulse seen here provides further evidence of their importance to the ecosystem processes 

in freshwater lakes in assimilating complex carbon from diverse sources. Our findings are 

particularly significant in the context of recent ecological changes in the microbial food web in 

offshore Lake Michigan, where the decline in primary production due to invasive dreissenid 

mussels has likely reduced the available labile DOM pool released from autochthonous sources 
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i.e. phytoplankton cells. The ability to metabolize t-DOM has the potential to offset some of the 

negative effects of the declining autochthonous labile DOM on bacterial community function. 

The relatively stable bacterial respiration rates and cell abundance in the offshore region in the 

post-mussel invasion period in comparison to the pre-mussel period highlight the metabolic 

flexibility and resilience of Lake Michigan bacterioplankton (11, 12), and t-DOM may be 

playing an important role in supporting this stability. However, further evidence would be 

needed in order to conclusively validate the increased role of t-DOM in offshore bacterial 

metabolism, such as by assessing bacterioplankton transcription, production and growth-rates in 

response to diverse terrestrial DOM sources and comparing these with in-situ microbial 

community activity. 
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IV. In situ Bacterial Community Dynamics Related to Dissolved Organic Matter 

Metabolism in Southern Lake Michigan  

 

A. Introduction 

Recent work has shown that despite the recent oligotrophication of offshore Lake Michigan and 

decline in phytoplankton productivity due to invasive dreissenid mussels, bacterial respiration 

rates have remained relatively stable in comparison to pre-dreissenid mussel periods, resulting in 

offshore Lake Michigan becoming a net source of carbon to the atmosphere as compared to a net 

sink prior to dreissenid mussel proliferation (1). In comparison, nearshore waters in southern half 

of the lake continue to remain a net sink of carbon due to both high phytoplankton and bacterial 

growth rates. Thus, investigating the bacterial functional activity in nearshore and offshore 

regions of the lake especially with respect to DOM uptake and metabolism will inform us of the 

relative importance of different classes of DOM compounds for bacterial metabolism and their 

potential source of origin i.e. autochthonous or allochthonous. Understanding this microbial-

carbon link in Lake Michigan is not only important for the current monitoring efforts of the 

lake’s microbial food web, but it can also help better predict the bacterial response in future 

disturbance scenarios or similar ecological disturbances in other large lakes.  

 In Chapter 3, based on the analysis of nearshore and offshore lake bacterial community 

dynamics in summer 2015, we observed that despite overall similarities in the bacterial 

community composition between the two regions, there were differences in the relative 

abundance of specific taxa and gene transcripts across the transect. However, the analysis of only 

a single time-point limits the scope of these results, and more sampling effort is required to 

arrive at robust predictions about in situ bacterial community structure and DOM-associated 
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metabolism in Lake Michigan. In addition, to arrive at a more mechanistic understanding of the 

link between bacterioplankton metabolic potential and DOM processing in the lake, it is 

important to investigate the microbial molecular data in the context of DOM characteristics in 

pelagic Lake Michigan. Work done by Zhou et al. (2) to evaluate the spectrofluorometric 

characteristics of the bulk DOM pool in all the Great Lakes provided valuable information about 

the DOM composition in offshore Lake Michigan. However, a more recent effort to characterize 

DOM in both the nearshore and offshore regions of the lake has been lacking. 

 In this study, we extended the preliminary work done in Chapter 3 by further sampling 

the nearshore-to-offshore Lake Michigan transect near the mouth of Kalamazoo River in summer 

2017. The combined 2015 and 2017 samples were analyzed using a shotgun metagenomics-

based approach enabling more reliable spatiotemporal evaluation of DOM metabolism and 

bacterial community structure across southern Lake Michigan. Additionally, we performed 

spectrofluorometric characterization of the bulk DOM pool as well as measurement of dissolved 

organic carbon (DOC) and nutrient concentrations across the transect in 2017-2018 to provide 

important water chemistry context to the molecular microbial datasets. Results from the bacterial 

community data supported the trends seen earlier in 2015 with broad similarities in community 

composition and functional diversity in nearshore and offshore Lake Michigan, however there 

were important differences related to the abundance of certain taxa and genes encoding for 

aromatic compound metabolism. The results from the bulk DOM characterization supported the 

microbial metabolic trends with a significantly higher aromaticity and humic content observed in 

nearshore DOM as compared to offshore. Lastly, tracking of specific bacterial populations across 

the transect using metagenome-assembled genomes (MAGs) only partially supported the trends 
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seen in the overall bacterial community diversity, such as the predominantly offshore presence of 

a MAG-based Cyanobacterial population. 

 

B. Materials and Methods 

 Sample collection. Near-surface (0-2 m depth) Lake Michigan water samples were 

collected across a nearshore-to-offshore transect beginning at the mouth of Kalamazoo River, 

one of the largest tributaries to southern Lake Michigan (3). From two sampling events 

(September 2015 and July/August 2017), a total of six samples were collected from four sites 

across the transect – three samples from nearshore site NRS (~3.5 km from shore), and 1 each 

from offshore sites OFS-10, OFS-30 and OFS-40 with the numbers in the site names 

representing distance of that site (in km) from shore (samples in 2015 were only collected from 

sites NRS and OFS-40, Table 4.1). For samples from 2015, water sample collection, storage, 

filtration for free-living microorganisms and metagenome sequencing has been described in 

detail in Chapter 3. For samples from 2017, between 5-10L water was collected in 10 L 

polycarbonate cubitainers/carboys for each site. Collected water was filtered on-site through pre-

combusted 1.6 µm pore-size glass fiber filters (Sterlitech, Kent, WA) to remove larger particles 

and organisms, and free-living cells were collected on 0.2 µm pore-size polycarbonate 

membrane filters (EMD Millipore, Billerica, MA). Filters were stored immediately either in 

liquid nitrogen or dry ice and transported back to lab for storage at -80 °C until DNA isolation. 

In addition, for samples from 2017, about 100 ml of the filtrate through the 0.2 µm pore-size 

filters was collected in pre-combusted scint vials for each site and stored at -20 °C until use for 

nutrient and dissolved organic carbon (DOC) measurements. 
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 DNA isolation and metagenomic sequencing. For the 2017 samples, the 0.2 µm pore-

size filters were broken into small fragments, and a portion of the fragments were picked at 

 

 

  

Table 4.1. Samples collected in southern Lake Michigan and their water chemistry 
characteristics. 
 

Sample 
Name 

Sample 
Type 

Sampling 
date 

Distance 
from 
shore 
(km) 

Water 
Temperature 

(°C) 

Soluble 
Phosphate 

(PO43-) 
μg P/L 

NOx
- a

 

μg N/L 
NH4 
μg 

N/L 

DOCb (μM) ± SDc 

(μM) 

NRS-A Nearshore 9/13/15 3.5 
 

4.2 312 22.7 
 

NRS-B Nearshore 7/27/17 3.5 26.6 2.8 420 
 

183±1.1 

NRS-C Nearshore 8/8/17 3.5 20.7 1.3 290 
 

191±1.2 

OFS-10 Offshore 8/2/17 10 22.1 2 258 
 

185±0.9 

OFS-30 Offshore 8/3/17 30 23.2 2.5 293 
 

145±0.4 

OFS-40 Offshore 9/13/15 40 
 

13.9 242 9.6 
 

aNOx
- : Nitrate + nitrite 

 

bDOC: Dissolved organic carbon 
 
cSD: Standard deviation 
 
 
 
 
 
random for DNA isolation using an organic extraction method as described previously (4). 

Briefly, the filter fragments were first incubated in a lysis buffer that contained 1.15 mg/ml 

lysozyme and 200 µg/ml RNase at 37 °C for 30 min, and this was followed by incubation with 
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1% SDS and 10 mg/ml proteinase K at 55 °C for 2 h while rotating. From the lysate, DNA was 

extracted using phenol:chloroform and subsequently isolated using ethanol precipitation 

followed by elution in Tris-EDTA (TE) buffer. Complete description of DNA isolation, 

metagenomic sequencing and library yield for the nearshore and offshore samples collected in 

September 2015 is provided in the methods section of Chapter 3. The isolated DNA for all the 

samples was subsequently used for whole-genome shotgun sequencing on an Illumina 

NextSeq500 at the University of Illinois at Chicago Sequencing Core, in paired-end format and 

read-length of 150 bp (the 2015 and 2017 samples were sequenced in two separate sequencing 

runs). Overall, we obtained six deeply sequenced metagenomes with 26-62 million reads per 

library.  

 Analysis of metagenomic datasets. The raw metagenomic libraries were first quality 

filtered using a Phred average per sliding window with a quality threshold (Q) of ³ 20 and not 

allowing any N values. The trimmed paired-end reads for each metagenome were then 

individually assembled into longer contiguous sequences or contigs using MEGAHIT (5) with 

default settings. For each metagenome, contigs ³ 500 bp were mined for protein coding genes 

using MetaGeneMark (6). The predicted protein-coding genes were then used for phylogenetic 

classification of their corresponding contigs using MyTaxa (7), using its database of bacterial 

and archaeal genomes (http://enveomics.ce.gatech.edu/data/mytaxa) and DIAMOND blastp in 

the sensitive mode (8). The metagenome-derived gene sequences were functionally annotated by 

first searching them against the Swiss-Prot database (9) using blastp with following cutoffs: 30% 

sequence identity, 70% coverage of query sequence, and an E value of ≤ 10-10. Subsequently, the 

Swiss-Prot match for the best hit for each query sequence was mapped to its corresponding term 

in the SEED database (10). Contig or gene abundance in the metagenomes was calculated by 
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mapping the short-reads for each metagenome to the corresponding contigs or genes using blastn 

with cutoffs: ≥ 75 bp sequence alignment length, ≥ 95% sequence identity, and an E value cutoff 

of ≤ 10-10. 

 Metagenome-assembled genomes (MAGs) reconstruction and analysis. To 

reconstruct MAGs from the metagenomic libraries, we first co-assembled all the six 

metagenomes using MEGAHIT with default settings. From the combined assembly, contigs ³ 

1000 bp were used for obtaining population genome bins or MAGs using MaxBin 2.0 (11) with 

default settings. The MAGs generated were subsequently checked for quality (genome 

completion and contamination) using CheckM (12). Based on CheckM results, MAGs with ³ 

50% genome completeness were selected for improving their genome quality using a read 

recruitment and reassembly process as described in Chapter 3 Materials and Methods. Overall, 

we obtained 26 MAGs with ³ 50% genome completion and ≤ 10% genome contamination. 

These MAGs were then uploaded to the MiGA webserver (13) for taxonomic annotation and 

mining for protein coding genes, apart from providing other metrics about the MAG quality. 

Read recruitment plots for the selected MAGs were generated using the BlastTab.recplot2.R 

script in the Enveomics toolbox (14). 

  Nutrients, DOC measurements and DOM characterization. Nutrient levels and 

environmental parameters corresponding to 2015 samples were measured by US EPA personnel 

according to standard EPA methods. For the 2017 samples, part of the collected filtrate (check 

Materials and Methods: Sample collection) was used for measuring nutrients (soluble phosphate: 

PO43-, nitrate + nitrite: NOx-) at Karl Rockne Lab, University of Illinois at Chicago using an 

autoanalyzer (AQ300, SEAL Analytical, Mequon, WI) (15). The remaining filtrate was used for 

measuring DOC concentration at Guo Lab, School of Freshwater Sciences, University of 
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Wisconsin-Milwaukee using the high temperature combustion method (16). In addition, we also 

collected more filtrate from the same sites (excluding OFS-40) and an additional offshore site 

(OFS-50, 50 km from the shore) in spring (March 31-April 12) and summer (August 11-

September 4) 2018. These filtrate samples were used for characterizing the chromophoric DOM 

(CDOM) and fluorescent DOM (using fluorescence excitation-emission matrix spectra) at the 

Guo Lab using methods and techniques as described in (2). 

 Statistical Analyses. All statistical tests on the nutrient and DOC/DOM characteristics as 

well as the metagenomic data were performed in R (v.4.0.2, “Taking off Again”). Differences in 

the average concentrations of nutrients and DOC between nearshore and offshore samples were 

calculated using t test. t test was also used for calculating differences in chromophoric and 

fluorescent DOM metrics between nearshore and offshore for DOM samples collected in 2018. 

We evaluated the significance of environmental factors (sample type/sample distance from 

shore), nutrients and their interaction effects in shaping the microbial community composition in 

Lake Michigan using Permutational Multivariate Analysis of Variance (PERMANOVA). 

PERMANOVA was performed using the adonis function in the R package vegan (17). 

Differences in the relative abundance of specific phyla between nearshore and offshore were 

evaluated using t test. We used the DESeq2 package in R (18) to analyze the microbial 

community functional profile in nearshore and offshore Lake Michigan using clustered heatmaps 

as well as to identify differentially abundant functional processes between the two regions. 

 

C. Results and Discussion 

 Nutrients and DOC/DOM characteristics across southern Lake Michigan. Average 

NOx
-
 (nitrate + nitrite) levels were 29% higher in the nearshore samples as compared to offshore 
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(Table 4.1), although not statistically significant (t test, P = 0.15). There was no significant 

difference in average phosphate levels between nearshore and offshore. Ammonium was 

measured for only summer 2015 and was found to be 136.5% higher in the nearshore as 

compared to offshore (only site OFS-40 was sampled). DOC was measured for summer 2017, 

and average DOC was 13% higher in nearshore although not statistically significant (t test, P = 

0.39). Similar trends for DOC were also observed for spring 2018 (Table 4.2). 

 Compared to the nutrient and DOC levels, the chromophoric and fluorescent DOM 

characteristics for 2018 across the transect displayed stronger patterns of differences between 

nearshore and offshore (Table 4.2). Optical properties for characterizing CDOM such as 

absorption coefficient (a254), spectral slope (S275-295) and slope ration (SR) were all significantly 

different between the nearshore and offshore 2018 samples (t test, P < 0.05). Higher a254, lower 

S275-295 and lower SR values for nearshore CDOM as compared to offshore suggest that a larger 

proportion of nearshore DOM in comparison to offshore comprises of high molecular weight 

(HMW) and aromatic component that is likely derived from terrigenous sources (2). From the 

fluorescence EEM spectra, we found the presence of signatures of humic-like DOM (peak A and 

C) and protein-like DOM (peak B) in all the samples (Figure 4.1). However, there were 

differences in the relative intensity of peaks B and C between the nearshore and offshore 

samples. Nearshore samples seemed to have a more pronounced peak C, which has been 

associated with terrestrial humic-like DOM (2, 19). Conversely, offshore samples had a 

relatively more pronounced peak B, which has been associated with autochthonous production 

(2, 19). The values of biological index (BIX) and humification index (HIX) derived from the 

EEM data complemented the trends from Figure 4.1: nearshore DOM had significantly lower 

mean BIX than offshore DOM (t test, P = 0.01) (Table 4.2), and with the exception of one 
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summer 2018 sample the mean HIX of all the other nearshore samples was significantly higher 

than the offshore (t test, P = 0.03). Overall, the trends seen here from the DOM characterization 

suggest a relatively higher presence of humic-like, HMW-DOM in nearshore Lake Michigan 

waters that is likely derived from terrestrial sources such as the inputs from Kalamazoo River, 

whereas DOM in the offshore waters comprises of a higher proportion of DOM produced from 

autochthonous sources and with relatively more protein-like components. As seen previously 

(20), nearshore waters also had slightly higher DOC levels than offshore, and the proximity to 

terrestrial humic-like DOM may be contributing to this increase in nearshore. 

 Taxonomic and functional diversity of bacterial communities in nearshore and 

offshore southern Lake Michigan. Bacterial community composition at the phylum level 

(Proteobacteria divided into subphyla) did not seem to differ significantly between nearshore and 

offshore Lake Michigan (Figure 4.2A), and the variation in the community composition between 

the offshore sites may be a contributing factor to this. Based on permutational multivariate 

analysis of variance (PERMANOVA), the variation in phylum-level community composition 

between the different samples was not significantly influenced by sample type i.e. nearshore or 

offshore (adonis, R2 = 0.11, P > 0.05); distance of the sample site from the shore (R2 = 0.15, P > 

0.05); phosphate (R2 = 0.07, P > 0.05) or NOx
- levels (R2 = 0.04, P > 0.05) or their interacting 

effects (R2 = 0.03, P > 0.05). Comparison of relative abundance of specific phyla between 

nearshore and offshore samples similarly revealed insignificant differences for most of the taxa 

with the notable exception of Betaproteobacteria that were significantly higher in relative 

abundance in nearshore than offshore (t test, P = 0.02). In addition, although statistically not 

significant, Alphaproteobacteria and Cyanobacteria were 3.5 times and 2.5 times more abundant 

in the offshore bacterial community as compared to nearshore, respectively. Taken together, 
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these results seem to suggest broad similarities in nearshore and offshore bacterial community 

structure but with a few important exceptions that may be associated with some of the trends 

seen in water chemistry (nutrients, DOM composition) across the transect. For instance, 

Betaproteobacterial genus Polynucleobacter includes free-living freshwater tribes that can 

uptake carboxylic acid monomers released from the photodegradation of humic acids (21). The 

higher relative abundance of Cyanobacteria (likely Synechococcus) in offshore predicably 

correlates with the higher BIX values seen for the offshore DOM. We explore the 

presence/abundance of some of these specific bacterial groups across the transect in more detail 

with the use of MAGs in later sections (see below). 

 Analysis of bacterial community functional profiles highlighted overall similarity across 

Lake Michigan as seen for the taxonomic diversity, but also provided possible links between 

microbial C metabolism and the observed DOM characteristics (Figure 4.2B). Community 

functional diversity based on annotation with the SEED Subsystems database at the broad level 

highlighted relatively better clustering of the nearshore samples together in comparison to the 

offshore samples (Figure 4.2B). Comparison of the broad functional processes individually 

between the nearshore and offshore bacterial communities revealed a significantly higher relative 

abundance of aromatic compound metabolism and motility/chemotaxis in the nearshore as 

compared to offshore (DESeq, adjusted P value < 0.1), whereas processes related to 

photosynthesis and clustering-based subsystems were significantly higher in relative abundance 

in the offshore (DESeq, adjusted P value < 0.1). The higher abundance of genes associated with 

aromatic compound metabolism in nearshore correlates well with the higher degree of nearshore-

DOM aromaticity that is likely arising from the terrestrial humic inputs. And the higher 

abundance of bacterial photosynthesis processes in offshore are likely associated with the higher   
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Table 4.2. DOCa levels and Chromophoric DOM/Fluorescent DOM characteristics in southern 
Lake Michigan in 2018. 
 

Sample 
Station NRS OFS-10 OFS-30 OFS-50 NRS NRS NRS NRS 

Sample 
Type Nearshore Offshore Offshore Offshore Nearshore Nearshore Nearshore Nearshore 

Season spring spring spring spring summer summer summer summer 

DOC (μM) 162 128 147 93     
 

Absorption 
coefficient 
(m-1) 254 

nm 8.73 4.27 4.01 4.11 7.71 9.34 4.24 6.23 

S275-295
b 0.022 0.03 0.031 0.029 0.023 0.023 0.031 0.022 

SR
c 1.409 1.956 2.235 2.767 1.461 1.274 2.215 1.77 

BIXd 0.69 0.9 0.91 0.97 0.74 0.74 0.87 0.8 

HIXe 5.36 2.14 2 1.91 4.45 5.87 1.38 2.63 
 
aDOC: Dissolved organic carbon 
 
bS275-295: Chromophoric DOM-based spectral slope 
 
cSR: Chromophoric DOM-based slope ratio 
 
dBIX: Fluorescent DOM-based Biological index 
 
eHIX: Fluorescent DOM-based Humification index 
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Figure 4.1. Fluorescence excitation-emission matrix spectra for spring and summer Lake 
Michigan DOM. Each spectra is labelled by its corresponding sample station 
(nearshore/offshore) and the season in which the DOM sample was obtained (spring 2018 – 
SP2018; summer 2018 – SM2018). Labelled peaks in the spectra show presence of humic-like 
DOM (peaks A and C) and protein-like DOM (peak B).  

OFS-50 SP2018 OFS-30 SP2018

OFS-10 SP2018 NRS SP2018

NRS SM2018 NRS SM2018

NRS SM2018 NRS SM2018

A

B C



 
 
 

 

87 

abundance of Cyanobacteria (Synechococcus) observed there. 

 Taken together, the results suggest broad similarities in the functional potential of major 

metabolic processes related to C, N and P between nearshore and offshore bacterial 

communities, but there exist certain differences related to C metabolism that could be tied with 

the local water chemistry. As seen earlier in Chapter 3, groups within Bacteroidetes are known to 

have the potential to metabolize complex aromatic compounds in freshwater systems. In 

addition, we observed a differential abundance of Betaproteobacteria across the transect and this 

phylum also includes groups that can utilize photodegradation products of humic DOM. Using 

genome-resolved metagenomics to isolate MAGs from within these groups from the Lake 

Michigan metagenomes provides us with the opportunity to test whether particular populations 

from these phyla have differential abundances in nearshore and offshore regions and if we can 

model their metabolism to evaluate the possible utilization of terrestrial DOM-derived substrates. 

 Tracking specific bacterial populations in Lake Michigan using metagenome-

assembled genomes (MAGs). Tracking MAG-based consensus populations across nearshore 

and offshore Lake Michigan revealed variable trends in the presence and abundance of different 

populations representing major bacterial phyla. The combined assembly of the metagenomes 

followed by population binning and contig reassembly generated 26 MAGs of good quality 

(check Materials and Methods). We narrowed our focus on 6 of these MAGs that represented 

populations from the taxonomic groups that showed differential abundance across the transect 

and/or are known to include bacteria that can metabolize HMW-DOM in freshwater ecosystems 

(22) (Table 4.3). Four of these MAGs (LMS_bin181, LMS_bin079, LMS_bin056 and 

LMS_bin010) were classified by the MiGA webserver (13) within Bacteroidetes, one 

(LMS_bin035) within Cyanobacteria (Synechococcales) and one (LMS_bin009) within  
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Figure 4.2. (A) Taxonomic composition of nearshore and offshore Lake Michigan microbial 
communities from 2015 and 2017 at the phylum level (Proteobacteria divided into subphyla). 
Nearshore site NRS was sampled once in 2015 (NRS-A) and twice in 2017 (NRS-B and -C). 
Offshore site OFS-40 was sampled in 2015, and sites OFS-10 and OFS-30 were sampled in 2017 
(see Materials and Methods). (B) Microbial community functional diversity in nearshore (NRS) 
and offshore (OFS) Lake Michigan based on broad-level annotation with SEED Subsystems 
database. Gene abundance for individual SEED categories were normalized using the ‘rlog’ 
(regularized-logarithm transformation) function of DESeq2 such that the data are approximately 
homoskedastic.  
 
 
 
 

Betaproteobacteria (Polynucleobacter). To assess the presence and abundance of these 

populations across the transect, we tracked genome coverage of each MAG for all the six 
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metagenomes using read recruitment plots (Figure 4.3). Contrary to our expectations, most of the 

MAG-based populations showed relatively consistent coverage and presence in both nearshore 

and offshore Lake Michigan (Supplementary Figures S4.1and S4.2). Only MAGs LMS_bin035 

(Synechococcales) and LMS_bin181 (Fluviicola) differed in their presence or abundance across 

the transect, with the LMS_bin035 consistently present only in the offshore sites with moderate-

to-high coverage (Figure 4.3). Conversely, LMS_bin181 exhibited sufficient coverage in only 

two nearshore samples and had incomplete coverage in the rest (Supplementary Figure S4.3). 

The differential presence of a Cyanobacterial population between nearshore and offshore 

provides further evidence for the trends already seen earlier in Chapter 3 as well as for the 

overall microbial community data in this study (Figure 4.2). With the oligotrophication of  

 

 

  

Table 4.3. Summary statistics for the metagenome-assembled genomes (MAGs) used for 
population tracking across Lake Michigan. MAG completion and contamination were 
determined using CheckM (12), and overall quality and likely taxonomy were determined using 
MiGA webserver (13). 
 

bin ID 
Likely taxonomic 

classification 

MAG 
completeness 

(%) 

MAG 
contamination 

(%) 
MAG overall 

quality (out of 100) 

LMS_bin009 
Polynucleobacter  

(Betaproteobacteria) 82.6 2.1 37 (Intermediate) 

LMS_bin010 
Chitinophagia  
(Bacteroidetes) 90 4.3 67 (High) 

LMS_bin035 
Synechococcaceae  
(Cyanobacteria) 51.6 0.9 56 (High) 

LMS_bin056 
Cyclobacteriaceae  

(Bacteroidetes) 88.4 2.8 59 (High) 

LMS_bin079 
Cytophagales  

(Bacteroidetes) 76.2 8.3 53 (High) 

LMS_bin181 
Fluviicola  

(Bacteroidetes) 99.5 0.8 91 (Excellent) 
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offshore Lake Michigan and decline in microphytoplankton production, the higher 

transcriptional activity (Chapter 3, Figure 3.2) as well as abundance of Cyanobacterial 

populations in offshore (Figure 4.2, 4.3) strongly supports the hypothesis of a larger role of 

Cyanobacteria primary production in supporting the microbial food web in offshore Lake 

Michigan and maintaining stable microbial respiration rates in the post-mussel period (1, 23). On 

the contrary, the sporadic presence of Fluviicola population seen in the nearshore may be related 

to nearshore microphytoplankton bloom dynamics as Fluviicola are known to be primary 

responders to labile DOM released from phytoplankton in freshwater ecosystems (24). These 

phytoplankton blooms may be a product of high nutrient inputs from the Kalamazoo River 

during rain-associated high flow periods, as seen earlier in other coastal-to-offshore transects in 

the lake (23).  

 The Bacteroidetes and Betaproteobacteria MAG populations exhibited consistent 

presence across the transect, and given their family/genus level affiliations this was contrary to 

our initial hypothesis and some of the trends observed from the overall microbial community 

composition. Chitinophagia include organisms that can utilize HMW-DOM from various 

sources including terrestrial-derived humic content (22). Additionally, Polynucleobacter includes 

members that are ubiquitous in freshwater ecosystems, and can utilize diverse substrates derived 

from phytoplankton (25) as well as humic acids photodegradation products (21). The consistent 

distribution of these microorganisms across Lake Michigan perhaps reflects the availability of 

their preferred substrates in both nearshore and offshore, and thus a relative lack of dependence 

on terrestrial-derived humic content. Perhaps there exist other populations within these phyla that 

may have preference for terrestrial DOM and thus have higher abundance/activity in the 

nearshore.  
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Figure 4.3. Read recruitment plots for MAG-based population LMS_bin035 (Synechococcales) 
in nearshore (NRS) and offshore (OFS) southern Lake Michigan. The coverage histogram (top 
left) in each plot shows coverage for the MAG in the corresponding Lake Michigan metagenome 
from reads that match at ³ 95% nucleotide identity and ³ 70 bp in length (dark blue) as well as 
reads that match at ³ 70 bp in length and < 95% nucleotide identity (light blue). The recruitment 
plots (bottom left) show the individual reads mapping to the MAG at each position in the 
genome. The consistently high coverage of the MAG in offshore metagenomes at high identity 
(dark blue) in comparison to nearshore metagenomes can be seen.  
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 The overall results of this study highlight that the microbial community composition and 

metabolic potential are not significantly different between nearshore and offshore Lake Michigan 

at least in the summer season. The same is true for certain water chemistry parameters. However, 

there are specific differences in the bulk DOM composition that also reflect in certain trends in 

the microbial community dynamics between nearshore and offshore. However, to more 

conclusively validate these differences such as with the use of genome-resolved metagenomics 

and metatranscriptomics, continued monitoring of the sampled sites across different seasons is 

necessary. In addition, the use of techniques such as fourier transform ion cyclotron resonance 

mass spectrometry (FT-ICR-MS) to characterize the DOM pool in Lake Michigan that provide a 

molecular resolution at a similar scale to the microbial omics data will be very valuable in 

mechanistically linking the carbon chemistry to microbial community function (26).   
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V. APPENDICES 

 
A. Supplementary Materials – Chapter 2  
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Supplementary Figure S2.1. Map of the Chicago Area Waterway System (left panel) and the 
North Shore Channel (NSC) (right panel). Our study site at NSC is highlighted with an arrow. 
The point designated WWTP on the right panel represents the O’Brien Water Reclamation Plant. 
Black dots along the stream represent locations for monitored CSO outfalls. CSO outfalls 
marked with red stars (locations A, B, and C) recorded CSO events in the evening of 5 October 
2013 with durations of 56, 50, and 5 min, respectively 
(http://www.mwrd.org/irj/portal/anonymous/overview). 
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Supplementary Figure S2.2 O’Brien Water Reclamation Plant effluent flow rate (million 
gallons per day [MGD]) and rain gauge data for the months of September and October 2013 
(http://www.mwrd.org/irj/portal/anonymous/overview). The circled region of the plot 
corresponds to data around the rain event (5 October 2013), which is the focus of this study. No 
data were available for 17 September 2013 as the rain gauge was out of service.  
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Supplementary Table S2.1. Water chemistry and environmental characteristics for North Shore 
Channel sampled time points. 
 

Sample ID 
Sampling 

Date Weathera 
SRPb,c 

(mg P/L) 

NH3 

/NH4+c 
(mg N/L) 

NO3-c 
(mg 
N/L) 

TDSd 
(ppm) pH 

Cd 
(�S/cm)  Td (°C) 

Before Rain 
Oct. 2013 10/05/2013 Baseflow 

0.80 ± 
0.09 0.41 ± 0.03 

5.74 ± 
0.56 286 7.6 566 22.7 

After Rain 
Oct. 2013 10/06/2013 Stormflow 

0.49 ± 
0.02 0.26 ± 0.01 

6.87 ± 
0.06 308 7.5 604 18.5 

July 2014 07/08/2014 Stormflow 
0.56 ± 
0.00 0.35 ± 0.00 

5.11 ± 
0.17 413 7.0 813 24 

Oct. 2014 10/25/2014 Baseflow 
1.82 ± 
0.10 1.04 ± 0.00 

9.62 ± 
0.08 471 7.1 923 20.5 

July 2015 07/23/2015 Baseflow NAe NAe NAe 324 7.5 675 24.5 

Effluent. 
Oct. 2013 

10/05/2013 
(WWTP 
Effluent) Baseflow 1.5f 0.3f 10.93f 360 7.4 707 23.2 

 
a Weather : ‘Baseflow’ condition represents no rainfall event (<2.5 mm precipitation) for at least 72 h prior to 
sample collection, and ‘stormflow’ represents sample collection <24 h after rainfall (>10 mm precipitation) 
b SRP: Soluble Reactive Phosphate 
c The concentrations for SRP, NH3 and NO3- are mean values for duplicate samples with their standard errors. NH3 

or NH4+ was measured as per the methodology (Hach kits/AutoAnalyzer 3) 
d TDS: Total Dissolved Solids; C: Conductivity; T: Temperature 
e NA: Data not available 
f MWRD data for the O’Brien Water Reclamation Plant effluent for the date sampled 
 
October 2013 rain-associated filtrate samples were analyzed for nitrate, soluble reactive 
phosphate (SRP) and ammonium (NH4+) using an AutoAnalyzer 3 (Seal Analytical, Inc., 
Mequon, WI, USA) as described previously (1). Briefly, nitrate was measured using the 
cadmium reduction technique (2), SRP was measured using the antimonyl tartrate technique (3), 
and ammonium was measured using the phenol hypochlorite technique (4). Nitrate was 
calculated as the difference between nitrate+nitrite (NOx−) and nitrite (NO2−), which were 
measured with cadmium reduction and without cadmium reduction techniques, respectively. 
Samples from remaining time points were analyzed using Hach kits for nitrate (Nitrate TNTplus 
835), ammonia (Ammonia TNTplus 830) and SRP (Phosphorus TNTplus 843) (Hach, Loveland, 
CO, USA) following the manufacturer’s instructions. 
 
References 

1. A. McCormick, T. J. Hoellein, S. A. Mason, J. Schluep, and J. J. Kelly, Environ Sci 
Technol 48:11863–11871, 2014, https://doi.org/10.1021/es503610r). 

2. APHA, Standard Methods for the Examination of Water and Wastewater, 20th ed., 1998. 
3. J. Murphy and J. P. Riley, Anal Chim Acta 27:31–36, 1962. 
4. L. Solarzano, Limnol Oceanogr 14:799–801, 1969. 

  



 
 
 

 

101 

Supplementary Table S2.2. Sequencing statistics and diversity estimates for the 16S rRNA 
gene amplicon libraries used in the study.  
 

16S rRNA gene librarya 

No of sequences 
after quality 
filtering (forward 
read only) 

Median sequence 
length (bp) 

Goods coverage 
estimateb 

OTU richness 
(# OTUs)b 

AfterRain.Oct2013.A 141,420 241 0.77 5,297 
AfterRain.Oct2013.B1 19,313 206 0.80 5,018 
AfterRain.Oct2013.B2 59,679 249 0.79 5,011 
July2014.A 64,038 247 0.85 4,025 
July2014.B 73,386 252 0.85 3,899 
BeforeRain.Oct2013.A 34,150 289 0.87 3,695 
BeforeRain.Oct2013.B1 24,075 197 0.85 3,988 
BeforeRain.Oct2013.B2 28,635 290 0.88 3,503 
Oct2014.A 38,619 289 0.89 3,211 
Oct2014.B 35,751 293 0.90 3,124 
July2015.A 54,255 256 0.89 3,277 
July2015.B 66,487 253 0.88 3,428 
Effluent.Oct2013 33,272 292 0.85 4,100 

 
a Letters ‘A’ and ‘B’ following a sample ID represent biological replicate libraries for a sampled time point, and 
numbers ‘1’ and ‘2’ following these letters represent sequencing replicates 
b Goods coverage estimate and OTU richness were calculated after subsampling each library to the smallest library 
size  
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Supplementary Figure S2.3. Community coverage estimates based on metagenomic reads 
generated using Nonpareil for the before- and after-rain metagenomes. Sample numbers 1 and 2 
for each time point represent biological replicate libraries. 
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Supplementary Table S2.3: Rare species in before rain microbiome that were in the abundant 
fraction after rain.  
 

Species 
Relative abundance in after 
rain microbiomea (%) 

Francisella tularensis 0.78 
Candidatus Nitrospira defluvii 0.41 
Simkania negevensis 0.32 
Legionella longbeachae 0.29 
Legionella drancourtii 0.25 
Parachlamydia acanthamoebae 0.23 
Chlamydia psittaci 0.16 
Micavibrio aeruginosavorus 0.15 
Chlamydia trachomatis 0.14 
Arcobacter sp. L 0.14 
Fluoribacter dumoffii 0.13 
Neisseria meningitidis 0.11 
Rickettsia endosymbiont of 
Ixodes scapularis 0.1 
Enterococcus faecalis 0.1 

 

a Abundances for each taxa are relative to the total number of sequences characterized by MyTaxa in the after rain 
library 
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Supplementary Figure S2.4. Reads from before-rain (top) and after-rain (bottom) data sets were 
mapped to the longest contig attributed to Legionella pneumophila from the after-rain 
metagenome. Reads for biological replicate libraries (n = 2) were pooled for both the before- and 
after-rain time points. 
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Supplementary Figure S2.5. Reads from before-rain (top) and after-rain (bottom) data sets were 
mapped to the longest contig attributed to Actinobacterium SCGC AAA027-L06 from the 
before-rain metagenome. Reads for biological replicate libraries (n = 2) were pooled for both the 
before- and after-rain time points. 
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Supplementary Figure S2.6. Heat map showing the relative abundance (percentage of total 
predicted genes) at the level 4 depth of Gene Ontology (GO) terms for the before- and after-rain 
microbiomes. GO terms that had a higher relative abundance (>100%) in one of the two groups 
(before versus after rain) compared to the other are shown, and terms that had less than a total of 
75 gene counts across all the samples have been excluded from the plot. Samples numbered 1 
and 2 for each time point represent biological replicates. 
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Supplementary Table S2.4: Sequencing statistics for the metagenomes used in the study. 
 

Metagenome 
Library 

No of paired-end 
reads after quality 
filtering (million) 

Read 
Length (bp) 

Estimated 
community 
coveragea 

No of contigs 
(contig size > 
500 bp) 

Contig N50 
(bp) 

Assembly 
efficiency  
(for contigs > 
500 bp)b 

Before Rain1 8.74 150 52% 98708 1283 29-59% 
Before Rain2 16.21 100 61% 68202 1403  23-45% 
After Rain1 9.26 150 47% 97165 1224 24-49% 
After Rain2 4.06 100 36% 5141 1068  6-13% 

 

a Community coverage estimates were obtained from quality filtered reads using Nonpareilc 

b Assembly efficiency is an estimate of the extent a metagenomic library is represented by its assembled contigs 
(size >500 bp). This was calculated using the following formula:   
 
Assembly efficiency = [{∑ (! 𝑐𝑜𝑛𝑡𝑖𝑔! 	𝑙𝑒𝑛𝑔𝑡ℎ × 𝑐𝑜𝑛𝑡𝑖𝑔! 	𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒)} ÷ 𝑚𝑒𝑡𝑎𝑔𝑒𝑛𝑜𝑚𝑒	𝑠𝑖𝑧𝑒] × 100 
 
Where contigi coverage is the average number of reads that map to contigi from the corresponding metagenome (sum 
of lengths of reads that map to contigi/contigi length) and metagenome size is the total number of base pairs from the 
library used in the assembly. Given the sequencing insert length for the paired end reads (600 bp for 2x150bp 
libraries and 500 bp for 2x100bp libraries) for these assembled libraries and the variable length of the contigs (> 500 
bp), we estimate that some contigs would represent both the paired-end reads while some would only represent one, 
so the actual number of bases used in the assembly process should be somewhere between the following numbers –  
(total number of basepairs in the paired reads file/2) - (total number of basepairs in the paired end reads file). This 
leads to the estimated range for our calculated assembly efficiency. 
 
cL.M. Rodriguez-R and K. T. Konstantinidis, Bioinformatics 30:629–635, 2014, 
https://doi.org/10.1093/bioinformatics/btt584 
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B. Supplementary Materials – Chapter 3 

Supplementary Table S3.1. Summary statistics for the 17 good quality (completeness ≥ 50%, 
contamination ≤ 10%) metagenome assembled genomes (MAGs) using the metagenomes 
obtained from Lake Michigan. MAG completion, contamination, overall quality and likely 
taxonomy were determined using MiGA webserver. 
 

bin 
ID 

Likely 
taxonomic 
classification 

MAG 
comlete
ness 
(%) 

MAG 
contamin
ation 
(%) 

MAG 
overall 
quality 
(out of 
100) Transcript read count (cDNA hits per library per bin) 

     

Nears
hore 

Contr
ol 2h 

Nears
hore 

Contr
ol 19h 

Nears
hore t-
DOM 

2h 

Nears
hore t-
DOM 
19h 

Offsh
ore 

Cont
rol 
2h 

Offsh
ore 

Cont
rol 
19h 

Offsh
ore t-
DOM 

2h 

Offsh
ore t-
DOM 
19h 

bin_
002 

Clostridia 
(Firmicutes) 83.8 0 

83.8 
(Excelle

nt) 20952 23917 27346 16495 457 371 792 201 

bin_
004 

Limnohabitans 
(Betaproteobac
teria) 57.7 7.2 

41.5 
(Interme

diate) 80002 
10978

9 62341 6070 
8944

4 
8213

6 
7888

3 
1564

6 

bin_
008 

Rhodoferax 
(Betaproteobac
teria) 69.4 3.6 

51.4 
(High) 79757 

10675
9 68710 7569 

4415
0 

3617
8 

3872
9 8428 

bin_
011 

Candidatus 
Planktophila 
(acI-A 
Actinobacteria) 71.2 5.4 

44.2 
(Interme

diate) 32612 31824 23206 9399 4013 3692 4390 1532 

bin_
018 

Bacilli 
(Firmicutes) 73.9 2.7 

60.4 
(High) 30597 31068 35021 2757 323 336 210 69 

bin_
020 

Flavobacteriia 
(Bacteroidetes) 93.7 2.7 

80.2 
(Excelle

nt) 49334 51802 53016 45530 49 101 138 105 

bin_
035 Bacteroidetes 71.2 0.9 

66.7 
(High) 24933 15424 24578 13228 1949 1649 3759 870 

bin_
040 

Candidatus 
Nanopelagicus 
abundans (acI-
B1 
Actinobacteria) 59.5 1.8 

50.5 
(High) 7537 7017 4652 1796 6863 5431 6697 2352 

bin_
047 

Flavobacteriale
s 
(Bacteroidetes) 55.9 2.7 

42.4 
(Interme

diate) 11554 9357 12169 5506 
7466

1 
5107

7 
1495

07 
2425

8 

bin_
062 

Chitinophagac
eae 
(Bacteroidetes) 45.9 5.4 

18.9 
(Low) 11569 8041 7615 8341 2242 1152 2502 3220 

bin_
093 

Acidimicrobial
es 
(Actinobacteria
) 79.3 4.5 

56.8 
(High) 4108 6924 3390 1231 5905 5334 5352 2570 

bin_
100 

Chitinophagac
eae 
(Bacteroidetes) 62.2 0 

62.2 
(High) 7907 6712 6083 7926 5614 4377 7904 9571 

bin_
104 

Sphingomonas 
(Alphaproteob
acteria) 72.1 0 

72.1 
(High) 5140 16399 6415 6932 

1379
8 

1459
8 

2912
4 

2499
1 

bin_
105 

Rhodoluna 
(Actinobacteria
) 65.8 1.8 

56.8 
(High) 7765 9771 6185 7709 

1890
4 

1159
3 

2285
7 

1964
8 
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bin_
119 

Bacilli 
(Firmicutes) 58.6 0 

58.6 
(High) 907 1030 742 324 108 113 10 3 

bin_
130 

Sinobacteracea
e 
(Gammaproteo
bacteria) 71.2 7.2 

35.2 
(Interme

diate) 2712 4172 1503 1122 3697 2540 3538 3045 

bin_
158 

Rhodospirillac
eae 
(Alphaproteob
acteria) 55 2.7 

41.5 
(Interme

diate) 23 10 23 9 24 24 9 1 
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Supplementary Figure S3.1. Clustered heatmap of the taxonomic composition of the active 
(mRNA-based) and total (DNA-based) bacterial community in the nearshore and offshore 
surface-waters of southern Lake Michigan. The taxonomic profile is shown at the phylum level, 
with Proteobacteria subdivided into classes. Transcript abundances for individual phyla have 
been normalized using the ‘rlog’ (regularized-logarithm transformation) function of DESeq2 
such that the data are approximately homoskedastic. All identified phyla are shown, regardless of 
abundance. 
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Supplementary Figure S3.2. Bar plots representing the relative abundance of significantly 
different genera (two-tailed t-test, p-value < 0.01) between nearshore and offshore bacterial 
communities based on 16S rRNA gene amplicon sequences. The relative abundance of each 
genus is an average for the nearshore/offshore triplicate control mesocosms (2h time-point) from 
which the sequences were obtained. Bar plots show only the abundant genera (abundance ≥ 1% 
of total sequences in a library) across the samples. Bioinformatics processing and taxonomic 
annotation of 16S amplicon datasets was performed using QIIME v1.8.0 and TaxAss, and the bar 
plots were generated using STAMP. 
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Supplementary Figure S3.3. Clustered heatmap of metatranscriptome-based functional profiles 
for the bacterial communities in the different mesocosms and time-points. Nearshore and 
offshore sampling sites across the Lake Michigan transect are labeled as NRS and OFS, 
respectively. Functional processes were annotated at the broadest level of the SEED Subsystems 
database. Transcript abundance for individual SEED categories were normalized using the ‘rlog’ 
(regularized-logarithm transformation) function of DESeq2 such that the data are approximately 
homoskedastic. 
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Supplementary Figure S3.4. Taxonomic composition of the active (mRNA-based) bacterial 
communities in all the mesocosms and time-points. The taxonomic profile is shown at the 
phylum level, and transcript counts were normalized based on the RPKM formula (Reads Per 
Kilobase of transcript, per Million mapped reads) before generating the plots. The first two 
letters of the x-axis labels refer to the sampling site (N for nearshore, O for offshore) and 
treatment (C for control, T for t-DOM), followed by numbers 2 or 19 that refer to the sampling 
time-points – 2h and 19h, respectively. 
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Supplementary Table S3.2. Differential expression of specific functional processes based on 
SEED annotations for MAGs bin004, bin008 and bin040 between the t-DOM and control 
mesocosms at 2h using DESeq2. The multiple sheets correspond to data for the different MAGs 
and different mesocosms being tested (nearshore/offshore lake-water). A positive value in the 
column ‘log2FoldChange’ for a specific functional process indicates a higher expression for that 
function in the t-DOM sample as compared to the control, and a negative value indicates the 
opposite. Only those functional processes that are different between the control and t-DOM 
mesocosms by a fold-change of 0.5 or more are shown. Functional processes that are 
significantly differentially expressed (Wald test, P value < 0.05) between the control and t-DOM 
mesocosm are highlighted in yellow.  
 
MAG: bin_004 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean log2FoldChange pvalue 

RNA Metabolism|Rrf2_family_transcriptional_regulators 118.191288 1.916752716 0.012031233 

Iron acquisition and metabolism|Transport_of_Iron 
103.867586

4 1.775623056 0.019513232 

Phosphorus Metabolism|Phosphate_metabolism 
191.162939

4 -1.734830322 0.021117742 

Carbohydrates|Tricarballylate_Utilization 22.5129856 1.442962825 0.05983049 

Stress Response|Hfl_operon 
85.4920001

6 1.340095501 0.072806345 

Amino Acids and Derivatives|Alanine_biosynthesis 
499.335052

7 1.288005988 0.073849492 

Protein Metabolism|Protein_chaperones 260.359371 1.264409722 0.081057892 

Protein Metabolism|GroEL_GroES 
5802.34916

9 1.144728834 0.104565789 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

122.489656
1 -1.18785102 0.105140501 

Stress Response|Oxidative_stress 
253.935712

8 1.106948854 0.122171388 

Nucleosides and Nucleotides|Pyrimidine_utilization 
8.47852468

4 1.105956038 0.124751988 

Secondary Metabolism|Auxin_biosynthesis 
149.283403

8 1.092214303 0.131258417 

Amino Acids and Derivatives|Tryptophan_synthesis 16.7030206 1.12463796 0.141985432 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 2076.36831 0.99738843 0.152457845 

Metabolism of Aromatic Compounds|p-Hydroxybenzoate_degradation 23.4813131 -0.97181358 0.205364842 

Amino Acids and Derivatives|Aromatic_amino_acid_degradation 
22.2237449

2 0.949974274 0.215832961 

Amino Acids and Derivatives|Glycine_cleavage_system 80.4944242 0.850171522 0.242869021 

RNA Metabolism|Polyadenylation_bacterial 
16.6678086

9 0.876423149 0.253755251 

RNA Metabolism|Queuosine-Archaeosine_Biosynthesis 
72.8911669

7 0.831867772 0.254763671 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
78.7388590

2 -0.805526628 0.268245719 
Amino Acids and 
Derivatives|Chorismate:_Intermediate_for_synthesis_of_PAPA_antibio
tics 

11.7331111
4 0.808530999 0.287588875 
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Membrane 
Transport|ABC_transporter_alkylphosphonate_(TC_3.A.1.9.1) 

3.21937454
6 -0.61689911 0.301575881 

Photosynthesis|Photosystem_II-type_photosynthetic_reaction_center 
91.1711780

7 -0.730600135 0.310225648 

Membrane Transport|Type_IV_pilus 
13.7804321

4 0.772026889 0.313393204 

Respiration|Biogenesis_of_c-type_cytochromes 
52.5311381

1 0.71777459 0.330904915 

Potassium metabolism|Potassium_homeostasis 
44.2513091

9 -0.718227447 0.335300258 
Regulation and Cell 
signaling|Murein_hydrolase_regulation_and_cell_death 

10.9358129
1 -0.711494926 0.347938284 

Protein Metabolism|Programmed_frameshift 
39.3870354

7 -0.680557897 0.363436116 

DNA Metabolism|RuvABC_plus_a_hypothetical 
4.64545686

5 -0.613256382 0.36509535 

DNA Metabolism|DNA_Repair_Base_Excision 
42.2593211

9 0.659700506 0.375845772 

Respiration|Terminal_cytochrome_C_oxidases 
129.962126

2 0.62408929 0.375968043 
Protein 
Metabolism|Ribosomal_protein_S12p_Asp_methylthiotransferase 21.1019941 -0.665135006 0.385600742 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Chlorophyll_Biosynthesis 

167.304355
8 -0.58754168 0.399688947 

Carbohydrates|L-rhamnose_utilization 75.0164572 0.583261968 0.418421508 

Stress Response|Glutaredoxins 
73.3715580

2 0.572184158 0.427617827 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 
56.0976014

7 -0.562874897 0.441940507 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
35.0584857

8 0.563802673 0.452300192 

Respiration|Biogenesis_of_cytochrome_c_oxidases 
14.3664589

1 0.556599392 0.468460846 

Secondary Metabolism|Steroid_sulfates 
15.8352985

5 -0.55164456 0.472740369 

RNA Metabolism|tRNA_nucleotidyltransferase 
7.09519968

4 -0.503290829 0.492491463 

Miscellaneous|YbbK 
40.9816319

2 0.507225656 0.494765191 
 
 
MAG: bin_004 
Mesocosm water-source: Offshore 

SEED Subsystem baseMean log2FoldChange pvalue 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 185.0120561 2.13808779 
0.00827763

8 

RNA Metabolism|Rrf2_family_transcriptional_regulators 238.6019217 2.133087289 
0.01144823

9 
Membrane 
Transport|ABC_transporter_alkylphosphonate_(TC_3.A.1.9.1) 25.16175499 -2.208655424 

0.01281175
6 

Phosphorus Metabolism|Phosphate_metabolism 299.8148627 -2.173114259 
0.01334436

4 

Amino Acids and Derivatives|Glycine_cleavage_system 128.7567327 1.719348356 
0.01490197

3 

RNA Metabolism|Transcription_factors_bacterial 132.1599957 -1.545428953 0.02469379 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 343.040767 -1.957277661 

0.02664597
3 
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Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 121.114708 -1.412555685 
0.03221999

2 

Protein Metabolism|Protein_chaperones 759.1378372 1.885795729 
0.03275122

6 
Fatty Acids, Lipids, and 
Isoprenoids|Glycerolipid_and_Glycerophospholipid_Metabolism_in_Ba
cteria 46.26113317 -1.720993694 

0.03596568
8 

Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitionin
g 148.2126426 -1.438733423 0.03770294 

Respiration|Respiratory_dehydrogenases_1 549.602559 1.806737444 
0.03942766

6 

DNA Metabolism|DNA_repair,_bacterial 244.4275673 1.458353597 
0.06460860

3 

Iron acquisition and metabolism|Transport_of_Iron 77.25027084 1.170451768 
0.07087092

6 

Virulence, Disease and Defense|Resistance_to_fluoroquinolones 83.1546606 -1.134787 
0.07242741

2 

Nucleosides and Nucleotides|Pyrimidine_utilization 14.03772316 1.576597403 
0.07374389

5 

Stress Response|Glutaredoxins 59.22549363 1.279054101 
0.07835710

3 

RNA Metabolism|Queuosine-Archaeosine_Biosynthesis 51.21885622 1.282868065 
0.09182681

2 
Regulation and Cell 
signaling|Murein_hydrolase_regulation_and_cell_death 14.33559289 -1.474942981 

0.09376180
8 

Carbohydrates|Pyruvate_Alanine_Serine_Interconversions 155.0500663 1.079126896 
0.09865752

6 

Virulence, Disease and Defense|MLST 46.36898529 -1.290089208 
0.09909676

8 

DNA Metabolism|DNA_repair,_bacterial_UvrD_and_related_helicases 10.49576303 -1.44783363 
0.10200226

4 

Clustering-based subsystems|Bacterial_Cell_Division 128.496498 -0.972514383 
0.10924068

3 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 120.1954122 -0.943622565 
0.11286641

4 

Miscellaneous|YbbK 34.36502973 1.25911904 
0.12146236

6 

Protein Metabolism|Proteasome_bacterial 860.6682023 1.347310568 
0.12636156

3 

Respiration|Anaerobic_respiratory_reductases 115.2753769 0.887618406 
0.12729518

3 

Nucleosides and Nucleotides|Purine_conversions 115.770107 -0.879600403 
0.13163865

6 

Carbohydrates|Tricarballylate_Utilization 15.24462459 1.268731874 
0.14430712

8 

Amino Acids and Derivatives|Alanine_biosynthesis 572.4925769 1.198478734 0.17549461 

Respiration|Respiratory_Complex_I 385.4346994 -1.117281216 
0.19594893

1 

Carbohydrates|Entner-Doudoroff_Pathway 43.40565778 -0.989618687 
0.19609854

6 

Photosynthesis|Photosystem_II-type_photosynthetic_reaction_center 87.0886571 0.706194005 
0.21487008

3 

Respiration|F0F1-type_ATP_synthase 662.9227543 -1.081201699 
0.21949948

4 

Amino Acids and Derivatives|Histidine_Biosynthesis 54.41157341 -0.869977962 
0.22062027

4 

Respiration|Formate_hydrogenase 71.95188463 0.755375844 
0.22068170

2 
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Clustering-based subsystems|CBSS-262719.3.peg.410 68.26954305 -0.779489686 
0.22076559

1 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 5267.957067 0.97652663 
0.22090969

7 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 31.84337478 0.980759376 

0.22166604
1 

Stress Response|Oxidative_stress 217.68056 0.856503678 
0.22368978

6 

Cell Wall and Capsule|Sialic_Acid_Metabolism 62.33604532 0.786630154 
0.23411505

5 

Protein Metabolism|GroEL_GroES 5188.171403 0.962537135 
0.23436213

5 

Carbohydrates|Glycolysis_and_Gluconeogenesis 147.9832529 -0.714141635 
0.23475152

3 

Protein Metabolism|Ribosome_biogenesis_bacterial 10.53171374 -0.972486359 
0.26617133

3 

DNA Metabolism|DNA_Repair_Base_Excision 53.52480695 0.778835606 
0.26859928

6 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Ubiquinone_Biosynthesis 9.870915606 0.94800861 

0.27792990
9 

Regulation and Cell signaling|Orphan_regulatory_proteins 35.3236976 -0.816282806 
0.29609610

9 

DNA Metabolism|DNA_repair,_UvrABC_system 31.66704262 -0.811764017 
0.30745294

1 

Respiration|Biogenesis_of_cytochrome_c_oxidases 18.2798535 0.860734033 
0.30786915

1 

Amino Acids and Derivatives|Chorismate_Synthesis 205.7656127 0.685429354 
0.31037936

4 

Cell Wall and Capsule|Lipid_A_modifications 19.30358003 0.843413051 
0.31549715

7 

Protein Metabolism|Peptidyl-prolyl_cis-trans_isomerase 15.61097436 0.852257802 
0.31736665

8 

RNA Metabolism|tRNA_processing 65.95674958 0.611981788 0.33037056 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Chlorophyll_Biosynthesis 225.6187174 0.654973536 

0.34494451
1 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 23.80078666 0.744336411 
0.36450718

9 

Membrane Transport|Type_IV_pilus 19.08445444 0.740403255 
0.37630519

6 

Amino Acids and Derivatives|Arginine_and_Ornithine_Degradation 22.34223031 -0.679081521 
0.41092859

7 

Respiration|Biogenesis_of_c-type_cytochromes 43.43476576 0.596728921 
0.41684643

7 

Stress Response|Hfl_operon 48.95569892 0.573952751 
0.41986438

6 

Protein Metabolism|Universal_GTPases 582.00388 -0.69983067 
0.42362218

1 
Amino Acids and 
Derivatives|Phenylalanine_and_Tyrosine_Branches_from_Chorismate 25.19428433 -0.64468333 

0.42797794
5 

Virulence, Disease and Defense|Copper_homeostasis 9.030363953 0.679778832 
0.43494690

9 

RNA Metabolism|RNA_polymerase_bacterial 1365.271008 -0.681512779 
0.43620895

4 

Protein Metabolism|Ribosome_LSU_bacterial 3495.049877 -0.680289616 0.43871252 

Carbohydrates|Maltose_and_Maltodextrin_Utilization 5.337758277 0.65319939 
0.46025117

8 

Amino Acids and Derivatives|Aromatic_amino_acid_degradation 24.38626202 0.570090339 
0.48233448

9 
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Protein Metabolism|Ribosome_SSU_bacterial 1861.613995 -0.564086958 
0.52324056

6 

RNA Metabolism|Polyadenylation_bacterial 17.07637344 -0.532766739 
0.52544149

4 

Amino Acids and Derivatives|Methionine_Degradation 3.692605676 0.515350182 
0.56154513

6 
 
 
MAG: bin_008 
Mesocosm water-source: Nearshore 

SEED Subsystem 
baseMea

n log2FoldChange pvalue 

RNA Metabolism|Rrf2_family_transcriptional_regulators 
59.92662

18 1.657511481 
0.010896

054 

Iron acquisition and metabolism|Transport_of_Iron 
97.38076

042 1.466755737 
0.023373

152 

Cell Wall and Capsule|mycolic_acid_synthesis 
124.2135

762 1.308447722 
0.040588

728 

Protein Metabolism|GroEL_GroES 
3043.400

321 1.052537087 
0.083428

415 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Chlorophyll_Biosynthesis 
47.96365

812 -1.103097577 
0.088246

327 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
698.4358

328 1.026348359 
0.092395

614 

Stress Response|Hfl_operon 
67.75285

972 1.055342171 
0.098817

736 

Carbohydrates|Glycerol_and_Glycerol-3-phosphate_Uptake_and_Utilization 
147.9158

967 -1.002365108 
0.107692

202 

Stress Response|Oxidative_stress 
258.3776

548 0.971184747 
0.113649

347 
Potassium metabolism|Glutathione-regulated_potassium-
efflux_system_and_associated_functions 

20.90723
559 1.01220403 

0.119229
058 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
1193.613

086 0.903753828 
0.132299

561 

Potassium metabolism|Potassium_homeostasis 
63.61613

396 -0.928880775 
0.144719

887 

Protein Metabolism|Protein_chaperones 
382.5912

31 0.859120759 
0.154797

122 

RNA Metabolism|Transcription_initiation,_bacterial_sigma_factors 
254.0173

222 0.813511821 
0.179157

525 

Carbohydrates|Glycerol_fermenation_to_1,3-propanediol 
8.720665

112 -0.798410868 
0.191227

964 

RNA Metabolism|RNA_polymerase_bacterial 
935.7944

486 0.756822272 
0.201479

705 

Nitrogen Metabolism|Dissimilatory_nitrite_reductase 
3.913118

961 0.62805336 
0.210974

532 

Membrane Transport|Choline_Transport 
10.17410

93 -0.777119295 
0.213833

712 

Secondary Metabolism|Steroid_sulfates 
15.87608

264 -0.803709452 
0.213893

711 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
109.1201

173 -0.768322616 
0.213991

162 

Metabolism of Aromatic Compounds|Salicylate_and_gentisate_catabolism 
8.608861

713 0.747407884 
0.223351

937 

Clustering-based subsystems|Putative_hemin_transporter 
205.7182

539 -0.718885037 
0.233877

789 
Amino Acids and 
Derivatives|Chorismate:_Intermediate_for_synthesis_of_PAPA_antibiotics,_
PABA,_anthranilate,_3-hydroxyanthranilate_and_more. 

25.15576
475 0.751090987 

0.248545
369 
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Secondary Metabolism|Auxin_biosynthesis 
117.8407

824 0.697641139 
0.255350

842 

DNA Metabolism|DNA_structural_proteins,_bacterial 
5.031152

949 -0.607038367 
0.277531

601 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
121.1948

844 0.661372367 
0.279193

811 

Amino Acids and Derivatives|Glycine_cleavage_system 
207.9543

219 0.645904725 
0.281732

465 

Nucleosides and Nucleotides|Pyrimidine_utilization 
7.490827

725 0.648098327 
0.284735

307 

Phosphorus Metabolism|Phosphate_metabolism 
180.1152

756 -0.639746857 
0.288280

023 
Amino Acids and 
Derivatives|Glutamine,_Glutamate,_Aspartate_and_Asparagine_Biosynthesi
s 

302.8754
076 0.605066416 

0.307432
239 

Cofactors, Vitamins, Prosthetic Groups, 
Pigments|NAD_and_NADP_cofactor_biosynthesis_global 

13.64001
466 0.629726598 

0.328998
967 

Respiration|Biogenesis_of_c-type_cytochromes 
76.13811

463 0.594900938 
0.338046

68 

DNA Metabolism|DNA_repair,_bacterial_UvrD_and_related_helicases 
12.74558

747 -0.605173636 
0.346391

835 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
154.2886

904 -0.562680563 
0.350144

329 

Protein Metabolism|Selenocysteine_metabolism 
25.37937

154 0.588848202 
0.364857

566 

Cell Wall and Capsule|Capsular_heptose_biosynthesis 
17.10592

003 -0.587078223 
0.366743

639 

Respiration|Biogenesis_of_cytochrome_c_oxidases 
45.28037

654 0.559474351 
0.378844

99 

Amino Acids and Derivatives|Alanine_biosynthesis 
186.0408

557 0.516353402 
0.386660

808 

Amino Acids and Derivatives|Tryptophan_synthesis 
15.09345

885 0.559685611 
0.388250

825 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 

40.36102
699 -0.545177532 

0.393670
911 

RNA Metabolism|Polyadenylation_bacterial 
204.1530

063 -0.506303281 
0.394453

45 

DNA Metabolism|DNA_repair,_UvrABC_system 
22.47248

317 -0.548017242 
0.399904

677 

Membrane Transport|Na(+)_H(+)_antiporter 
23.25510

697 0.544683055 
0.402491

323 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_B12_biosynthesis 

38.01315
562 -0.515851043 

0.420490
06 

Carbohydrates|Pyruvate_metabolism_II:_acetyl-
CoA,_acetogenesis_from_pyruvate 

18.11215
062 0.523108027 

0.421853
051 

Protein Metabolism|Ribosome_biogenesis_bacterial 
30.29872

11 -0.500195408 
0.438741

811 
 
 
MAG: bin_008 
Mesocosm water-source: Offshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Protein Metabolism|Protein_chaperones 
439.682989

7 3.442735664 
0.00652622

9 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
2206.94902

3 3.269308498 
0.00883725

8 

Respiration|Respiratory_dehydrogenases_1 
164.665469

9 3.322877275 
0.00886002

2 
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Protein Metabolism|GroEL_GroES 
1260.67280

3 2.973619962 0.01563203 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
253.777191

4 2.19447031 0.06387272 

Amino Acids and Derivatives|Glycine_cleavage_system 
226.141256

5 2.083583768 
0.07681237

5 

RNA Metabolism|Polyadenylation_bacterial 111.442797 -2.08147412 
0.08120794

6 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
1876.81983

6 1.799957974 
0.11514281

8 
Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 

45.9139809
2 -1.856072541 

0.12703484
2 

DNA Metabolism|DNA_repair,_bacterial 
98.9950043

1 1.784656679 
0.12847236

4 

Respiration|F0F1-type_ATP_synthase 
304.598623

6 -1.632741975 0.1521909 

Protein Metabolism|Proteasome_bacterial 
665.495947

2 1.619067816 
0.15272124

6 

Protein Metabolism|Peptidyl-prolyl_cis-trans_isomerase 
14.7702077

6 1.709449884 
0.18735420

9 

RNA Metabolism|Transcription_initiation,_bacterial_sigma_factors 
209.561244

1 1.495774155 
0.18759118

7 

Respiration|Respiratory_Complex_I 
152.128770

6 -1.502221866 0.18874834 

Protein Metabolism|Translation_elongation_factor_G_family 
118.390973

5 -1.446672758 
0.20675810

9 

Protein Metabolism|Selenocysteine_metabolism 
12.9553626

6 1.552406171 
0.23327914

7 

Stress Response|Glutaredoxins 
60.8235001

7 1.364163006 
0.24179978

3 

Membrane Transport|Na(+)_H(+)_antiporter 
19.4479832

4 1.446739324 
0.24960244

6 

Amino Acids and Derivatives|Chorismate_Synthesis 
44.2085688

1 1.290486254 
0.27393178

6 

Motility and Chemotaxis|Bacterial_Chemotaxis 
184.387764

5 -1.213709242 0.2779588 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
140.851279

6 -1.198527949 
0.28641388

3 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|NAD_and_NADP_cofactor_biosynthesis_global 

2.47955045
5 -1.391621738 

0.28795601
5 

DNA Metabolism|DNA_repair,_bacterial_UvrD_and_related_helicases 
2.47955045

5 -1.391621738 
0.28795601

5 

DNA Metabolism|DNA_structural_proteins,_bacterial 
2.47955045

5 -1.391621738 
0.28795601

5 

Phosphorus Metabolism|Phosphate_metabolism 
140.024762

8 -1.189860813 
0.28974928

4 

Amino Acids and Derivatives|Lysine_Biosynthesis_DAP_Pathway 
48.0524489

5 -1.191785151 
0.30871042

9 

RNA Metabolism|RNA_polymerase_bacterial 
124.821134

6 1.138686357 
0.31052566

1 

RNA Metabolism|Transcription_factors_bacterial 
68.9792353

6 -1.14764064 
0.31729850

7 

Protein Metabolism|Ribosome_LSU_bacterial 2631.95296 -1.069878613 
0.32587200

6 

Regulation and Cell signaling|Murein_hydrolase_regulation_and_cell_death 
2.06629204

6 -1.239233551 
0.33427189

1 

Protein Metabolism|Universal_GTPases 
468.181453

7 -1.037553841 
0.34306075

2 

Clustering-based subsystems|NusA-TFII_Cluster 
6.99551446

4 -1.270559487 
0.34795903

7 
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Carbohydrates|Pyruvate_Alanine_Serine_Interconversions 
46.6881192

7 1.070983408 
0.35742477

7 

Virulence, Disease and Defense|MLST 
37.9724356

6 -1.075120044 
0.36260097

4 

Protein Metabolism|Ribosome_SSU_bacterial 
667.441480

5 -0.987259776 
0.36443744

3 

Nucleosides and Nucleotides|De_Novo_Purine_Biosynthesis 
39.8171592

6 -1.064357295 
0.36573624

6 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
72.0039771

9 -0.984300656 
0.38630179

3 

Amino Acids and Derivatives|Arginine_and_Ornithine_Degradation 
1.65303363

7 -1.065292904 
0.39182277

4 

Carbohydrates|Entner-Doudoroff_Pathway 
28.1139908

3 -1.007193438 
0.40239877

7 

Clustering-based subsystems|Putative_hemin_transporter 
104.223011

7 0.915875238 
0.41175676

8 

Metabolism of Aromatic Compounds|Quinate_degradation 
12.9852411

5 1.044388754 
0.41544358

3 

Nitrogen Metabolism|Cyanate_hydrolysis 
3.91101564

1 -1.11280713 
0.41666189

1 

Stress Response|Oxidative_stress 
129.839992

5 0.889833653 
0.42165076

5 

Metabolism of Aromatic Compounds|Salicylate_and_gentisate_catabolism 
1.20989673

5 0.896427763 
0.44479606

9 

Carbohydrates|D-Galacturonate_and_D-Glucuronate_Utilization 
2.83305187

9 1.024611689 
0.44992746

7 

Potassium metabolism|Potassium_homeostasis 
62.5289122

7 -0.850892235 
0.45408918

6 

Nucleosides and Nucleotides|Purine_conversions 
94.9074201

7 -0.832554622 
0.45567342

6 
Protein 
Metabolism|Translation_elongation_factors_eukaryotic_and_archaeal 

13.1346336
2 -0.937173568 

0.46436465
8 

Carbohydrates|CO2_uptake,_carboxysome 
1.23977522

8 -0.864047201 
0.46463674

4 

Iron acquisition and metabolism|Hemin_transport_system 
1.23977522

8 -0.864047201 
0.46463674

4 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 
95.0991101

3 -0.803856689 
0.47076244

9 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Chlorophyll_Biosynthesis 
65.6506681

1 0.81294435 
0.47221544

9 

Clustering-based subsystems|CBSS-262719.3.peg.410 
36.2895235

3 -0.840594176 
0.47363943

5 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_B12_biosynthesis 

23.7897167
8 -0.86858318 

0.47388679
3 

Respiration|Biogenesis_of_cytochrome_c_oxidases 37.3923253 0.825284034 
0.47984110

7 

Cell Wall and Capsule|Capsular_heptose_biosynthesis 14.5660988 -0.885444791 
0.48469903

8 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
145.481717

1 -0.759558252 
0.48919576

1 

Carbohydrates|Pentose_phosphate_pathway 
24.8079235

5 -0.815248478 
0.49920887

6 

Miscellaneous|YbbK 
17.4713266

7 0.832573465 
0.50254112

6 

Clustering-based subsystems|Bacterial_Cell_Division 
67.6199461

6 -0.750338298 
0.50582009

3 

Amino Acids and Derivatives|Alanine_biosynthesis 
127.509834

5 0.713059577 
0.51656474

6 

Carbohydrates|Di-Inositol-Phosphate_biosynthesis 10.4633932 -0.844816549 
0.51704856

8 
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Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_A_Biosynthesis 

48.5925998
5 0.740096469 

0.51824173
5 

Protein Metabolism|Programmed_frameshift 
8.61866960

8 -0.846365478 
0.52297189

2 

Cell Wall and Capsule|Sialic_Acid_Metabolism 20.525947 0.778919314 
0.52394814

1 
Clustering-based subsystems|Cluster-
based_Subsystem_Grouping_Hypotheticals_-
_perhaps_Proteosome_Related 16.8663783 0.778207615 

0.53158658
4 

Potassium metabolism|Glutathione-regulated_potassium-
efflux_system_and_associated_functions 

4.92922241
8 -0.853872407 

0.53226819
1 

Nitrogen Metabolism|Ammonia_assimilation 
25.4128719

2 -0.740319969 
0.53768326

7 

Cell Wall and Capsule|Lipid_A_modifications 
4.86946543

3 0.828663541 
0.54423786

9 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 
14.2250163

8 0.756065084 
0.54942477

4 

Amino Acids and Derivatives|Histidine_Biosynthesis 61.0376901 -0.665575828 
0.55577953

4 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 

8.20541119
9 -0.778780833 

0.55772730
3 

Respiration|Anaerobic_respiratory_reductases 
66.7286318

7 0.626781548 
0.57650762

6 
Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reductas
e 

19.3160502
6 0.681426474 

0.57829396
4 

Carbohydrates|Glycolysis_and_Gluconeogenesis 
41.9855057

9 -0.637955805 
0.58021364

6 

Protein Metabolism|Ribosome_biogenesis_bacterial 
11.0683415

7 -0.687025606 
0.59526330

4 

RNA Metabolism|Rrf2_family_transcriptional_regulators 9.67917388 0.514901143 
0.60036978

8 

Respiration|Formate_hydrogenase 
16.6746883

4 0.649073421 
0.60113733

9 
Amino Acids and 
Derivatives|Phenylalanine_and_Tyrosine_Branches_from_Chorismate 

0.60494836
8 0.511188524 

0.60182986
4 

Carbohydrates|Maltose_and_Maltodextrin_Utilization 
0.60494836

8 0.511188524 
0.60182986

4 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Menaquinone_and_Phylloquinone_Biosynthesis 

0.60494836
8 0.511188524 

0.60182986
4 

DNA Metabolism|RuvABC_plus_a_hypothetical 
0.60494836

8 0.511188524 
0.60182986

4 

Metabolism of Aromatic Compounds|p-Hydroxybenzoate_degradation 
0.60494836

8 0.511188524 
0.60182986

4 

Virulence, Disease and Defense|Multidrug_Resistance_Efflux_Pumps 
0.60494836

8 0.511188524 
0.60182986

4 

Membrane Transport|Choline_Transport 
3.24631028

8 0.711860513 0.60281281 

Iron acquisition and metabolism|Transport_of_Iron 
30.5163248

1 0.600962891 
0.60968672

9 

DNA Metabolism|DNA_Repair_Base_Excision 
20.7475154

5 0.613055116 
0.61418189

4 

Cell Division and Cell Cycle|Macromolecular_synthesis_operon 
10.9787060

9 0.643922424 0.61791561 

DNA Metabolism|DNA_repair,_UvrABC_system 
10.6550831

6 -0.629480816 
0.62726891

6 

Membrane Transport|ABC_transporter_alkylphosphonate_(TC_3.A.1.9.1) 
15.3627371

3 -0.607662877 
0.62751498

8 

Motility and Chemotaxis|Flagellum_in_Campylobacter 
670.625331

3 -0.51391663 
0.62948028

3 
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Nucleosides and Nucleotides|Ribonucleotide_reduction 
195.241916

2 -0.519059947 
0.63112186

2 
Fatty Acids, Lipids, and 
Isoprenoids|Glycerolipid_and_Glycerophospholipid_Metabolism_in_Bacter
ia 18.2256675 -0.573754318 

0.64129044
9 

Amino Acids and Derivatives|Arginine_Biosynthesis_extended 
153.891237

2 -0.504344637 
0.64243109

1 

Cell Wall and Capsule|mycolic_acid_synthesis 
6.30093061

9 0.609533985 
0.65121717

8 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Riboflavin,_FMN_and_FAD_metabolism 

6.30093061
9 0.609533985 

0.65121717
8 

RNA Metabolism|tRNA_processing 
13.1047551

2 -0.531001537 
0.67574300

8 

DNA Metabolism|DNA_repair,_bacterial_DinG_and_relatives 
1.62315514

4 0.502414581 
0.69752012

9 
 
 
MAG: bin_040 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 
Regulation and Cell signaling|Autoinducer_2_(AI-
2)_transport_and_processing_(lsrACDBFGE_operon) 

620.620667
2 -1.028978702 

0.08104049
4 

Carbohydrates|D-ribose_utilization 
218.463841

4 -0.696731148 
0.24721419

1 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
7.82623792

1 -0.89492446 
0.28911914

6 

Carbohydrates|Inositol_catabolism 
5.03115294

9 -0.745735547 0.34535524 
Regulation and Cell 
signaling|Sex_pheromones_in_Enterococcus_faecalis_and_other_Firmicut
es 

2.79508497
2 0.595202057 

0.36594796
7 

DNA Metabolism|Plasmid_replication 
6.48459713

5 -0.729854152 
0.37879869

2 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
5.36656314

6 0.6709351 
0.40575368

7 

Protein Metabolism|Universal_GTPases 
5.36656314

6 0.6709351 
0.40575368

7 

Amino Acids and Derivatives|Cysteine_Biosynthesis 20.2364152 0.695810635 
0.41418708

2 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

10.5095194
9 0.699032499 

0.42073901
2 

Protein Metabolism|GroEL_GroES 
51.7649736

8 -0.54677734 
0.46151112

2 

Clustering-based subsystems|Bacterial_Cell_Division 
7.04361412

9 -0.603881541 0.47358 

Protein Metabolism|Proteolysis_in_bacteria,_ATP-dependent 
29.1806871

1 0.529729264 
0.51489005

2 
 
 
MAG: bin_040 
Mesocosm water-source: Offshore 

SEED_Subsystem baseMean 
log2FoldChang

e pvalue 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
17.0375649

4 2.601919865 
0.05653580

1 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
358.150528

5 1.795830648 
0.05697846

2 
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Respiration|F0F1-type_ATP_synthase 
174.796869

6 -1.154875905 
0.20459859

1 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

6.37128254
8 1.751664245 0.22442575 

DNA Metabolism|DNA_repair,_bacterial 
14.0683211

5 1.390046368 
0.29521828

2 

Carbohydrates|Pentose_phosphate_pathway 
2.68437490

5 1.296755537 
0.33580732

4 
Respiration|Ubiquinone_Menaquinone-
cytochrome_c_reductase_complexes 

2.68437490
5 1.296755537 

0.33580732
4 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
71.1908077

1 -0.833495582 
0.39444566

3 

Amino Acids and Derivatives|Methionine_Biosynthesis 
1.86263103

3 -0.965625663 
0.44590556

8 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 
1.86263103

3 -0.965625663 
0.44590556

8 

Carbohydrates|TCA_Cycle 
1.61062494

3 0.870938674 
0.47802294

8 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
17.9360176

6 0.855342984 
0.49447812

1 

Protein Metabolism|Proteolysis_in_bacteria,_ATP-dependent 
30.5745027

3 0.723926489 
0.52042891

9 

Amino Acids and Derivatives|Chorismate_Synthesis 
1.39697327

4 -0.763256924 
0.52057109

1 
Carbohydrates|Lacto-N-Biose_I_and_Galacto-N-
Biose_Metabolic_Pathway 

1.07374996
2 0.618283924 

0.57635460
6 

Cofactors, Vitamins, Prosthetic Groups, Pigments|NAD_regulation 
1.07374996

2 0.618283924 
0.57635460

6 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Pyridoxin_(Vitamin_B6)_Biosynthesis 

1.07374996
2 0.618283924 

0.57635460
6 

Protein Metabolism|Protein_chaperones 
1.07374996

2 0.618283924 
0.57635460

6 
Regulation and Cell 
signaling|Murein_hydrolase_regulation_and_cell_death 

1.07374996
2 0.618283924 

0.57635460
6 

RNA Metabolism|RNA_processing_and_degradation,_bacterial 
2.61315768

2 0.763925852 
0.58294575

2 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
20.8723986

5 0.655772293 
0.58776275

1 

Amino Acids and Derivatives|Polyamine_Metabolism 
15.6132204

9 -0.681663864 
0.59379889

3 
Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 

0.93131551
6 -0.538359091 

0.61216668
1 

Cell Wall and Capsule|Sialic_Acid_Metabolism 
0.93131551

6 -0.538359091 
0.61216668

1 
Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 

2.07628270
1 0.556304816 

0.68065550
3 
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Supplementary Table S3.3. Differential expression of specific functional processes based on 
SEED annotations for MAGs bin004, bin008, bin040, bin093 and bin105 between the t-DOM 
and control mesocosms at 19h using DESeq2. The multiple sheets correspond to data for the 
different MAGs and different mesocosms being tested (nearshore/offshore lake-water). A 
positive value in the column ‘log2FoldChange’ for a specific functional process indicates a 
higher expression for that function in the t-DOM sample as compared to the control, and a 
negative value indicates the opposite. Only those functional processes that are different between 
the control and t-DOM mesocosms by a fold-change of 0.5 or more are shown. Functional 
processes that are significantly differentially expressed (Wald test, P value < 0.05) between the 
control and t-DOM mesocosm are highlighted in yellow.  
 
MAG: bin_004 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Phosphorus Metabolism|Phosphate_metabolism 
84.0986154

1 -2.862720463 
0.02662500

8 

Stress Response|Glutaredoxins 
91.7557285

9 2.674054657 
0.02954694

9 

Protein Metabolism|Protein_chaperones 
228.752336

2 2.115831008 0.05271171 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
25.7254429

6 -2.677991411 
0.06064322

1 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

66.1031665
1 -2.249841382 

0.07721412
9 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 1616.63293 1.667286817 
0.08692997

6 

Respiration|Respiratory_dehydrogenases_1 
42.1010467

8 2.201778506 0.09198557 

Miscellaneous|YbbK 
34.3013951

1 2.216057024 
0.09798030

3 

Stress Response|Hfl_operon 
26.9510961

6 2.107169464 
0.12398000

8 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Ubiquinone_Biosynthesis 

21.9385586
8 2.042390994 

0.14301222
6 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
54.0572110

7 1.672162381 
0.17522504

8 

Miscellaneous|ZZ_gjo_need_homes 
23.9066918

2 -1.845743196 
0.18804613

1 

Protein Metabolism|Translation_elongation_factor_G_family 
177.337287

4 1.353951657 
0.19457200

2 

Protein Metabolism|Proteasome_bacterial 
218.309315

6 1.248114795 
0.21893857

2 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 

10.5597888
1 -1.714108757 

0.22476864
2 

Amino Acids and Derivatives|Histidine_Biosynthesis 
10.2227742

8 -1.681066993 
0.23298644

6 

Carbohydrates|Tricarballylate_Utilization 
12.2504982

5 1.648172612 
0.24947159

5 
Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 

19.5255028
4 -1.602464335 

0.25726768
5 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
54.6402422

5 1.358591214 
0.26269917

7 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 
8.76237795

3 -1.527778643 
0.27338596

9 
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RNA Metabolism|Rrf2_family_transcriptional_regulators 
33.4453702

5 1.400073258 
0.28342964

9 
Fatty Acids, Lipids, and 
Isoprenoids|Glycerolipid_and_Glycerophospholipid_Metabolism_in_Bacte
ria 

8.42536341
6 -1.489851666 0.2839532 

Virulence, Disease and Defense|Methicillin_resistance_in_Staphylococci 
8.31302523

7 -1.476978529 
0.28759086

3 

DNA Metabolism|DNA_topoisomerases,_Type_I,_ATP-independent 
8.20068705

8 -1.463986864 
0.29128810

2 

DNA Metabolism|DNA_repair,_bacterial 
52.9765098

5 1.250206922 
0.30262017

2 

Protein Metabolism|tRNA_aminoacylation,_Asp_and_Asn 
7.63899616

4 -1.397191052 
0.31070823

1 

Carbohydrates|Acetyl-CoA_fermentation_to_Butyrate 25.1210715 -1.379428965 
0.31592702

8 

Protein Metabolism|Programmed_frameshift 
6.96496709

1 -1.312787407 
0.33622192

2 

Virulence, Disease and Defense|MLST 
6.96496709

1 -1.312787407 
0.33622192

2 

Carbohydrates|D-galactonate_catabolism 
6.74029073

3 -1.283512565 
0.34532171

4 

Regulation and Cell signaling|Orphan_regulatory_proteins 
6.29093801

7 -1.223412595 
0.36440668

9 

Amino Acids and Derivatives|Methionine_Biosynthesis 
14.6949611

5 -1.264004591 0.37590595 

Respiration|Respiratory_Complex_I 113.681807 -0.937049007 
0.38571009

9 

Carbohydrates|Glycerol_fermenation_to_1,3-propanediol 
5.72924712

3 -1.144359206 
0.39031691

6 

Amino Acids and Derivatives|Chorismate_Synthesis 
73.4276951

6 0.965682506 
0.39655103

1 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 
27.7958475

1 -1.098404607 
0.41481272

2 
Clustering-based 
subsystems|Conserved_gene_cluster_associated_with_Met-
tRNA_formyltransferase 

63.9429708
1 0.946663478 

0.41566282
4 

Clustering-based subsystems|Bacterial_Cell_Division 
34.4024597

8 -1.060891935 
0.41683162

2 

Cell Wall and Capsule|Sialic_Acid_Metabolism 
20.7398825

2 -1.127348524 0.41824924 

Respiration|Anaerobic_respiratory_reductases 40.1643207 1.011152228 
0.42048547

5 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
33.7284307

1 -1.031445489 
0.43069151

8 

RNA Metabolism|Transcription_factors_bacterial 
38.6499702

9 -0.942506947 0.46091789 

Amino Acids and Derivatives|Methionine_Salvage 4.04417444 -0.880164723 
0.48352495

3 

Protein Metabolism|Periplasmic_disulfide_interchange 
3.93183626

1 -0.860936279 0.49070981 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
137.032444

7 -0.714613593 
0.49157725

8 

Iron acquisition and metabolism|Transport_of_Iron 28.2294967 0.894700629 
0.49780385

8 

Secondary Metabolism|Auxin_biosynthesis 
38.9499410

2 0.833493477 
0.50674091

1 

Membrane Transport|ABC_transporter_oligopeptide_(TC_3.A.1.5.1) 
10.9878012

5 -0.928501772 
0.51661466

3 

Membrane Transport|Ton_and_Tol_transport_systems 
41.7740990

2 -0.803632964 
0.52230308

6 
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Carbohydrates|Pyruvate_Alanine_Serine_Interconversions 
53.8055576

7 0.754548872 
0.52547768

7 

RNA Metabolism|RNA_processing_and_degradation,_bacterial 
17.3697371

6 -0.89268366 
0.52590630

9 
Amino Acids and 
Derivatives|Glutamine,_Glutamate,_Aspartate_and_Asparagine_Biosynthe
sis 

64.1563736
6 -0.720118582 

0.53696765
9 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
249.603350

2 0.589989977 
0.53802582

5 

Respiration|Formate_hydrogenase 
47.4449620

4 0.717100164 
0.55418153

7 

Amino Acids and Derivatives|Glycine_cleavage_system 
9.86441945

7 -0.808019948 0.57201533 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Pyridoxin_(Vitamin_B6)_Biosynthesis 

15.5083054
4 0.793435133 

0.57328409
3 

Carbohydrates|Butanol_Biosynthesis 
50.1567818

6 -0.65883629 
0.58683245

8 

DNA Metabolism|DNA_repair,_bacterial_MutL-MutS_system 
2.80845447

2 -0.630772633 
0.58701120

6 

Protein Metabolism|Selenocysteine_metabolism 
2.80845447

2 -0.630772633 
0.58701120

6 

RNA Metabolism|tRNA_nucleotidyltransferase 
2.80845447

2 -0.630772633 
0.58701120

6 

Nucleosides and Nucleotides|Purine_conversions 
27.2128163

3 -0.703914541 0.598109 

Photosynthesis|Photosystem_II-type_photosynthetic_reaction_center 
21.1678949

6 -0.705615035 
0.60842255

4 

Cell Wall and Capsule|KDO2-Lipid_A_biosynthesis 
26.8758017

9 -0.684415454 
0.60871790

7 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 
2.58377811

4 -0.573228383 
0.61472978

1 

Carbohydrates|Propionate-CoA_to_Succinate_Module 
16.2946726

9 0.666240658 
0.63470308

2 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
20.2691895

2 -0.641697119 
0.64242186

4 

Nitrogen Metabolism|Ammonia_assimilation 
14.4489445

1 -0.648454856 
0.64794913

2 

Carbohydrates|Pyruvate_metabolism_I:_anaplerotic_reactions,_PEP 
47.3483273

9 -0.555778392 
0.64866778

1 

Cell Wall and Capsule|Lipid_A_modifications 
9.37238617

3 0.636256212 
0.65662588

6 

DNA Metabolism|DNA_repair,_UvrABC_system 
7.84233223

7 -0.560485378 
0.69288774

7 
Phages, Prophages, Transposable elements, 
Plasmids|Staphylococcal_pathogenicity_islands_SaPI 6.13591927 0.552136443 

0.69310449
4 

Respiration|Biogenesis_of_cytochrome_c_oxidases 6.13591927 0.552136443 
0.69310449

4 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_A_Biosynthesis 

32.3860093
2 0.502091478 

0.69616471
2 

Clustering-based subsystems|CBSS-262719.3.peg.410 
18.9211313

8 -0.539451126 
0.69782512

6 

Membrane Transport|Twin-arginine_translocation_system 
24.2920236

8 -0.524066371 
0.69791085

8 

Potassium metabolism|Potassium_homeostasis 
18.4717786

6 -0.503483088 
0.71756551

3 
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MAG: bin_004 
Mesocosm water-source: Offshore 

SEED Subsystem 
baseMea

n 
log2FoldCha

nge pvalue 

Respiration|Respiratory_dehydrogenases_1 
109.72065

21 3.040346028 
0.0220301

44 

Protein Metabolism|Protein_chaperones 
714.72301

04 2.91566558 
0.0247041

69 

Carbohydrates|Glycerol_and_Glycerol-3-phosphate_Uptake_and_Utilization 
194.78391

31 -2.965032437 
0.0248368

04 

RNA Metabolism|Rrf2_family_transcriptional_regulators 
129.29718

48 2.567900735 
0.0471788

32 

Protein Metabolism|Proteasome_bacterial 
656.90066

05 2.505888411 
0.0486510

92 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
4151.6716

84 2.299989061 
0.0662773

44 

Phosphorus Metabolism|Phosphate_metabolism 
129.52654

52 -2.178716661 
0.0878929

04 

Virulence, Disease and Defense|MLST 
9.1466214

82 -2.307678913 
0.1104973

12 
Fatty Acids, Lipids, and 
Isoprenoids|Glycerolipid_and_Glycerophospholipid_Metabolism_in_Bacteria 

8.3844030
25 -2.231635441 

0.1227476
68 

Respiration|F0F1-type_ATP_synthase 
203.96088

43 -1.896086098 
0.1276274

28 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
68.397291

09 1.80281376 
0.1537894

96 

Membrane Transport|ABC_transporter_alkylphosphonate_(TC_3.A.1.9.1) 
6.2883022

69 -1.977991659 
0.1703208

95 

Regulation and Cell signaling|Orphan_regulatory_proteins 
6.2883022

69 -1.977991659 
0.1703208

95 

Respiration|Respiratory_Complex_I 
112.09838

54 -1.674130006 
0.1789707

96 

Stress Response|Glutaredoxins 
32.696131

09 1.728962968 
0.1843972

03 

Miscellaneous|YbbK 
27.998033

14 1.714903993 
0.1918022

82 

Respiration|Biogenesis_of_c-type_cytochromes 
21.606866

12 1.720731032 
0.1978593

07 

Regulation and Cell signaling|Stringent_Response,_(p)ppGpp_metabolism 
4.1264341

16 1.791123771 
0.2135464

08 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
18.630507

26 -1.670535238 
0.2231415

74 

Cell Wall and Capsule|Lipid_A_modifications 
15.406253

71 1.663135433 
0.2233866

79 

Nucleosides and Nucleotides|De_Novo_Purine_Biosynthesis 
90.832143

06 1.482258389 
0.2291840

3 

RNA Metabolism|Ribonuclease_H 
7.3220176

26 1.719929959 
0.2301352

3 
Phages, Prophages, Transposable elements, 
Plasmids|Staphylococcal_pathogenicity_islands_SaPI 

13.903739
26 1.623381106 

0.2376278
75 

Carbohydrates|Pyruvate_Alanine_Serine_Interconversions 
89.160996

46 1.392377619 
0.2568227

44 

Carbohydrates|Pyruvate_metabolism_I:_anaplerotic_reactions,_PEP 
39.694379

58 -1.452530646 
0.2598855

57 

Amino Acids and Derivatives|Glycine_cleavage_system 
53.606546

15 1.388443407 
0.2672182

42 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 
14.284848

49 1.487662055 
0.2764510

56 
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Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
32.665781

32 -1.415429027 
0.2773698

45 

Protein Metabolism|Ribosome_SSU_bacterial 
626.79311

73 -1.250304443 
0.2916071

67 

Cell Wall and Capsule|Peptidoglycan_Biosynthesis 
44.210350

23 1.308162092 
0.2988123

28 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
16.359026

78 1.369707865 
0.3097911

45 
Clustering-based subsystems|Conserved_gene_cluster_associated_with_Met-
tRNA_formyltransferase 

100.50658
34 1.188729723 

0.3266461
8 

Amino Acids and 
Derivatives|Chorismate:_Intermediate_for_synthesis_of_PAPA_antibiotics,_PAB
A,_anthranilate,_3-hydroxyanthranilate_and_more. 

4.5075433
44 1.35404986 

0.3490562
27 

Amino Acids and Derivatives|Alanine_biosynthesis 
132.90929

52 1.120187027 
0.3502824

02 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Riboflavin,_FMN_and_FAD_metabolism 

11.660928
82 1.225264783 

0.3746099
9 

RNA Metabolism|RNA_polymerase_bacterial 
403.73967

42 -1.025280322 
0.3833081

63 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
35.099146

37 -1.092585771 
0.3928924

39 

DNA Metabolism|DNA_repair,_bacterial 
52.910095

09 1.030776945 
0.4036537

16 

RNA Metabolism|tRNA_nucleotidyltransferase 
4.6980979

58 1.197268753 
0.4075760

58 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Heme_and_Siroheme_Biosynthesis 

63.719435
86 -0.992674186 

0.4196600
86 

Membrane Transport|Type_IV_pilus 
2.0961007

56 -1.050414758 
0.4349744

83 

Photosynthesis|Photosystem_II-type_photosynthetic_reaction_center 
49.684161

8 -0.96943739 
0.4361921

59 

Protein Metabolism|Universal_GTPases 
165.49920

2 -0.910867029 
0.4425512

47 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Chlorophyll_Biosynthesis 
111.28557

44 -0.916912502 
0.4445434

21 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
105.01919

46 -0.886055813 
0.4602863

86 

Amino Acids and Derivatives|Chorismate_Synthesis 
89.673640

48 0.88584539 
0.4608179

57 

Nucleosides and Nucleotides|Pyrimidine_utilization 
4.8886525

73 1.064392809 
0.4612302

43 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Ubiquinone_Biosynthesis 
6.7722762

49 1.031954262 
0.4698121

55 

Miscellaneous|ZZ_gjo_need_homes 
43.036672

77 -0.890025311 
0.4771080

66 

Respiration|Terminal_cytochrome_C_oxidases 
47.852810

37 0.854835483 
0.4882885

68 

Protein Metabolism|Ribosome_biogenesis_bacterial 
1.7149915

28 -0.878884321 
0.5035300

04 

Regulation and Cell signaling|Murein_hydrolase_regulation_and_cell_death 
1.7149915

28 -0.878884321 
0.5035300

04 

Virulence, Disease and Defense|Resistance_to_fluoroquinolones 
29.573062

56 -0.83842627 
0.5132208

57 

Stress Response|Hfl_operon 
14.878434

8 0.863121428 
0.5206430

51 

Membrane Transport|Twin-arginine_translocation_system 
21.423059

08 -0.831121696 
0.5274674

04 

Carbohydrates|Butanol_Biosynthesis 
25.212228

9 -0.818082439 
0.5283425

86 
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Sulfur Metabolism|Thioredoxin-disulfide_reductase 
51.260870

96 0.759279027 
0.5355431

92 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Pyridoxin_(Vitamin_B6)_Biosynthesis 

5.6947159
61 -0.892244893 

0.5363680
81 

Amino Acids and Derivatives|Proline_Synthesis 
9.6744403

93 -0.868255157 
0.5365756

9 

Carbohydrates|Propionate-CoA_to_Succinate_Module 
7.1533854

78 0.86570476 
0.5425144

99 

Cell Wall and Capsule|mycolic_acid_synthesis 
1.5244369

14 -0.78380749 
0.5442133

57 

Carbohydrates|L-rhamnose_utilization 
21.291524

28 0.770472027 
0.5538915

86 

Respiration|Formate_hydrogenase 
41.652197

96 0.73222362 
0.5545858

14 

Carbohydrates|TCA_Cycle 
157.78932

76 -0.668334861 
0.5699259

45 

Amino Acids and Derivatives|Aromatic_amino_acid_degradation 
5.3136067

32 -0.813534846 
0.5732852

06 

Protein Metabolism|Periplasmic_disulfide_interchange 
5.3136067

32 -0.813534846 
0.5732852

06 

RNA Metabolism|tRNA_processing 
31.852970

35 0.70833476 
0.5741472

94 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
275.48460

34 0.629550467 
0.5875920

55 

Carbohydrates|Maltose_and_Maltodextrin_Utilization 
1.3338822

99 -0.682051927 
0.5900203

25 

DNA Metabolism|DNA_structural_proteins,_bacterial 
1.3338822

99 -0.682051927 
0.5900203

25 

RNA Metabolism|Polyadenylation_bacterial 
1.3338822

99 -0.682051927 
0.5900203

25 

Carbohydrates|Entner-Doudoroff_Pathway 
12.320282

53 -0.709866332 
0.6054652

45 

Secondary Metabolism|Steroid_sulfates 
4.9324975

04 -0.728797883 
0.6141286

71 

Stress Response|Glutathione:_Non-redox_reactions 
12.129727

91 -0.68722813 
0.6172986

85 
Nucleosides and 
Nucleotides|Nudix_proteins_(nucleoside_triphosphate_hydrolases) 

18.095940
77 0.642729699 

0.6254800
35 

Carbohydrates|Tricarballylate_Utilization 
1.1433276

85 -0.571523052 
0.6424259

43 

Carbohydrates|Glycolysis_and_Gluconeogenesis 
39.013103

41 -0.577914269 
0.6430502

32 

Protein Metabolism|tRNA_aminoacylation,_Asp_and_Asn 
15.156679

27 -0.622051571 
0.6443209

2 

DNA Metabolism|DNA_repair,_bacterial_MutL-MutS_system 
4.5513882

75 -0.637013421 
0.6595494

07 

Clustering-based subsystems|CBSS-262719.3.peg.410 
24.809197

2 -0.555753329 
0.6664612

57 

Amino Acids and Derivatives|Arginine_and_Ornithine_Degradation 
7.9594488

66 -0.606874294 
0.6685050

21 

Amino Acids and Derivatives|Valine_degradation 
1.6930690

62 0.578623329 
0.6691068

05 

Protein Metabolism|Selenocysteine_metabolism 
4.3608336

61 -0.588170894 
0.6841807

28 

Carbohydrates|Pentose_phosphate_pathway 
7.7688942

51 -0.573582654 
0.6860093

49 

DNA Metabolism|DNA_Repair_Base_Excision 
18.858159

23 0.529653142 
0.6860534

08 

DNA Metabolism|RuvABC_plus_a_hypothetical 
3.7672473

53 0.582234126 
0.6870471

46 
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Metabolism of Aromatic Compounds|Quinate_degradation 
3.7672473

53 0.582234126 
0.6870471

46 

Virulence, Disease and Defense|Methicillin_resistance_in_Staphylococci 
14.203906

2 -0.520229795 
0.7004345

63 

Amino Acids and Derivatives|Methionine_Salvage 
19.048713

84 0.50303806 
0.7007232

43 

Protein Metabolism|Peptidyl-prolyl_cis-trans_isomerase 
10.370891

45 0.509295299 
0.7121481

88 

Metabolism of Aromatic Compounds|p-Hydroxybenzoate_degradation 
7.3877850

23 -0.503826338 
0.7230923

19 
 
 
MAG: bin_008 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Cell Wall and Capsule|mycolic_acid_synthesis 
177.230871

8 3.428159056 
0.00697220

3 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Riboflavin,_FMN_and_FAD_metabolism 

20.4221840
9 2.717921399 

0.04570370
6 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
297.153305

3 2.308630436 
0.05018648

8 

Stress Response|Glutaredoxins 
95.7947810

2 2.400963903 
0.05041350

3 

RNA Metabolism|Transcription_initiation,_bacterial_sigma_factors 
280.731342

9 2.200151879 
0.06042686

2 

Miscellaneous|YbbK 
33.4755388

6 2.007651117 
0.11857064

2 

Stress Response|Hfl_operon 
24.2960829

2 1.992193625 
0.13069814

4 

Amino Acids and Derivatives|Chorismate_Synthesis 
73.4777551

1 1.742569894 
0.14657310

2 

Protein Metabolism|Protein_chaperones 
298.921824

4 1.631796062 
0.14726152

7 

Iron acquisition and metabolism|Transport_of_Iron 
51.8765583

4 1.730578742 
0.15902214

6 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

51.4975899
7 -1.723018779 

0.16858450
4 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
82.5729958

6 1.616384216 
0.17204942

9 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
926.577651

2 1.478105828 
0.17747836

6 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Ubiquinone_Biosynthesis 

60.7191535
1 1.585754241 

0.18861307
1 

Amino Acids and Derivatives|Urea_decomposition 
9.09524074

8 -1.793104209 
0.19035616

8 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
38.2336972

2 1.607395853 
0.19937340

4 

Respiration|Biogenesis_of_cytochrome_c_oxidases 38.36002 1.590246741 
0.20377453

1 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
46.3183556

6 -1.592626974 0.20411122 

Carbohydrates|D-galactonate_catabolism 
8.33730401

9 -1.713772742 
0.20921830

6 

Amino Acids and Derivatives|Methionine_Degradation 
7.95833565

4 -1.671722478 
0.21966423

4 

Virulence, Disease and Defense|Methicillin_resistance_in_Staphylococci 
7.70569007

8 -1.642730706 
0.22704634

2 
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DNA Metabolism|RuvABC_plus_a_hypothetical 
13.5165383

3 1.639266693 
0.22871320

1 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_B12_biosynthesis 

7.32672171
3 -1.597714078 

0.23879900
8 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 
6.94775334

9 -1.550742421 0.25143649 

Motility and Chemotaxis|Flagellum 
63.8772232

1 -1.367940621 
0.25666004

7 

Secondary Metabolism|Auxin_biosynthesis 
37.2652225

1 1.407227657 
0.25862384

7 

DNA Metabolism|DNA_repair,_bacterial 
48.0868746

9 1.356202932 0.26465188 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
47.2868303

7 -1.370506593 
0.26821218

4 

Protein Metabolism|Selenocysteine_metabolism 13.8955067 1.500322982 
0.26885705

8 

Membrane Transport|Na(+)_H(+)_antiporter 
14.1481522

7 1.417864758 
0.29491364

1 

Virulence, Disease and Defense|MLST 
5.81084825

5 -1.396587428 
0.29556225

8 

Respiration|Terminal_cytochrome_oxidases 
6.56878498

4 1.415315798 0.30298616 

Protein Metabolism|Periplasmic_disulfide_interchange 
16.8851460

2 1.369121878 
0.30526930

8 

Carbohydrates|Propionyl-CoA_to_Succinyl-CoA_Module 
11.6638041

1 1.396054967 
0.30752986

9 
Clustering-based 
subsystems|Conserved_gene_cluster_associated_with_Met-
tRNA_formyltransferase 

71.6250208
9 1.189751944 

0.30895817
7 

Clustering-based subsystems|Putative_hemin_transporter 
43.2445011

5 -1.249722842 0.31387704 

DNA Metabolism|DNA_structural_proteins,_bacterial 
4.21075960

5 1.302246673 0.3258779 

Phosphorus Metabolism|Phosphate_metabolism 
55.6662419

8 -1.175822877 
0.33045879

1 

Amino Acids and Derivatives|Glycine_cleavage_system 
64.8035903

3 1.110798737 
0.34416864

4 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 40.5917226 -1.162083193 
0.35001244

4 

RNA Metabolism|tRNA_processing 
4.67394316

2 -1.218456779 
0.35148117

9 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Folate_Biosynthesis 
42.5286720

1 1.133851926 
0.35215804

3 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
86.5311098

9 -1.078490375 
0.35243197

9 

Amino Acids and Derivatives|Methionine_Biosynthesis 
12.5901712

2 -1.265097943 
0.35667108

4 

Cell Wall and Capsule|Sialic_Acid_Metabolism 
19.3694941

8 -1.201625641 
0.36787256

7 

Carbohydrates|Isobutyryl-CoA_to_Propionyl-CoA_Module 
12.0848800

7 -1.219353087 
0.37478377

3 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 
12.0848800

7 -1.219353087 
0.37478377

3 

Amino Acids and Derivatives|Polyamine_Metabolism 
6.94775334

9 1.195778168 
0.38559976

6 

Protein Metabolism|Proteasome_bacterial 
234.665632

8 0.941757087 
0.38572621

4 

DNA Metabolism|DNA_repair,_UvrABC_system 
3.91600643

3 -1.082483099 
0.39758975

7 
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Regulation and Cell signaling|Orphan_regulatory_proteins 
3.91600643

3 -1.082483099 
0.39758975

7 

DNA Metabolism|DNA-replication 
18.0220511

1 1.115086674 
0.39900106

9 

DNA Metabolism|DNA_repair,_bacterial_MutL-MutS_system 
3.66336085

7 -1.03381092 
0.41480358

8 

Amino Acids and Derivatives|Lysine_Biosynthesis_DAP_Pathway 
24.1276525

4 -1.059806954 
0.41606355

3 

Respiration|Respiratory_dehydrogenases_1 
24.0013297

5 1.040829939 0.418037 

RNA Metabolism|Rrf2_family_transcriptional_regulators 
15.6640257

3 1.0311126 
0.44027292

8 

Respiration|Respiratory_Complex_I 
94.3631227

6 -0.876403479 
0.44239969

2 

Amino Acids and Derivatives|Methionine_Salvage 
3.15806970

4 -0.930329273 
0.45262438

4 

Cell Division and Cell Cycle|Macromolecular_synthesis_operon 
3.15806970

4 -0.930329273 
0.45262438

4 

Nitrogen Metabolism|Dissimilatory_nitrite_reductase 
1.97905701

5 0.830776331 
0.45387549

5 

Carbohydrates|TCA_Cycle 
80.8044768

3 -0.849383266 
0.46126667

8 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
10.0637154

6 -1.015042111 
0.46149530

1 

Protein Metabolism|Universal_GTPases 
215.717214

6 -0.776707705 
0.47394586

3 

DNA Metabolism|DNA_Repair_Base_Excision 9.81106988 -0.986714978 
0.47423064

8 

Miscellaneous|ZZ_gjo_need_homes 
33.6439692

5 -0.890785385 
0.47725141

9 

Membrane Transport|Ton_and_Tol_transport_systems 
44.1708682

6 -0.828991755 
0.49552060

6 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|NAD_and_NADP_cofactor_biosynthesis_global 2.77910134 -0.827796653 

0.49564215
1 

Protein Metabolism|Ribosomal_protein_S12p_Asp_methylthiotransferase 2.77910134 -0.827796653 
0.49564215

1 

Respiration|Formate_hydrogenase 
28.5068425

3 0.835866545 
0.50629168

4 

Carbohydrates|Di-Inositol-Phosphate_biosynthesis 
2.65277855

1 -0.791036547 
0.51182591

8 

RNA Metabolism|ATP-dependent_RNA_helicases,_bacterial 
16.5482852

5 0.858785074 
0.51753277

6 

Protein Metabolism|Ribosome_SSU_bacterial 
435.476758

4 -0.663790693 
0.52958693

4 

Nitrogen Metabolism|Ammonia_assimilation 
8.67416478

7 -0.849880487 
0.53800805

8 
Protein 
Metabolism|Translation_elongation_factors_eukaryotic_and_archaeal 

8.67416478
7 -0.849880487 

0.53800805
8 

Phages, Prophages, Transposable elements, 
Plasmids|Staphylococcal_pathogenicity_islands_SaPI 

7.83201286
6 0.838772326 

0.54330039
2 

Carbohydrates|Propionate-CoA_to_Succinate_Module 
23.0328550

4 0.777447163 
0.54495286

6 

Membrane Transport|Choline_Transport 
2.40013297

5 -0.714421999 
0.54667374

6 

Amino Acids and Derivatives|Proline_Synthesis 
26.4014627

3 0.736762884 
0.56043822

9 

RNA Metabolism|Polyadenylation_bacterial 
62.0665965

8 -0.678314384 
0.56229913

6 

Protein Metabolism|GroEL_GroES 
941.525847

8 0.596650067 0.56575932 
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Respiration|Biogenesis_of_c-type_cytochromes 20.2958613 0.738808948 
0.56983971

8 

RNA Metabolism|RNA_processing_and_degradation,_bacterial 
8.16887363

4 -0.783496427 0.57022424 

Respiration|F0F1-type_ATP_synthase 
316.312261

6 -0.601693528 0.57093608 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_A_Biosynthesis 

18.9484182
2 -0.723571592 

0.58379665
2 

Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 

34.4861211
7 -0.665783921 

0.59156762
1 

RNA Metabolism|Transcription_factors_bacterial 
34.3597983

8 -0.659837742 
0.59495933

7 

Motility and Chemotaxis|Bacterial_Chemotaxis 
49.7711785

4 -0.632264385 
0.59628760

8 

Amino Acids and Derivatives|Histidine_Biosynthesis 
17.8115131

3 -0.518031044 
0.60321794

1 

Amino Acids and Derivatives|Tryptophan_synthesis 
2.02116461

1 -0.592181074 
0.60568990

5 

Membrane Transport|ABC_transporter_oligopeptide_(TC_3.A.1.5.1) 18.1904815 -0.66465429 
0.61565558

1 

Clustering-based subsystems|Bacterial_Cell_Division 
32.8439249

2 -0.585909561 0.63775457 

Clustering-based subsystems|CBSS-262719.3.peg.410 
17.5588675

5 -0.613107848 
0.64401061

4 

Carbohydrates|Carboxysome 
1.76851903

4 -0.504426677 
0.65072919

4 

DNA Metabolism|DNA_repair,_bacterial_UvrD_and_related_helicases 
1.76851903

4 -0.504426677 
0.65072919

4 

Nitrogen Metabolism|Cyanate_hydrolysis 
1.76851903

4 -0.504426677 
0.65072919

4 

Secondary Metabolism|Steroid_sulfates 
6.90564575

3 -0.599011093 
0.66371045

4 
Carbohydrates|Pyruvate_metabolism_II:_acetyl-
CoA,_acetogenesis_from_pyruvate 

5.60031027
5 0.567838561 

0.67888366
4 

Protein Metabolism|Protein_degradation 
16.8009308

3 -0.548009103 
0.68039332

4 

Cofactors, Vitamins, Prosthetic Groups, Pigments|NAD_regulation 
11.7901268

9 -0.558662907 
0.68228060

3 

Membrane Transport|ABC_transporter_alkylphosphonate_(TC_3.A.1.9.1) 
15.4534877

5 0.527078084 
0.69214844

8 
Nucleosides and 
Nucleotides|Nudix_proteins_(nucleoside_triphosphate_hydrolases) 

18.8220954
4 0.511701576 

0.69542204
3 

Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reducta
se 

6.52667738
8 -0.53745325 

0.69609233
1 

 
 
MAG: bin_008 
Mesocosm water-source: Offshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Motility and Chemotaxis|Bacterial_Chemotaxis 
21.3125004

7 -3.129931135 
0.05496040

5 

Respiration|Respiratory_dehydrogenases_1 27.0489534 2.990804718 
0.05759405

9 

Clustering-based subsystems|Putative_hemin_transporter 
26.4052273

5 -2.626771028 
0.09730638

5 

Protein Metabolism|Protein_chaperones 
309.567879

7 2.351385276 
0.10635978

6 
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Amino Acids and Derivatives|Histidine_Biosynthesis 
10.7661084

8 -2.566457325 
0.11831880

2 

RNA Metabolism|Polyadenylation_bacterial 
29.3007892

3 -2.278994399 
0.14281026

3 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_B12_biosynthesis 

9.00837648
7 -2.407088046 

0.14320464
2 

Protein Metabolism|Proteasome_bacterial 
422.565920

6 2.100124154 
0.14418216

4 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
19.1545828

6 -2.317520372 
0.14594937

9 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
105.825891

2 2.098518438 
0.15097541

4 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 1566.7974 2.040425477 
0.15314208

5 

Respiration|Respiratory_Complex_I 
45.4185884

9 -2.15624383 
0.15465734

5 

Miscellaneous|YbbK 
22.4583864

6 2.203988032 
0.15559828

3 

Amino Acids and Derivatives|Methionine_Degradation 
7.90979398

9 -2.288781023 
0.16381968

3 

Protein Metabolism|tRNA_aminoacylation,_Asp_and_Asn 
17.1771343

6 -2.208202353 0.1669839 

Carbohydrates|Pyruvate_metabolism_I:_anaplerotic_reactions,_PEP 
6.37177849

1 -2.089835871 
0.20264756

3 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 

6.37177849
1 -2.089835871 

0.20264756
3 

Protein Metabolism|Translation_elongation_factor_G_family 
40.6240728

8 -1.817515391 
0.22647623

4 

Amino Acids and Derivatives|Glycine_cleavage_system 
104.052391

4 1.698847711 
0.23789134

3 

RNA Metabolism|Transcription_initiation,_bacterial_sigma_factors 264.745025 1.621436551 
0.25186606

5 

Respiration|F0F1-type_ATP_synthase 
97.9231201

9 -1.649477429 
0.25352211

2 

Stress Response|Glutaredoxins 
33.9386596

7 1.671266315 
0.26367649

1 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
280.541133

4 1.455258227 
0.30027441

1 

Carbohydrates|Butanol_Biosynthesis 
10.3659228

7 -1.676967648 
0.30045974

3 

Respiration|Biogenesis_of_c-type_cytochromes 
23.2980050

7 1.570102565 
0.30221045

7 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
67.7042175

7 -1.453018711 
0.31651086

8 

Secondary Metabolism|Steroid_sulfates 
3.73518049

5 -1.602608488 
0.31922279

1 

Protein Metabolism|Universal_GTPases 
133.250517

5 -1.410017241 
0.32100324

3 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
41.1420006

6 -1.463923809 
0.32347415

5 
Clustering-based 
subsystems|Conserved_gene_cluster_associated_with_Met-
tRNA_formyltransferase 74.9867421 1.411176267 

0.32598408
2 

DNA Metabolism|DNA-replication 
4.99075254

7 1.610061203 
0.32747194

6 

Carbohydrates|Photorespiration_(oxidative_C2_cycle) 
20.1119436

4 -1.506273113 
0.33068877

6 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Chlorophyll_Biosynthesis 
24.9849540

2 -1.470413444 
0.33509950

6 
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Carbohydrates|Pyruvate_Alanine_Serine_Interconversions 
28.4692267

3 1.403988761 
0.34851673

8 

Protein Metabolism|Periplasmic_disulfide_interchange 
3.29574749

5 -1.493034647 0.34938778 

Membrane Transport|ABC_transporter_oligopeptide_(TC_3.A.1.5.1) 
3.07603099

6 -1.433637959 
0.36629922

1 

Protein Metabolism|Ribosomal_protein_S12p_Asp_methylthiotransferase 
3.07603099

6 -1.433637959 
0.36629922

1 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Molybdenum_cofactor_biosynthesis 

6.56801543
4 1.461736368 

0.37122195
7 

Phages, Prophages, Transposable elements, 
Plasmids|Staphylococcal_pathogenicity_islands_SaPI 

12.4376339
8 1.41046333 

0.37165955
8 

RNA Metabolism|tRNA_processing 
2.85631449

6 -1.370925852 
0.38457066

5 
Clustering-based subsystems|Cluster-
based_Subsystem_Grouping_Hypotheticals_-
_perhaps_Proteosome_Related 

5.21046904
7 1.403383845 

0.39308488
5 

Membrane Transport|ABC_transporter_alkylphosphonate_(TC_3.A.1.9.1) 
2.63659799

6 -1.304346551 
0.40442258

3 

Virulence, Disease and Defense|MLST 
12.1629022

6 -1.297324478 
0.41510811

8 

Carbohydrates|Di-Inositol-Phosphate_biosynthesis 
2.41688149

7 -1.234304825 
0.42580997

3 

Amino Acids and Derivatives|Aromatic_amino_acid_degradation 
2.19716499

7 -1.1593307 
0.44924737

4 
Protein 
Metabolism|Translation_elongation_factors_eukaryotic_and_archaeal 

6.85045887
9 -1.220189719 0.45598933 

Protein Metabolism|Ribosome_SSU_bacterial 
312.900808

2 -1.009064391 
0.46556731

3 

Membrane Transport|Ton_and_Tol_transport_systems 
30.8153251

8 -1.07860757 
0.46859708

7 

Phosphorus Metabolism|Phosphate_metabolism 
34.1503200

6 -1.046176275 
0.47901473

3 

Protein Metabolism|Programmed_frameshift 
1.75773199

7 -0.956633463 
0.52078525

4 

Amino Acids and Derivatives|Methionine_Salvage 
10.6014072

1 1.004770384 
0.52647592

6 

RNA Metabolism|RNA_polymerase_bacterial 
50.4331649

7 0.904768386 
0.52885188

5 

Potassium metabolism|Potassium_homeostasis 
13.3007321

5 -0.982222644 
0.53208623

5 

RNA Metabolism|Rrf2_family_transcriptional_regulators 4.29235566 0.960948893 
0.55891676

6 

Membrane Transport|Na(+)_H(+)_antiporter 
2.71509277

3 0.944047901 0.55935199 

Cell Division and Cell Cycle|Macromolecular_synthesis_operon 
1.53801549

8 -0.842137785 
0.56420187

9 
Fatty Acids, Lipids, and 
Isoprenoids|Glycerolipid_and_Glycerophospholipid_Metabolism_in_Bacter
ia 

1.53801549
8 -0.842137785 

0.56420187
9 

Nitrogen Metabolism|Cyanate_hydrolysis 
1.53801549

8 -0.842137785 
0.56420187

9 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
53.9798202

5 -0.826696289 
0.56457341

5 

Carbohydrates|TCA_Cycle 
36.2062633

3 -0.817158169 
0.57676095

2 

Protein Metabolism|GroEL_GroES 778.680785 0.719280991 
0.59752209

8 

Virulence, Disease and Defense|Methicillin_resistance_in_Staphylococci 
8.42772176

5 -0.840410108 
0.60279689

1 
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Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 

15.0977115
3 -0.80144405 

0.60565915
9 

Nucleosides and Nucleotides|Purine_conversions 
44.4535159

9 -0.740035519 
0.60865183

6 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Riboflavin,_FMN_and_FAD_metabolism 

4.51207215
9 0.826350308 

0.61522186
7 

Carbohydrates|Pentose_phosphate_pathway 
8.20800526

5 -0.806453944 
0.61789088

8 

Motility and Chemotaxis|Flagellum_in_Campylobacter 
113.429073

4 -0.677769902 
0.62672794

4 

Respiration|Biogenesis_of_cytochrome_c_oxidases 
20.2454536

3 0.733124203 
0.62727692

3 
Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reductas
e 11.4802732 0.760577276 

0.62887058
5 

Stress Response|Hfl_operon 
13.2772525

9 0.742824365 
0.63329228

2 

Cell Wall and Capsule|Lipid_A_modifications 
2.93480927

3 0.759228728 
0.64088523

8 

RNA Metabolism|ATP-dependent_RNA_helicases,_bacterial 
7.76857226

6 -0.735249953 
0.64994773

8 

Amino Acids and Derivatives|Chorismate_Synthesis 
17.0909278

6 0.680974367 
0.65570752

1 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Ubiquinone_Biosynthesis 
17.0909278

6 0.680974367 
0.65570752

1 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Heme_and_Siroheme_Biosynthesis 

16.8946909
2 -0.661363095 

0.66671293
5 

Amino Acids and Derivatives|Arginine_and_Ornithine_Degradation 
1.09858249

8 -0.584710097 0.67031364 

Carbohydrates|Carboxysome 
1.09858249

8 -0.584710097 0.67031364 

Clustering-based subsystems|NusA-TFII_Cluster 
1.09858249

8 -0.584710097 0.67031364 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Lipoic_acid_metabolism 
1.09858249

8 -0.584710097 0.67031364 

DNA Metabolism|DNA_repair,_bacterial_DinG_and_relatives 
1.09858249

8 -0.584710097 0.67031364 

DNA Metabolism|YcfH 
1.09858249

8 -0.584710097 0.67031364 

Sulfur Metabolism|Utilization_of_glutathione_as_a_sulphur_source 
1.09858249

8 -0.584710097 0.67031364 

Carbohydrates|Mannitol_Utilization 
4.21386088

3 -0.678243711 
0.67985026

7 
Nucleosides and 
Nucleotides|Nudix_proteins_(nucleoside_triphosphate_hydrolases) 

13.9364020
9 0.609336954 

0.69414431
7 

Miscellaneous|ZZ_gjo_need_homes 
30.7133508

4 -0.552866099 
0.70693325

8 

Carbohydrates|Propionate-CoA_to_Succinate_Module 
6.74848454

5 0.606231166 
0.70904355

3 

Amino Acids and Derivatives|Alanine_biosynthesis 
44.2260877

6 0.513784707 
0.72040019

9 

Amino Acids and Derivatives|Methionine_Biosynthesis 
19.9864897

5 0.520825148 
0.72977611

8 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
6.96820104

4 0.53215023 
0.74281118

4 

Iron acquisition and metabolism|Transport_of_Iron 
6.66998976

8 -0.534337543 
0.74291082

9 

Stress Response|Glutathione:_Non-redox_reactions 
6.66998976

8 -0.534337543 
0.74291082

9 
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MAG: bin_040 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Respiration|F0F1-type_ATP_synthase 
171.657162

7 -2.226040188 
0.09776480

8 
Regulation and Cell signaling|Autoinducer_2_(AI-
2)_transport_and_processing_(lsrACDBFGE_operon) 

394.333210
3 -2.070390106 

0.11410893
9 

Carbohydrates|D-ribose_utilization 
151.274494

9 -1.922341069 
0.14696039

5 

Amino Acids and Derivatives|Polyamine_Metabolism 
21.1784738

7 -1.917604519 
0.20310498

1 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

5.07969508
3 -2.070320968 

0.20515874
4 

Protein Metabolism|Ribosome_SSU_bacterial 
112.404515

5 -1.550766287 0.23717607 

Carbohydrates|L-rhamnose_utilization 
4.15611415

9 -1.847581614 
0.25383131

7 

Protein Metabolism|Ribosome_LSU_bacterial 
119.347065

7 -1.45435513 
0.26395547

3 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
5.33413015

9 1.595696366 
0.33218228

6 

Phosphorus Metabolism|Phosphate_metabolism 5.62106616 -1.555487173 
0.34429533

7 
Amino Acids and Derivatives|Proline,_4-
hydroxyproline_uptake_and_utilization 

2.77074277
3 -1.427284065 

0.36187301
5 

Secondary Metabolism|Auxin_biosynthesis 
2.77074277

3 -1.427284065 
0.36187301

5 

RNA Metabolism|RNA_polymerase_bacterial 
43.6145443

6 -1.238771434 
0.36643732

9 

Respiration|Respiratory_Complex_I 
5.15927569

8 -1.456239502 
0.37619393

7 

Carbohydrates|TCA_Cycle 2.30895231 -1.256579365 0.41148414 

DNA Metabolism|DNA-replication 2.30895231 -1.256579365 0.41148414 

Membrane Transport|ABC_transporter_oligopeptide_(TC_3.A.1.5.1) 2.30895231 -1.256579365 0.41148414 

Cell Wall and Capsule|Peptidoglycan_Biosynthesis 2.16548431 1.218444649 
0.42141531

5 

Amino Acids and Derivatives|Methionine_Degradation 
4.23569477

4 -1.232471778 0.45326309 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 
4.23569477

4 -1.232471778 0.45326309 

Protein Metabolism|Proteolysis_in_bacteria,_ATP-dependent 50.5077859 1.004733666 
0.45404099

4 

Carbohydrates|Pentose_phosphate_pathway 
1.84716184

8 -1.065031382 
0.47090605

1 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 
1.84716184

8 -1.065031382 
0.47090605

1 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
1.84716184

8 -1.065031382 
0.47090605

1 

DNA Metabolism|Plasmid_replication 
5.25454954

3 1.134902372 0.48994305 
Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reductas
e 

3.16864584
9 1.016178767 

0.53203380
9 

Carbohydrates|L-fucose_utilization_temp 
1.38537138

6 -0.849853324 
0.54242890

2 
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Cofactors, Vitamins, Prosthetic Groups, Pigments|Lipoic_acid_metabolism 
1.38537138

6 -0.849853324 
0.54242890

2 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Menaquinone_and_Phylloquinone_Biosynthesis 

1.38537138
6 -0.849853324 

0.54242890
2 

Stress Response|Glutathione_analogs:_mycothiol 
1.38537138

6 -0.849853324 
0.54242890

2 

DNA Metabolism|DNA_repair,_bacterial 
10.3499378

6 0.933893047 
0.55282525

3 

Carbohydrates|Inositol_catabolism 
6.70380831

5 -0.932666976 
0.56660833

4 

Amino Acids and Derivatives|Glycine_cleavage_system 
1.08274215

5 0.703854065 
0.59218471

9 

RNA Metabolism|tRNA_processing 
1.08274215

5 0.703854065 
0.59218471

9 

Carbohydrates|Carboxysome 
0.92358092

4 -0.638319301 0.61841343 

Carbohydrates|Fermentations:_Mixed_acid 
0.92358092

4 -0.638319301 0.61841343 

Fatty Acids, Lipids, and Isoprenoids|Isoprenoid_Biosynthesis 
0.92358092

4 -0.638319301 0.61841343 

Nucleosides and Nucleotides|De_Novo_Purine_Biosynthesis 
0.92358092

4 -0.638319301 0.61841343 
Potassium metabolism|Glutathione-regulated_potassium-
efflux_system_and_associated_functions 

0.92358092
4 -0.638319301 0.61841343 

Virulence, Disease and Defense|Resistance_to_fluoroquinolones 
0.92358092

4 -0.638319301 0.61841343 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
5.78022739

1 -0.74043319 0.65102414 

Amino Acids and Derivatives|Methionine_Biosynthesis 
0.54137107

7 0.539483967 
0.66904130

7 

Carbohydrates|Isobutyryl-CoA_to_Propionyl-CoA_Module 
0.54137107

7 0.539483967 
0.66904130

7 
Clustering-based subsystems|Cluster-
based_Subsystem_Grouping_Hypotheticals_-
_perhaps_Proteosome_Related 

0.54137107
7 0.539483967 

0.66904130
7 

DNA Metabolism|RuvABC_plus_a_hypothetical 
0.54137107

7 0.539483967 
0.66904130

7 
Nucleosides and 
Nucleotides|Nudix_proteins_(nucleoside_triphosphate_hydrolases) 

0.54137107
7 0.539483967 

0.66904130
7 

Nucleosides and Nucleotides|Purine_conversions 
0.54137107

7 0.539483967 
0.66904130

7 

Protein Metabolism|Protein_chaperones 
0.54137107

7 0.539483967 
0.66904130

7 
Regulation and Cell 
signaling|Sex_pheromones_in_Enterococcus_faecalis_and_other_Firmicute
s 

0.54137107
7 0.539483967 

0.66904130
7 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
11.1782449

4 -0.636857814 
0.68235521

7 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
87.6886502

4 0.502895721 
0.69244875

6 

Amino Acids and Derivatives|Arginine_Biosynthesis_extended 
2.08590369

4 0.608712251 
0.69807855

8 
Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 

3.85348492
7 -0.633436963 

0.69991794
2 

 
 
 
 
 



 
 
 

 

140 

MAG: bin_040 
Mesocosm water-source: Offshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

DNA Metabolism|DNA_repair,_bacterial 
18.1417657

2 2.623601146 
0.07885536

5 

Respiration|F0F1-type_ATP_synthase 
84.0354527

8 -2.166578865 
0.10956405

1 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
215.067706

6 2.045445948 
0.11993797

2 

Protein Metabolism|Proteolysis_in_bacteria,_ATP-dependent 
38.3129173

1 2.118237848 
0.12918961

7 

Carbohydrates|D-ribose_utilization 192.687828 -1.389716464 0.27503596 
Regulation and Cell signaling|Autoinducer_2_(AI-
2)_transport_and_processing_(lsrACDBFGE_operon) 

191.810000
7 -1.328971897 

0.29507480
4 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
16.8580611

8 1.489339641 
0.30209110

6 

Protein Metabolism|Proteasome_bacterial 
2.30311698

1 1.386905803 
0.34534214

6 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 10.8076596 1.273816284 
0.39227265

1 
Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reductas
e 

1.72733773
5 1.137068279 

0.42087264
1 

Amino Acids and Derivatives|Glycine_cleavage_system 
1.73677673

9 -1.103281317 
0.43543561

5 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
1.30258255

5 -0.890897036 0.50713852 

Virulence, Disease and Defense|MLST 
1.30258255

5 -0.890897036 0.50713852 

Amino Acids and Derivatives|Valine_degradation 1.15155849 0.836520157 
0.52213931

5 

Cell Wall and Capsule|Sialic_Acid_Metabolism 1.15155849 0.836520157 
0.52213931

5 
Potassium metabolism|Glutathione-regulated_potassium-
efflux_system_and_associated_functions 1.15155849 0.836520157 

0.52213931
5 

RNA Metabolism|RNA_processing_and_degradation,_bacterial 1.15155849 0.836520157 
0.52213931

5 

Amino Acids and Derivatives|Polyamine_Metabolism 
6.93766795

4 -0.929152728 
0.54389282

5 

Protein Metabolism|Ribosome_LSU_bacterial 
118.601085

5 -0.738215152 
0.55565391

7 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
56.5301950

7 0.755103042 
0.55896092

6 

Carbohydrates|Glycolysis_and_Gluconeogenesis 0.86838837 -0.643665879 
0.59811087

5 

Carbohydrates|TCA_Cycle 0.86838837 -0.643665879 
0.59811087

5 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 0.86838837 -0.643665879 
0.59811087

5 

Phosphorus Metabolism|Phosphate_metabolism 0.86838837 -0.643665879 
0.59811087

5 

Carbohydrates|D-galactonate_catabolism 
0.57577924

5 0.529172338 
0.64517430

7 

Carbohydrates|Isobutyryl-CoA_to_Propionyl-CoA_Module 
0.57577924

5 0.529172338 
0.64517430

7 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
0.57577924

5 0.529172338 
0.64517430

7 
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Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_B12_biosynthesis 

0.57577924
5 0.529172338 

0.64517430
7 

Cofactors, Vitamins, Prosthetic Groups, Pigments|NAD_regulation 
0.57577924

5 0.529172338 
0.64517430

7 
Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 

0.57577924
5 0.529172338 

0.64517430
7 

DNA Metabolism|Plasmid_replication 
6.64505882

9 -0.540073848 
0.72398824

8 
 
 
MAG: bin_093 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Motility and Chemotaxis|Bacterial_Chemotaxis 
14.4878675

1 -3.306297241 
0.09489813

7 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
14.3825777

8 3.146722375 
0.10456827

2 

RNA Metabolism|Transcription_factors_bacterial 
8.14942547

6 -2.883384842 
0.14794705

1 

Carbohydrates|Photorespiration_(oxidative_C2_cycle) 
60.0221681

7 2.478360105 
0.17773962

7 

Amino Acids and Derivatives|Lysine_Biosynthesis_DAP_Pathway 
4.14139623

7 2.649161005 0.18528642 
Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 

16.9446279
9 2.39270082 0.20588949 

Respiration|F0F1-type_ATP_synthase 
14.1088244

7 -2.411058005 
0.21023950

4 

Nitrogen Metabolism|Ammonia_assimilation 
5.13111974

4 -2.500917364 
0.21108199

4 

Iron acquisition and metabolism|Iron_acquisition_in_Vibrio 
4.22562802

5 -2.332253233 
0.24349730

7 

Protein Metabolism|Ribosome_biogenesis_bacterial 
3.62196687

8 -2.196143783 
0.27160968

1 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 
3.01830573

2 -2.033859429 
0.30729421

7 

Protein Metabolism|Universal_GTPases 
3.01830573

2 -2.033859429 
0.30729421

7 

Amino Acids and Derivatives|Alanine_biosynthesis 4.44322681 1.999305772 
0.31384180

4 

Phosphorus Metabolism|Phosphate_metabolism 
8.37404357

7 -1.884975604 
0.33230785

7 

Carbohydrates|Pyruvate_metabolism_I:_anaplerotic_reactions,_PEP 
9.49011476

7 1.76835109 
0.35519377

6 

Fatty Acids, Lipids, and Isoprenoids|Fatty_Acid_Biosynthesis_FASII 
2.41464458

6 -1.819370846 
0.35836872

8 

Nucleosides and Nucleotides|De_Novo_Purine_Biosynthesis 
2.41464458

6 -1.819370846 
0.35836872

8 
Regulation and Cell 
signaling|Sex_pheromones_in_Enterococcus_faecalis_and_other_Firmicute
s 

2.41464458
6 -1.819370846 

0.35836872
8 

Protein Metabolism|Ribosome_LSU_bacterial 
109.894405

9 -1.42456639 
0.42442910

3 

Amino Acids and Derivatives|Branched-Chain_Amino_Acid_Biosynthesis 
21.6475694

8 -1.429590413 
0.43851274

9 

Carbohydrates|Butanol_Biosynthesis 
9.80598397

1 -1.46121642 0.4447282 

Nucleosides and Nucleotides|Hydantoin_metabolism 
2.78666831

5 1.490632436 
0.45594387

1 
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RNA Metabolism|tRNA_processing 
2.78666831

5 1.490632436 
0.45594387

1 

Respiration|Respiratory_Complex_I 
12.7470772

3 -1.352465325 
0.47272765

3 

Carbohydrates|D-ribose_utilization 
1.50915286

6 -1.326886863 
0.49338966

4 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Pyridoxin_(Vitamin_B6)_Biosynthesis 

1.50915286
6 -1.326886863 

0.49338966
4 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
1.50915286

6 -1.326886863 
0.49338966

4 

Stress Response|Rubrerythrin 
15.0845093

4 -1.235845339 
0.50750140

7 

Amino Acids and Derivatives|Glycine_cleavage_system 
0.82827924

7 1.124062994 
0.52995364

6 

DNA Metabolism|Plasmid_replication 
0.82827924

7 1.124062994 
0.52995364

6 

Nitrogen Metabolism|Dissimilatory_nitrite_reductase 
0.82827924

7 1.124062994 
0.52995364

6 

Amino Acids and Derivatives|Ketoisovalerate_oxidoreductase 
1.20732229

3 -1.106888324 
0.56075888

1 

Cell Division and Cell Cycle|Macromolecular_synthesis_operon 
1.20732229

3 -1.106888324 
0.56075888

1 
Miscellaneous|Conserved_gene_cluster_possibly_involved_in_RNA_metab
olism 

1.20732229
3 -1.106888324 

0.56075888
1 

RNA Metabolism|Queuosine-Archaeosine_Biosynthesis 
1.20732229

3 -1.106888324 
0.56075888

1 

Stress Response|Glutathione:_Redox_cycle 
1.20732229

3 -1.106888324 
0.56075888

1 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
1.20732229

3 -1.106888324 
0.56075888

1 

Amino Acids and Derivatives|Methionine_Degradation 
7.39133938

5 -1.119538735 
0.56150199

1 

DNA Metabolism|RuvABC_plus_a_hypothetical 
1.95838906

8 1.107269802 0.57896459 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Heme_and_Siroheme_Biosynthesis 

3.08849888
9 1.088212538 

0.58513345
5 

Protein Metabolism|Proteasome_bacterial 
3.08849888

9 1.088212538 
0.58513345

5 

Clustering-based subsystems|CBSS-262719.3.peg.410 
3.84658497

9 -1.021587969 
0.60680689

7 

Amino Acids and Derivatives|Proline_Synthesis 0.90549172 -0.845417428 
0.64647159

6 

Carbohydrates|Acetyl-CoA_fermentation_to_Butyrate 0.90549172 -0.845417428 
0.64647159

6 

Cell Wall and Capsule|Lipid_A-Ara4N_pathway_(_Polymyxin_resistance_) 0.90549172 -0.845417428 
0.64647159

6 

DNA Metabolism|DNA_repair,_bacterial 0.90549172 -0.845417428 
0.64647159

6 

Potassium metabolism|Potassium_homeostasis 0.90549172 -0.845417428 
0.64647159

6 

Stress Response|Glutathione_analogs:_mycothiol 0.90549172 -0.845417428 
0.64647159

6 

Protein Metabolism|Proteolysis_in_bacteria,_ATP-dependent 
15.5969193

9 0.802086102 
0.66342430

6 

Cofactors, Vitamins, Prosthetic Groups, Pigments|NAD_regulation 
11.9047593

5 0.810246876 
0.66414545

7 

RNA Metabolism|RNA_polymerase_bacterial 
13.1963134

3 -0.768057322 0.67993878 

RNA Metabolism|Polyadenylation_bacterial 
10.5570507

5 -0.752238238 
0.68941631

7 
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Clustering-based 
subsystems|Conserved_gene_cluster_associated_with_Met-
tRNA_formyltransferase 

2.26021964
1 0.722126027 

0.71805970
3 

RNA Metabolism|Rrf2_family_transcriptional_regulators 
2.26021964

1 0.722126027 
0.71805970

3 

Respiration|Coenzyme_F420_hydrogenase 
2.26021964

1 0.722126027 
0.71805970

3 

Respiration|Succinate_dehydrogenase 2.94109326 -0.706525303 
0.72336086

5 

Nitrogen Metabolism|Nitric_oxide_synthase 
4.82226985

5 0.68536778 
0.72595112

6 

Protein Metabolism|Ribosome_SSU_bacterial 
68.9156411

1 -0.605977894 
0.73182749

1 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_B12_biosynthesis 

16.3620247
9 -0.601507098 

0.74371456
4 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Biotin_biosynthesis 
7.31412691

3 -0.613823431 
0.74878492

1 

Cell Wall and Capsule|Peptidoglycan_Biosynthesis 25.1080921 -0.578402372 0.74923419 

Amino Acids and Derivatives|Arginine_Biosynthesis_extended 
0.60366114

6 -0.538733235 
0.75655213

7 

Amino Acids and Derivatives|Valine_degradation 
0.60366114

6 -0.538733235 
0.75655213

7 

Clustering-based subsystems|LMPTP_YwlE_cluster 
0.60366114

6 -0.538733235 
0.75655213

7 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 
0.60366114

6 -0.538733235 
0.75655213

7 

DNA Metabolism|DNA_Repair_Base_Excision 
0.60366114

6 -0.538733235 
0.75655213

7 

DNA Metabolism|DNA_repair,_UvrABC_system 
0.60366114

6 -0.538733235 
0.75655213

7 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 

0.60366114
6 -0.538733235 

0.75655213
7 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 
0.60366114

6 -0.538733235 
0.75655213

7 
Protein 
Metabolism|Translation_elongation_factors_eukaryotic_and_archaeal 

0.60366114
6 -0.538733235 

0.75655213
7 

Respiration|Anaerobic_respiratory_reductases 
0.60366114

6 -0.538733235 
0.75655213

7 

Stress Response|Oxidative_stress 
0.60366114

6 -0.538733235 
0.75655213

7 

Virulence, Disease and Defense|MLST 
0.60366114

6 -0.538733235 
0.75655213

7 

Membrane Transport|pVir_Plasmid_of_Campylobacter 4.9766948 -0.602243782 
0.75819289

6 

Protein Metabolism|Protein_chaperones 
3.69216003

5 0.596263387 
0.76311958

1 

Secondary Metabolism|Auxin_biosynthesis 
3.69216003

5 0.596263387 
0.76311958

1 
Carbohydrates|Glycerol_and_Glycerol-3-
phosphate_Uptake_and_Utilization 

1.13010982
1 0.545025769 

0.77874628
3 

Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_F420_synthesis 

1.13010982
1 0.545025769 

0.77874628
3 

Secondary Metabolism|Phenylpropionate_Degradation 
1.13010982

1 0.545025769 
0.77874628

3 
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MAG: bin_093 
Mesocosm water-source: Offshore 

SEED Subsystem 
baseMea

n 
log2FoldCha

nge pvalue 

Respiration|F0F1-type_ATP_synthase 
19.689935

21 -3.746319155 
0.0414621

26 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Coenzyme_B12_biosynthesis 
13.737164

1 -3.482060835 
0.0594663

94 

RNA Metabolism|Polyadenylation_bacterial 
10.073920

34 -3.227673973 
0.0821739

47 

Carbohydrates|Photorespiration_(oxidative_C2_cycle) 
178.44223

93 2.539224164 
0.1237374

06 

DNA Metabolism|DNA-replication 
13.472987

86 2.406557931 
0.1749878

13 

Motility and Chemotaxis|Bacterial_Chemotaxis 
20.500075

65 -2.104533605 
0.2213633

33 

Amino Acids and Derivatives|Cysteine_Biosynthesis 
3.6632437

59 -2.267655384 
0.2250415

58 

Protein Metabolism|Universal_GTPases 
11.623754

24 -2.089338932 
0.2397157

09 

Fatty Acids, Lipids, and Isoprenoids|Fatty_Acid_Biosynthesis_FASII 
3.2053382

89 -2.133206624 
0.2526154

84 

Membrane Transport|pVir_Plasmid_of_Campylobacter 
3.2053382

89 -2.133206624 
0.2526154

84 

Phosphorus Metabolism|Phosphate_metabolism 
10.250037

83 -1.947494046 
0.2749926

47 

Nitrogen Metabolism|Nitric_oxide_synthase 
2.7474328

19 -1.978459562 
0.2865370

67 

RNA Metabolism|RNA_polymerase_bacterial 
12.627623

92 -1.821548747 
0.2991883

64 

Nucleosides and Nucleotides|Purine_conversions 
15.938632

7 1.76977986 
0.3048321

41 

Nucleosides and Nucleotides|Ribonucleotide_reduction 
40.524634

09 -1.641618631 
0.3188443

89 

Carbohydrates|TCA_Cycle 
11.253907

51 -1.68414843 
0.3389448

78 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
14.300740

06 1.637206218 
0.3439186

51 

RNA Metabolism|Transcription_factors_bacterial 
10.338096

57 -1.580956035 
0.3708415

56 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
104.33200

01 1.417577928 
0.3749661

17 

Carbohydrates|Acetyl-CoA_fermentation_to_Butyrate 
7.5026050

07 -1.582160542 
0.3806772

92 
Regulation and Cell 
signaling|Sex_pheromones_in_Enterococcus_faecalis_and_other_Firmicutes 

4.2796549
69 1.62793851 

0.3812938
41 

Carbohydrates|D-ribose_utilization 
1.8316218

8 -1.583077904 
0.3830479

43 
Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 

18.950241
75 1.461743454 

0.3880980
04 

Clustering-based subsystems|Cluster-
based_Subsystem_Grouping_Hypotheticals_-_perhaps_Proteosome_Related 

6.3754530
81 1.554889952 0.3929213 

Cofactors, Vitamins, Prosthetic Groups, 
Pigments|NAD_and_NADP_cofactor_biosynthesis_global 

1.6378926
42 1.516752531 

0.3988459
28 

Iron acquisition and metabolism|Siderophore_Pyoverdine 
1.6378926

42 1.516752531 
0.3988459

28 

Protein Metabolism|Selenocysteine_metabolism 
1.6378926

42 1.516752531 
0.3988459

28 
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Respiration|Respiratory_Complex_I 
18.474724

54 -1.374680604 
0.4171112

63 

Amino Acids and Derivatives|Lysine_Biosynthesis_DAP_Pathway 
3.7336907

54 1.472771978 
0.4297692

03 
Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 

1.3737164
1 -1.321863484 

0.4537739
42 

DNA Metabolism|DNA_repair,_bacterial 
1.3737164

1 -1.321863484 
0.4537739

42 

Metabolism of Aromatic Compounds|Aromatic_Amin_Catabolism 
1.3737164

1 -1.321863484 
0.4537739

42 

Potassium metabolism|Potassium_homeostasis 
1.3737164

1 -1.321863484 
0.4537739

42 

Protein Metabolism|Translation_elongation_factors_eukaryotic_and_archaeal 
1.3737164

1 -1.321863484 
0.4537739

42 

RNA Metabolism|Rrf2_family_transcriptional_regulators 
1.3737164

1 -1.321863484 
0.4537739

42 

Cofactors, Vitamins, Prosthetic Groups, Pigments|NAD_regulation 
8.9291566

63 1.283354965 
0.4686182

2 

Amino Acids and Derivatives|Methionine_Biosynthesis 
3.7513025

03 -1.339391071 
0.4724756

62 

Stress Response|Oxidative_stress 
3.7513025

03 -1.339391071 
0.4724756

62 

Protein Metabolism|Protein_chaperones 
4.7375604

38 1.194115742 
0.5168289

54 

Secondary Metabolism|Phenylpropionate_Degradation 
4.7375604

38 1.194115742 
0.5168289

54 

Amino Acids and Derivatives|Valine_degradation 
5.2130776

57 -1.136203345 
0.5352872

91 

Protein Metabolism|Ribosome_LSU_bacterial 
114.89904

94 -0.968770827 
0.5388027

81 

Stress Response|Rubrerythrin 
14.353575

31 -1.027774709 
0.5471602

4 

Amino Acids and Derivatives|Histidine_Biosynthesis 
8.5945334

35 -1.024307101 
0.5626671

97 

Stress Response|Glutathione_analogs:_mycothiol 
2.6417623

26 1.082018492 
0.5632569

05 
Amino Acids and 
Derivatives|Chorismate:_Intermediate_for_synthesis_of_PAPA_antibiotics,_PAB
A,_anthranilate,_3-hydroxyanthranilate_and_more. 

0.9158109
4 -0.957929731 

0.5654837
21 

Amino Acids and Derivatives|Glycine_cleavage_system 
0.9158109

4 -0.957929731 
0.5654837

21 

Carbohydrates|Glycerol_and_Glycerol-3-phosphate_Uptake_and_Utilization 
0.9158109

4 -0.957929731 
0.5654837

21 

Clustering-based subsystems|Putative_hemin_transporter 
0.9158109

4 -0.957929731 
0.5654837

21 
Phages, Prophages, Transposable elements, 
Plasmids|Staphylococcal_pathogenicity_islands_SaPI 

0.9158109
4 -0.957929731 

0.5654837
21 

Virulence, Disease and Defense|Resistance_to_fluoroquinolones 
7.2912640

21 1.014628707 
0.5704794

37 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Folate_Biosynthesis 
4.7551721

87 -1.02073113 
0.5790259

9 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Thiamin_biosynthesis 
2.8354915

64 -1.020944496 
0.5854307

62 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Pyridoxin_(Vitamin_B6)_Biosynthesis 

6.2169473
41 -0.927539116 

0.6078825
74 

Nitrogen Metabolism|Ammonia_assimilation 
6.2169473

41 -0.927539116 
0.6078825

74 

Carbohydrates|Butanol_Biosynthesis 
22.666320

76 -0.830447997 
0.6157610

62 
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DNA Metabolism|RuvABC_plus_a_hypothetical 
5.1954659

08 0.893178628 
0.6248718

01 

Carbohydrates|Glycolysis_and_Gluconeogenesis 
4.2972667

17 -0.892382972 
0.6290403

51 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Menaquinone_and_Phylloquinone_Biosynthesis 

4.2972667
17 -0.892382972 

0.6290403
51 

Protein Metabolism|tRNA_aminoacylation,_Glu_and_Gln 
4.2972667

17 -0.892382972 
0.6290403

51 

Carbohydrates|Isobutyryl-CoA_to_Propionyl-CoA_Module 
2.0957981

12 0.827170091 
0.6576619

22 

Nucleosides and Nucleotides|Purine_Utilization 
2.0957981

12 0.827170091 
0.6576619

22 

Amino Acids and Derivatives|Polyamine_Metabolism 
2.3775860

94 -0.823398661 
0.6598758

66 

Amino Acids and Derivatives|Glycine_and_Serine_Utilization 
0.5459642

14 0.662912308 
0.6693335

01 

Cell Wall and Capsule|KDO2-Lipid_A_biosynthesis 
0.5459642

14 0.662912308 
0.6693335

01 
Fatty Acids, Lipids, and 
Isoprenoids|Glycerolipid_and_Glycerophospholipid_Metabolism_in_Bacteria 

0.5459642
14 0.662912308 

0.6693335
01 

Protein Metabolism|Ribosomal_protein_S12p_Asp_methylthiotransferase 
0.5459642

14 0.662912308 
0.6693335

01 

Protein Metabolism|Signal_peptidase 
0.5459642

14 0.662912308 
0.6693335

01 

Nucleosides and Nucleotides|De_Novo_Pyrimidine_Synthesis 
5.3011364

01 -0.709614083 
0.6970145

71 

Protein Metabolism|Ribosome_biogenesis_bacterial 
5.3011364

01 -0.709614083 
0.6970145

71 

Respiration|Succinate_dehydrogenase 
5.3011364

01 -0.709614083 
0.6970145

71 

Protein Metabolism|Ribosome_SSU_bacterial 
73.546663

16 -0.584923031 
0.7107573

33 

Carbohydrates|Lacto-N-Biose_I_and_Galacto-N-Biose_Metabolic_Pathway 
0.4579054

7 -0.531437633 
0.7325883

24 

Carbohydrates|Mannose_Metabolism 
0.4579054

7 -0.531437633 
0.7325883

24 

Cell Division and Cell Cycle|Macromolecular_synthesis_operon 
0.4579054

7 -0.531437633 
0.7325883

24 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Lipoic_acid_metabolism 
0.4579054

7 -0.531437633 
0.7325883

24 

DNA Metabolism|DNA_repair,_UvrABC_system 
0.4579054

7 -0.531437633 
0.7325883

24 

Iron acquisition and metabolism|Iron_acquisition_in_Vibrio 
0.4579054

7 -0.531437633 
0.7325883

24 
Membrane Transport|ABC_transporter_branched-
chain_amino_acid_(TC_3.A.1.4.1) 

0.4579054
7 -0.531437633 

0.7325883
24 

Membrane Transport|ABC_transporter_dipeptide_(TC_3.A.1.5.2) 
0.4579054

7 -0.531437633 
0.7325883

24 
Metabolism of Aromatic Compounds|Central_meta-
cleavage_pathway_of_aromatic_compound_degradation 

0.4579054
7 -0.531437633 

0.7325883
24 

Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reductase 

0.4579054
7 -0.531437633 

0.7325883
24 

Protein Metabolism|N-linked_Glycosylation_in_Bacteria 
0.4579054

7 -0.531437633 
0.7325883

24 

RNA Metabolism|RNA_processing_and_degradation,_bacterial 
0.4579054

7 -0.531437633 
0.7325883

24 

Respiration|Biogenesis_of_c-type_cytochromes 
0.4579054

7 -0.531437633 
0.7325883

24 

Cell Wall and Capsule|Peptidoglycan_Biosynthesis 
34.624698

22 -0.538989923 
0.7384435
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Nucleosides and Nucleotides|De_Novo_Purine_Biosynthesis 
3.3814557

78 -0.583856241 
0.7539185

17 

Carbohydrates|Pyruvate_metabolism_I:_anaplerotic_reactions,_PEP 
4.1035374

8 0.574209031 
0.7558678

9 

DNA Metabolism|Plasmid_replication 
5.1074071

64 0.513316797 
0.7783080

64 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Riboflavin,_FMN_and_FAD_metabolism 

1.5498338
98 0.508560673 

0.7825432
17 

DNA Metabolism|DNA_Repair_Base_Excision 
1.5498338

98 0.508560673 
0.7825432

17 

Protein Metabolism|Proteasome_bacterial 
1.5498338

98 0.508560673 
0.7825432

17 

Respiration|Anaerobic_respiratory_reductases 
1.5498338

98 0.508560673 
0.7825432

17 

Sulfur Metabolism|Thioredoxin-disulfide_reductase 
1.5498338

98 0.508560673 
0.7825432

17 

Virulence, Disease and Defense|Copper_homeostasis 
1.5498338

98 0.508560673 
0.7825432

17 
 
 
MAG: bin_105 
Mesocosm water-source: Nearshore 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 
Protein 
Metabolism|Glycine_reductase,_sarcosine_reductase_and_betaine_reductas
e 47 1.143984155 

0.06569490
2 

Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Heme_and_Siroheme_Biosynthesis 15 1.12108083 

0.08384370
3 

Amino Acids and Derivatives|Polyamine_Metabolism 10 -0.831074677 
0.19608731

3 

Carbohydrates|Mannitol_Utilization 19.5 -0.805768351 
0.20413495

3 

DNA Metabolism|DNA_repair,_bacterial 4.5 0.692801758 
0.23051387

1 
Cell Division and Cell 
Cycle|Two_cell_division_clusters_relating_to_chromosome_partitioning 4.5 -0.692801758 

0.23051387
1 

Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 14.5 0.737009628 

0.25447480
4 

RNA Metabolism|RNA_polymerase_bacterial 106.5 0.520924679 
0.31075611

3 

Membrane Transport|pVir_Plasmid_of_Campylobacter 6 -0.566933316 0.36554718 
 
 
MAG: bin_105 
Mesocosm water-source: Offshore 

SEED Subsystem baseMean log2FoldChange pvalue 
Respiration|Ubiquinone_Menaquinone-
cytochrome_c_reductase_complexes 

104.283652
8 1.094895454 

0.06181764
4 

Carbohydrates|Mannitol_Utilization 
23.1777837

2 -1.116687419 
0.08174361

8 
Amino Acids and Derivatives|Branched-
Chain_Amino_Acid_Biosynthesis 

65.9433026
3 0.816487268 

0.18511350
6 

Phosphorus Metabolism|Phosphate_metabolism 
27.6922101

6 -0.855275587 0.1917749 

Carbohydrates|TCA_Cycle 
50.6962665

8 -0.801886739 
0.20683145

1 
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Amino Acids and Derivatives|Polyamine_Metabolism 
35.5241241

1 -0.792093476 
0.22535252

2 

RNA Metabolism|RNA_polymerase_bacterial 
71.7638460

7 0.727976336 0.2276538 

Nucleosides and Nucleotides|De_Novo_Purine_Biosynthesis 
26.7287597

2 -0.720539277 0.27163488 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Coenzyme_A_Biosynthesis 

11.8347345
7 -0.64845006 

0.27806646
5 

DNA Metabolism|DNA_repair,_bacterial 16.7563768 -0.59389067 
0.35069974

6 

RNA Metabolism|Polyadenylation_bacterial 
24.9907185

1 0.600078802 0.35928453 

Membrane Transport|pVir_Plasmid_of_Campylobacter 
21.6780190

3 -0.554353499 
0.39499275

7 
Cofactors, Vitamins, Prosthetic Groups, 
Pigments|Pyridoxin_(Vitamin_B6)_Biosynthesis 

21.0325267
2 0.519956044 

0.42369514
5 
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Supplementary Table S3.4. Differential expression of specific functional processes based on 
SEED annotations for MAG bin020 between the t-DOM and control mesocosms for nearshore 
lake-water at 19h using DESeq2. A positive value in the column ‘log2FoldChange’ for a specific 
functional process indicates a higher expression for that function in the t-DOM sample as 
compared to the control, and a negative value indicates the opposite. Only those functional 
processes that are different between the control and t-DOM mesocosms by a fold-change of 0.5 
or more are shown. Functional processes that are significantly differentially expressed (Wald 
test, P value < 0.05) between the control and t-DOM mesocosm are highlighted in yellow. 
 

SEED Subsystem baseMean 
log2FoldChang

e pvalue 

Protein Metabolism|Proteasome_bacterial 
270.899373

2 1.218316859 
0.00970602

9 

Carbohydrates|TCA_Cycle 
283.239452

2 1.02997452 
0.02332632

7 

Stress Response|Heat_shock_dnaK_gene_cluster_extended 
1010.34019

8 1.14445971 
0.02738992

4 

Protein Metabolism|GroEL_GroES 
1334.60112

5 1.11639979 
0.03239995

8 

Amino Acids and Derivatives|Methionine_Degradation 
65.9727328

3 0.964736786 
0.04851888

5 

DNA Metabolism|DNA_repair,_bacterial_RecFOR_pathway 
82.5851499

2 0.862359249 
0.06473056

9 
Protein 
Metabolism|Translation_elongation_factors_eukaryotic_and_archaeal 

9.31781387
5 -0.921872248 

0.06659020
8 

Amino Acids and Derivatives|Proline_Synthesis 
128.948302

5 0.786498512 
0.07448138

5 

RNA Metabolism|tRNA_processing 
64.6071911

4 0.853080055 
0.07786316

1 

Clustering-based subsystems|Bacterial_Cell_Division 
298.882937

1 0.706403709 
0.09599932

4 

Iron acquisition and metabolism|Transport_of_Iron 
42.9794205

7 0.828498515 
0.09957257

9 

Cofactors, Vitamins, Prosthetic Groups, Pigments|NAD_regulation 14.247821 -0.820914747 
0.11592022

5 

Amino Acids and Derivatives|Lysine_Biosynthesis_DAP_Pathway 
37.4419482

1 -0.787389937 
0.12004813

1 
Metabolism of Aromatic Compounds|Protocatechuate_branch_of_beta-
ketoadipate_pathway 13.5951724 0.800732885 

0.12503703
4 

Carbohydrates|Acetyl-CoA_fermentation_to_Butyrate 
94.1822135

2 0.682999662 
0.12507029

4 
Phages, Prophages, Transposable elements, 
Plasmids|Staphylococcal_pathogenicity_islands_SaPI 

24.3638743
2 0.773510696 

0.13395247
7 

Amino Acids and Derivatives|Methionine_Salvage 
40.4541725

2 -0.727944214 
0.14694864

8 

Virulence, Disease and Defense|MLST 
9.95540135

5 -0.715268531 
0.16412811

4 

Carbohydrates|Propionyl-CoA_to_Succinyl-CoA_Module 
17.2600453

1 -0.702392379 
0.17737563

2 

Cell Wall and Capsule|Peptidoglycan_Biosynthesis 
87.1085067

6 -0.581656285 
0.19091423

3 

Membrane Transport|pVir_Plasmid_of_Campylobacter 
33.7871160

4 -0.659544734 
0.19220622

2 

Cell Wall and Capsule|Alginate_metabolism 
5.11576095

8 -0.562640609 0.19797855 

Cofactors, Vitamins, Prosthetic Groups, Pigments|Lipoic_acid_metabolism 
18.2641200

8 -0.666898761 
0.19925473

9 
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Amino Acids and Derivatives|HMG_CoA_Synthesis 
33.8574012

8 0.613178583 
0.22369868

3 

Cell Wall and Capsule|mycolic_acid_synthesis 
105.688910

4 0.512478564 
0.23064863

8 

Amino Acids and Derivatives|Chorismate_Synthesis 
59.6872247

6 0.555594325 
0.24143423

8 
Phages, Prophages, Transposable elements, Plasmids|Staphylococcal_phi-
Mu50B-like_prophages 30.5891379 -0.526038245 

0.29806334
8 
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C. Supplementary Materials – Chapter 4 

 
Supplementary Figure S4.1. Read recruitment plots for MAG-based population LMS_bin009 
(Polynucleobacter) in nearshore (NRS) and offshore (OFS) southern Lake Michigan. The 
coverage histogram (top left) in each plot shows coverage for the MAG in the corresponding 
Lake Michigan metagenome from reads that match at ³ 95% nucleotide identity and ³ 70 bp in 
length (dark blue) as well as reads that match at ³ 70 bp in length and < 95% nucleotide identity 
(light blue). The recruitment plots (bottom left) show the individual reads mapping to the MAG 
at each position in the genome. The consistently high coverage of the MAG in both nearshore 
and offshore metagenomes at high identity (dark blue) can be seen. 
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Supplementary Figure S4.2. Read recruitment plots for MAG-based population LMS_bin056 
(Cytophagales) in nearshore (NRS) and offshore (OFS) southern Lake Michigan. The coverage 
histogram (top left) in each plot shows coverage for the MAG in the corresponding Lake 
Michigan metagenome from reads that match at ³ 95% nucleotide identity and ³ 70 bp in length 
(dark blue) as well as reads that match at ³ 70 bp in length and < 95% nucleotide identity (light 
blue). The recruitment plots (bottom left) show the individual reads mapping to the MAG at each 
position in the genome. The consistently high coverage of the MAG in both nearshore and 
offshore metagenomes at high identity (dark blue) can be seen. 
  

0.5 1.0 1.5 2.0

70
75

80
85

90
95

10
0

Position in genome (Mbp)

id
en

tit
y

1e
−0

2
1e

+0
0

1e
+0

2

Se
qu

en
ci

ng
 d

ep
th

 (X
)

5e+02 5e+04 5e+06

bps per bin

a

a. 3.2X (100%, LL: −287)

NRS-A

0.5 1.0 1.5 2.0

70
75

80
85

90
95

10
0

Position in genome (Mbp)

id
en

tit
y

5e
−0

2
1e

+0
0

5e
+0

1

Se
qu

en
ci

ng
 d

ep
th

 (X
)

5e+02 5e+04 5e+06

bps per bin

a

a. 2.7X (100%, LL: −287)

NRS-B

0.5 1.0 1.5 2.0

70
75

80
85

90
95

10
0

Position in genome (Mbp)

id
en

tit
y

0.
01

0.
10

1.
00

50
.0

0

Se
qu

en
ci

ng
 d

ep
th

 (X
)

1e+02 1e+04 1e+06

bps per bin

a

a. 2.2X (100%, LL: −203)

NRS-C

0.5 1.0 1.5 2.0

70
75

80
85

90
95

10
0

Position in genome (Mbp)

id
en

tit
y

1e
−0

2
1e

+0
0

1e
+0

2

Se
qu

en
ci

ng
 d

ep
th

 (X
)

1e+03 1e+05 1e+07

bps per bin

OFS-40

0.5 1.0 1.5 2.0

70
75

80
85

90
95

10
0

Position in genome (Mbp)

id
en

tit
y

1e
−0

2
1e

+0
0

1e
+0

2

Se
qu

en
ci

ng
 d

ep
th

 (X
)

1e+02 1e+04 1e+06

bps per bin

a
bc

a. 3.4X (35%, LL: −161)

b. 1.8X (22%, LL: −161)

c. 2.5X (44%, LL: −161)

OFS-30

0.5 1.0 1.5 2.0

70
75

80
85

90
95

10
0

Position in genome (Mbp)

id
en

tit
y

1e
−0

2
1e

+0
0

1e
+0

2

Se
qu

en
ci

ng
 d

ep
th

 (X
)

1e+03 5e+04 1e+06

bps per bin

abc

a. 2.1X (41%, LL: −161)

b. 1.6X (40%, LL: −161)

c. 1.1X (19%, LL: −161)

OFS-10



 
 
 

 

153 

 
 

 
Supplementary Figure S4.3. Read recruitment plots for MAG-based population LMS_bin181 
(Fluviicola) in nearshore (NRS) and offshore (OFS) southern Lake Michigan. The coverage 
histogram (top left) in each plot shows coverage for the MAG in the corresponding Lake 
Michigan metagenome from reads that match at ³ 95% nucleotide identity and ³ 70 bp in length 
(dark blue) as well as reads that match at ³ 70 bp in length and < 95% nucleotide identity (light 
blue). The recruitment plots (bottom left) show the individual reads mapping to the MAG at each 
position in the genome. The low/insufficient coverage of the MAG in the offshore metagenomes 
in comparison to nearshore metagenomes can be seen.  
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