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Abstract

Intraspecific niche divergence is an important driver of species range, population
abundance and impacts on ecosystem functions. Genetic changes are the primary
focus when studying intraspecific divergence; however, the role of ecological inter-
actions, particularly host-microbiome symbioses, is receiving increased attention.
The relative importance of these evolutionary and ecological mechanisms has seen
only limited evaluation. To address this question, we used Microcystis aeruginosa, the
globally distributed cyanobacterium that dominates freshwater harmful algal blooms.
These blooms have been increasing in occurrence and intensity worldwide, causing
major economic and ecological damages. We evaluated 46 isolates of M. aeruginosa
and their microbiomes, collected from 14 lakes in Michigan, USA, that vary over
20-fold in phosphorus levels, the primary limiting nutrient in freshwater systems.
Genomes of M. aeruginosa diverged along this phosphorus gradient in genomic archi-
tecture and protein functions. Fitness in low-phosphorus lakes corresponded with ad-
ditional shifts within M. aeruginosa including genome-wide reductions in nitrogen use,
an expansion of phosphorus assimilation genes and an alternative life history strategy
of nonclonal colony formation. In addition to host shifts, despite culturing in com-
mon-garden conditions, host-microbiomes diverged along the gradient in taxonomy,
but converged in function with evidence of metabolic interdependence between the
host and its microbiome. Divergence corresponded with a physiological trade-off be-
tween fitness in low-phosphorus environments and growth rate in phosphorus-rich
conditions. Co-occurrence of genotypes adapted to different nutrient environments
in phosphorus-rich lakes may have critical implications for understanding how M. aer-
uginosa blooms persist after initial nutrient depletion. Ultimately, we demonstrate that
the intertwined effects of genome evolution, host life history strategy and ecological
interactions between a host and its microbiome correspond with an intraspecific niche

shift with important implications for whole ecosystem function.
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1 | INTRODUCTION

Variation within a species has been shown to rival the effects
of among-species variation in regulating community structure
(Crutsinger et al., 2006), trophic interactions (Chislock, Sarnelle,
Olsen, Doster, & Wilson, 2013; Post, Palkovacs, Schielke, & Dodson,
2008) and nutrient cycling through ecosystems (Bassar et al., 2010).
Therefore, predicting how these community- and ecosystem-level
processes vary over time and space requires a mechanistic under-
standing of intraspecific divergence. Variation within a species that
leads to niche divergence can occur as the result of evolutionary
change and phenotypic plasticity, and even through altered ecolog-
ical interactions with symbiotic partners (Lamichhaney et al., 2015;
Lau & Lennon, 2012; Pfennig et al., 2010). As evolutionary and eco-
logical mechanisms can occur over different timescales and their ef-
fects can have varying degrees of permanence, understanding the
relative roles of these mechanisms towards shaping and maintaining
intraspecific variation can elucidate what factors mediate stability of
important ecosystem processes.

Genomic drivers of niche divergence between closely related
organisms have been documented in several systems (Johnson et
al., 2006; Lamichhaney et al., 2015). While selection upon stand-
ing genetic variation within a population can occur relatively rap-
idly (Barrett & Schluter, 2008), new mutations or lateral transferred
genes rarely improve fitness (Drake, Charlesworth, Charlesworth, &
Crow, 1998; Vox, Hesselman, Beek, Passel, & Eyre-Walker, 2015),
although examples of selective sweeps mediated by niche-determin-
ing genes acquired by lateral gene transfer have been documented
(Shapiro & Polz, 2014). In contrast to evolutionary change, ecolog-
ical mechanisms provide an alternative that may permit organisms
to acclimate to divergent environmental conditions more rapidly.
For example, the focal organism may take advantage of beneficial
functionalities that pre-exist in other organisms. As such, microbial
symbionts can contribute towards essential functions for the sur-
vival of their host in novel environments, such as those bacteria that
facilitated the transition of the marine algae into freshwater environ-
ments (Dittami et al., 2016) and soil microbes that improved plant
fitness under drought stress (Lau & Lennon, 2012).

To further our understanding of the mechanisms by which in-
traspecific niche divergence occurs, we simultaneously investigated
the roles of (a) genomic changes within the host and (b) shifts in
community membership and functionality of the host-microbiome.
We used the cyanobacterial phytoplankter Microcystis aeruginosa as
our model to probe the roles of these two factors in driving fitness
across a nutrient gradient from highly eutrophic, phosphorus-re-
plete lakes to oligotrophic, low-phosphorus lakes. This cyanobac-
terium is a useful model system as we can infer fitness of each of
our M. aeruginosa isolates in their respective environments by col-
lecting actively growing colonies, which are frequently composed of
10% to 10° cells (Costas, Lopez-Rodas, Javier Toro, & Flores-Moya,
2008). Understanding drivers of M. aeruginosa fitness across a nu-
trient gradient has major ecological, socio-economic and human

health implications. As a dominant, bloom-forming cyanobacterium
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in nutrient-enriched freshwater systems worldwide, M. aeruginosa
has produced concentrated levels of hepatotoxic microcystins that
have caused mass wildlife mortalities (Masango et al., 2010) and
drinking water crises, such as the 2007 bloom in Lake Taihu (Qin
et al., 2010) and the 2014 bloom in Lake Erie (Steffen et al., 2017).
Models predict that blooms of record-breaking intensity will become
increasingly common due to cultural eutrophication and increased
temperatures driven by climate change (Michalak et al., 2013).

As a consequence, eutrophic environments have been the focus
of genome sequencing effort for M. aeruginosa. Their genomes
are noted as having an unusually high percentage of long DNA re-
peats, insertions, transposable elements and lateral gene transfers
(Franguel et al., 2008; Kaneko et al., 2007; Meyer et al., 2017).
Sequenced M. aeruginosa genomes from eutrophic habitats are
highly variable, but this variation does not show clear biogeographic
patterns (Meyer et al., 2017). In contrast, we previously identified
a monophyletic ecotype of M. aeruginosa occurring in oligotrophic
inland lakes in Michigan (Berry, White, et al., 2017). Berry, White,
et al. (2017) constructed a phylogeny of M. aeruginosa isolates from
inland lakes of Michigan using five housekeeping genes but did not
investigate any further differences in the genomes or physiology of
M. aeruginosa or host-associated microbiomes. Here, using this same
data set, we investigated the underlying mechanisms that may in-
crease fitness of different ecotypes across a phosphorus gradient.
We also evaluated genomes of heterotrophic bacteria residing in the
M. aeruginosa phycosphere, defined as the nutrient-rich microenvi-
ronment immediately surrounding a phytoplankton cell where me-
tabolites between the host and associated bacteria are most readily
exchanged (Seymour, Amin, Raina, & Stocker, 2017). The phyco-
sphere of M. aeruginosa has previously been described as harbouring
a diversity of a- and B-proteobacteria, as well as bacteroidetes (Cai,
Jiang, Krumholz, & Yang, 2014; Louati et al., 2015).

To test for evolutionary mechanisms promoting fitness across
a lake phosphorus gradient, we probed for genomic signatures of
streamlining in M. aeruginosa as a means for improved efficiency in
nutrient-limited environments (Giovannoni, Thrash, & Temperton,
2014). We considered strategies that would improve assimilation
and efficiency of both phosphorus and nitrogen because oligotro-
phic lakes are typically colimited (Sterner, 2008). We also evaluated
cyanobacterial genomes for functional shifts across the phosphorus
gradient, including gene loss and gain, as well as indicators of positive
selection. In addition, by evaluating population-level genomic het-
erogeneity within our host genome assemblies, we were able to infer
life history strategies of M. aeruginosa colony formation as clonal (by
cell division from a single cell) or nonclonal (by cell adhesion; Xiao,
Li, & Reynolds, 2018). To test for ecological mechanisms promot-
ing fitness across the phosphorus gradient, we assessed whether
changes in community membership and functionality of the host-
microbiome were a function of the phosphorus environment, and
examined the functional roles played by the ubiquitously associated
bacterium, Phycosocius bacilliformis (Tanabe et al., 2015). This bacte-
rium has been previously detected in 35 of 39 blooms of M. aerugi-
nosa sampled in Asia and Africa (Tanabe et al., 2015) and was found
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in association with each of our 46 isolates of M. aeruginosa. Lastly,
we evaluated the interdependence between the functionality of
the host genome and that of its microbiome. We demonstrated that
intraspecific niche divergence in M. aeruginosa corresponds with a
combination of altered life history strategy, genome evolution and
ecological mechanisms. Further, evolutionary change, such as ge-
nome-wide shifts and novel gene acquisitions in the host, interacts
with ecological shifts in the host-microbiome that combine to ulti-
mately correspond with improved host fitness. Additionally, from a
methodological perspective, we used our data to demonstrate the
need for cautious interpretation of apparent gene loss and reduced
genome size when using metagenome-assembled genomes.

2 | MATERIALS AND METHODS

2.1 | Isolate collection and maintenance

We collected colonies of Microcystis aeruginosa from 14 inland lakes
located throughout southern Michigan, USA, in July 2011, August
2011 and August 2013 (see Table S1 and Figure S2 for coordinates of
each lake and a map of lake locations). Lakes were selected to span a
large nutrient gradient, from oligotrophic to hypereutrophic, as de-
termined by total phosphorus concentration (TP, a widely used index
of lake productivity). Our TP concentrations spanned over an order
of magnitude from ~8 to 200 pg/L, which encompasses the range
of TP documented in over 82% of lakes in the northeastern United
States (Soranno et al., 2017). While we also measured lake NHZ and
NOj;, neither nitrogen measure corresponded with TP (correlations
not significant, both p > .10; see Table S1 for TP, NHZ and NO; meas-
ures per lake). We collected water from the mixed layer of each lake
via two pooled casts of an integrating tube sampler (12 m x 2.5 cm
inside diameter). A subset of the water sample was stored for meas-
urement of lake total phosphorus using the standard molybdenum
blue colorimetric technique and long path length spectrophotom-
etry following persulfate digestion of organic matter (Menzel &
Corwin, 1965; Murphy & Riley, 1962). We used standard thresholds
in TP for assigning trophic status with an oligotrophic-mesotrophic
boundary of 10 pg/L and a mesotrophic-eutrophic boundary of
30 pg/L (Wetzel, 2001). To confirm trophic status of these lakes
was consistent over time, each lake was sampled at least three times
during multiple years, except for Lake Lansing which was sampled
twice. Longer-term data sets are also reported for Gull Lake, MSU
Lake 2 and Little Long Lake (see Table S1 for mean, min and max TP,
years sampled and number of observations). To isolate M. aeruginosa
from water samples, we used a Leica MS5 dissecting scope at 16X
to pipette individual colonies. All colonies isolated were distinctive
in shape, rather than amorphous masses or loose aggregations of
cells. To retain only closely associated phycosphere bacteria inhabit-
ing the mucilage of the M. aeruginosa colony, we washed individual
colonies by pipetting each sequentially through a series of six-well
plates each containing sterile 0.5x WC-S growth medium. However,
we note that this washing step might not have eliminated all free-liv-
ing bacteria. We then transferred colonies into 20-ml tubes of sterile

0.5x WC-S growth medium, which typically has a higher success-
ful establishment rate of ~80% for inland lake M. aeruginosa com-
pared to other mediums such as BG-11 (White, Kaul, Knoll, Wilson,
& Sarnelle, 2011; Wilson et al., 2005). We then maintained all suc-
cessfully established isolates in 200-ml batch cultures of 0.5x WC-S
medium, incubated isolates at 23°C under a 12:12-hr light:dark cycle
of 80 pmol m?2s! andona monthly basis, transferred an inoculum

of each culture to fresh, sterile, 0.5x WC-S medium.

2.2 | 16SrRNA gene and metagenomic sequencing

On 14-18 November 2014, we trapped subsamples of each culture
on 0.45-pm nitrocellulose filters, froze filters immediately and stored
at -80°C until extraction. This pore size allowed smaller free-living
bacteria to pass through the filter. However, we caution that while
the washing of colonies at the start of cultivation and filtration steps
should have reduced inclusion of free-living bacteria in sequencing,
these steps would not eliminate them entirely. We then thawed and
incubated filters in 100 pl of Qiagen ATL tissue lysis buffer, 300 pl
Qiagen AL lysis buffer and 30 pl proteinase K for 1 hr at 56°C on a
rotisserie at maximum speed. We vortexed cells for 10 min to lyse,
homogenized lysates with a QlAshredder column and purified DNA
from the filtrate using a DNeasy Blood and Tissue kit (Qiagen).

We surveyed the phycosphere bacterial community from the ex-
tracted DNA of each culture by generating PCR amplicon of the V4
region of the 16S rRNA gene using 515f/806r primers (Bergmann
et al., 2011). DNA amplicons were sequenced on a 2x250 Illumina
MiSeq v2 run at the University of Michigan Medical School. Data
were generated using rRTa v1.17.28 and mcs v2.2.0 software. We also
generated metagenomic data of the M. aeruginosa host and associ-
ated phycosphere bacteria on an lllumina HiSeq 100 cycle 2 x 100 nt
PE sequencing run at the University of Michigan Sequencing Core.
Libraries were generated with a 500 nt insert size using an auto-
mated Apollo 324 library preparation system (Wafergen Biosystems).
We aimed to obtain approximately equal coverage of M. aeruginosa
across all metagenome samples by adjusting the proportions of each
individual library to the pooled-libraries sample based on the relative
abundance estimates of M. aeruginosa from our 16S amplicon data.
Raw sequencing data files are available under SRA accession number
PRJNA351875.

2.3 | Sequencing analyses

We analysed 16S rRNA gene survey data, including quality control of
raw reads, read alignment, taxonomy assignment and OTU cluster-
ing at 97% sequence similarity, using the mothur v1.34.3 standard
operating procedure (accessed 13 March 2016 at http://www.mo-
thur.org/wiki/MiSeq_SOP) (Kozich, Westcott, Baxter, Highlander,
& Schloss, 2013; Schloss et al., 2009). We completed taxonomy as-
signment of sequences using the TaxAss pipeline, which classifies
sequences to a smaller database of freshwater taxa (Newton, Jones,
Eiler, McMahon, & Bertilsson, 2011) and the larger SILVA database
(Quast et al., 2012; Wang, Garrity, Tiedje, & Cole, 2007). Based on
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methods recommended by McMurdie and Homes (2014), read depth
was normalized to depth of the smallest sample (n = 10,090 reads; see
Table S2 for original and scaled read depths for each sample) using
custom scripts that can be found at https://github.com/michberr/
MicrobeMiseq/blob/master/R/miseqR.R. Raw metagenome reads
were trimmed of adapters using Scythe and quality-trimmed using
Sickle with default parameters (Joshi & Fass, 2011). Sequence quality
was assessed before and after quality filtering using FastQC. We ran
these quality control steps with a composite bash script that can be
found at https://github.com/Geo-omics/scripts/blob/master/wrapp
ers/Assembly/qc.sh. Sequencing reads were then assembled using
idba-ud with the following parameters (--mink 50, --maxk 92, --step
4 or 6, --min_contig 500) (Anantharaman et al., 2014). Metagenomic
assemblies were first visualized with ESOM (Dick et al., 2009). We
identified bins for both the target organism, M. aeruginosa, and an
abundant phycosphere bacterium, Phycosocius bacilliformis. We used
the default protocol for ESOM (Emergent Self-Organizing Maps),
which is a binning approach that takes advantage of taxon-specific
genomic signatures that arise due to genome-specific biases in codon
usage. All sequences from our 46 metagenomic assemblies were
trimmed into sequences of 10 kb in length and then imported into
ESOM for assessment of tetranucleotide frequency of each contig.
Each contig was plotted as a dot on the map using an unsupervised
clustering algorithm to minimize distances between contigs sharing
similar tetranucleotide frequency. Clusters of sequences were then
manually selected and extracted as a bin. We identified high-quality
P. bacilliformis genomes using drep (Olm, Brown, Brooks, & Banfield,
2017), compared similarity among these genomes using compareM
(https://github.com/dparks1134/CompareM) and then retained only
those genotypes at least 0.70% divergent from all other genotypes
for further analysis. We uploaded (a) complete metagenome assem-
blies, (b) isolated M. aeruginosa bins and (c) P. bacilliformis bins, all
with a 4 kb contig length cut-off, into the Joint Genome Institute
Integrated Microbial Genomes database. We passed these sequenc-
ing data through standard analysis pipelines for assigning protein
families (Huntemann et al., 2015). Analyses of these M. aeruginosa
bins indicated our contig length cut-off was likely too stringent, be-
cause core photosynthesis genes, among others, often resided on
contigs of approximately 3 kb in length. We therefore repeated bin-
ning of M. aeruginosa at a lower 2 kb length threshold using VizBin
(Laczny et al., 2015). Coverage of sequences within this bin was then
calculated using bwa (Li & Durbin, 2009). Histograms of contig fre-
quency versus coverage were then used to visualize coverage dis-
tributions for each sample. We then discarded all contigs below the
main coverage distribution, which varied depending on sample.
Microcystis aeruginosa genomes at this 2 kb length cut-off were
then re-annotated using our custom pipeline. We quantified single
nucleotide polymorphisms, inserts and deletions within each ge-
nome using samtools (Li et al., 2009). We also identified paralogs as
any reciprocal hits within a genome below an e-value of 0.10 using
the diamond protein alignment software (Buchfink, Xie, & Huson,
2014). We identified sigma factors as genes assigned to any of 27
different protein families that contained the keyword ‘sigma’ within
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either the pfam name or pfam summary. We report sigma factorsas a
percentage of all genes in the genome. Given the tendency for some
genes to occur on even smaller contigs, especially in the low-nutri-
ent group of genomes, we added all called genes on scaffolds below
2 kb that were assigned as M. aeruginosa using the USEARCH-based
Phylogenetic Distribution tool in the JGI IMG Standard Operating
Procedure (Huntemann et al., 2015). We used these final bins with
contigs of all lengths for determining GC content, genome size, per
cent completeness and per cent contamination using checkM (Parks,
Imelfort, Skennerton, Hugenholtz, & Tyson, 2015). We determined
which genes are considered ‘core’ to the cyanobacterial phylum
using checkM, which estimates genome completeness by referenc-
ing sets of marker genes that are specific to the inferred lineage of a
genome within a reference genome phylogeny. We also used these
final bins with contigs of all lengths for determining pairwise average
nucleotide identity (ANI) between genomes using PYANI (Pritchard,
Glover, Humphris, Elphinstone, & Toth, 2016), where the boundary
for prokaryotic species is generally accepted as ~95%-96% ANI
(Richter & Rossell6-Méra, 2009). We used our custom pipeline to
assign protein families to each gene residing on these <2-kb contigs
and added these protein family assignments to our primary anno-
tation of all M. aeruginosa 2-kb + bins. We used this approach to be
conservative when determining if any gene functions were com-
pletely absent from a genome. However, because it becomes more
challenging to call genes on such short fragments, we report all gene
percentage data, including % coding DNA, % sigma factors and %
paralogs, using the 2-kb + bins. However, we provide a comparison
of all genome metrics with and without scaffolds below 2 kb in sup-
plementary materials.

We constructed a multilocus sequence typing phylogeny using
our 46 isolates collected from inland lakes in Michigan, as well as ad-
ditional M. aeruginosa genotypes that had been collected from multi-
ple locations across six continents. In addition to our 46 isolates first
reported in Berry, White, et al. (2017), genomes obtained from NCBI
included 12 genomes referenced in Humbert et al. (2013) (https
://www.ncbi.nlm.nih.gov/nuccore/CAIKO0000000.1), 8 genomes
referenced in Meyer et al. (2017) and a Synechococcus outgroup
(CP0O00097.1). We used gene sequences from five housekeeping
genes (pgi, gltX, ftsZ, glnA and gyrB) that were obtained from M. aeru-
ginosa strain NIES483. As in our previous analysis (Berry, White, et
al., 2017), we searched for gene orthologs in the metagenomic data
of each of the Michigan inland lake isolates and the genomes ob-
tained from NCBI using a custom ruby script available on this proj-
ect's github page (https://github.com/DenefLab/microcystis-oligo
types). Extracted gene sequences were concatenated and aligned
with MUSCLE using default parameters (Edgar, 2004). A phylogeny
was constructed using RAXxML v8.2.8 with a Synechococcus out-
group (Berry, White, et al., 2017; Stamatakis, 2006), and a Newick
tree was visualized using FiGTrRee v1.4.3 software (Rambaut, 2012).

For a subset of M. aeruginosa isolates collected from a relatively
uniform environment (either Gull Lake or Wintergreen Lake on 8
August 2013), we measured the amount of genome variation among
isolates with a pangenome analysis. We estimated the size of the
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core genome shared across isolates versus isolate-level variation by
finding homologous gene clusters using the GET _ HOMOLOGUES soft-
ware (Contreras-Moreira & Vinuesa, 2013). We used only a consen-
sus subset of gene clusters identified by both OrthoMCL Markov
Cluster and COGtriangle algorithms.

To detect positive selection in the two main branches that divide
all 46 inland lake isolates of M. aeruginosa, we calculate genome-
wide synonymous-to-nonsynonymous substitution rate ratios with
the posiGeNE software package (Sahm, Berns, Platzer, & Szafranski,
2017). For this analysis, we supplied a smaller-scale phylogenetic
tree with only eight genomes representative of the oligotrophic and
eutrophic/mesotrophic branches from Berry, White, et al. (2017)
(K13-10, G13-05, G13-09, LL11-07, LG13-11, F13-15, K13-06 and
K13-05). We ran analyses separately for each branch and identified
orthologs against the largest genome within each respective branch
as the anchor species (i.e. G13-05 and K13-10).

2.4 | Growth assays

We aimed to detect whether growth rate of M. aeruginosa varies
across populations according to phylogenetic group and a total phos-
phorus gradient. To assess variation across phylogenetic groups, we
measured growth rates of 19 strains from our culture collection that
had been isolated in 2011. To further validate our results of differ-
ent growth rates across a total phosphorus gradient, we added an
additional 12 strains that were assayed by Wilson, Wilson, and Hay
(2006). In total, these growth rate data represent 31 strains originat-
ing from 22 lakes throughout lower Michigan.

Common-garden growth assays to detect variation among phy-
logenetic groups of M. aeruginosa were conducted with the general
design as follows. Fresh 20-ml cultures of isolates were initiated
7 days prior to an assay to ensure that M. aeruginosa was exponen-
tially growing. One colony from each of 19 strains of Microcystis was
then inoculated via pipette (1 ul) into randomized, separate wells
containing 0.5 ml sterile 0.5x WC-S medium within 8-well cham-
bered slides (Nunc Lab-Tek Il Chamber Slide System) (Wilson, Kaul,
& Sarnelle, 2010). Once inoculated (day 0), colonies were photo-
graphed every 2 days for 6 days at 100x using a light microscope
(Nikon Eclipse E600) interfaced with a digital camera (Diagnostic
Instruments). See Figure S3 for a sequence of digital micrographs
depicting growth of a M. aeruginosa colony during a 6-day growth
assay. Measurements, added to the images with computer software
(SPOT Advanced; Diagnostic Instruments), were made of colony
surface area and depth (the straight-line length perpendicular to the
greatest linear dimension); colony volume (um3) was determined as
the product of surface area and depth (Wilson et al., 2010). Growth
rate was determined as the slope of the linear regression of natural-
logarithm-transformed colony volumes over time.

Since coloniality is a characteristic trait of M. aeruginosa in na-
ture (Wehr & Sheath, 2003), all growth assays were performed using
colonial isolates that had been in culture for less than ~1.5 years.
This contrasts with many previous laboratory studies of M. aerugi-
nosa that have utilized older, single-celled culture collection strains.

Furthermore, since all isolates employed in the experiments were
the same age and were recently isolated, concerns arising from
evolution in culture were minimized (Burkholder & Gilbert, 2009;
Demott & Mckinney, 2015; Lakeman, Dassow, & Cattolico, 2009).
Assaying growth of individual M. aeruginosa colonies is necessary
and advantageous because, unlike batch culture assays, this permits
controlling for colony size and inoculation density effects on growth
rate, since small colonies grow faster than large colonies (Wilson et
al., 2010). To further minimize the confounding effects of initial col-
ony size and shape on growth rate, round colonies of approximately
the same equivalent diameter were selected for each isolate to the
fullest extent possible using an ocular micrometer.

2.5 | Statistical analyses

We tested whether the phylogenetic grouping and lake of origin of
M. aeruginosa isolates were predictive of growth rate, genome size,
genome completeness and contamination, GC content, number and
length of contigs, percentage of coding DNA, and number of sigma
factors, paralogs and SNPs with linear mixed-effects models using
the Imer {Ime4} function in R. To account for multiple M. aeruginosa
isolates originating from the same lake, we used random-effects
terms for lake and collection date. All percentage data were arc-
sine-square-root-transformed to meet model assumptions. We also
tested for a correlation between growth rate and total phosphorus
concentration using linear regression. To test whether there was a
correlation within the LL/LG group between genome completeness
and percentage of polymorphic sites, we used robust linear regres-
sion (rlm {MASS} function in R) because it remains robust despite the
presence of outliers or highly influential data points.

We next measured functional similarities among isolates of
M. aeruginosa depending on lake origin and phylogenetic grouping.
We calculated isolate dissimilarity using a Bray-Curtis distance
metric on a matrix consisting of the number of genes within each of
1,820 different protein families. We excluded protein families that
had zero variance across our 46 isolates. We tested whether isolates
differed significantly in genome function by lake origin and phyloge-
netic grouping using analysis of variance of distance matrices with
adonis {vegan}, which is a version of PeErmANOVA that can accept cate-
gorical and continuous variables. We visualized clustering among iso-
lates using principal coordinate analysis with the pcoa {ape} function
in R. We also repeated these dissimilarity analyses with the bacterial
phycosphere community, using both a Bray-Curtis distance metric
of OTU community composition and a functional distance metric
using protein families as done with host isolates. However, within
the protein family phycosphere distance matrix, many pfams were
not shared across samples (i.e. high beta diversity or turnover). Such
data structure often results in a strong arch or horseshoe shape in an
ordination that is indicative of nonindependent axes and is known as
the Guttman effect. To facilitate data interpretation, we minimized
the arching effect by using the stepacross flexible shortest path
correction with a ‘toolong’ parameter of 0.75 {vegan} (Smith, 2017).
Further, we then used these Bray-Curtis distances from the host
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and phycosphere data matrices to test whether host genomes that
were more similar in function harboured phycosphere communities
that were more similar in function. We assessed this association with
a linear mixed-effects model using the Imer function in R and lake as
the random-effects term.

To determine whether certain protein families or KEGG Orthology
terms within the host genome or phycosphere metagenome were
associated with different phylogenetic groupings of M. aeruginosa,
we ran analysis-of-variance models with a Benjamini-Hochberg
false discovery rate correction in STAMP (Benjamini & Hochberg,
1995; Parks, Tyson, Hugenholtz, & Beiko, 2014). To account for
multiple samples collected within the same lake, rather than input
gene counts for each host genome or phycosphere metagenome
into these models, we instead averaged gene counts for each protein
family across all genomes/metagenomes that both belonged to the

same phylogenetic grouping and were collected from the same lake.

3 | RESULTS

3.1 | Structural genome variation within Microcystis
aeruginosa

Previously, we found two distinct phylogenetic groups of Microcystis
aeruginosa isolates from inland lakes of Michigan using a multilo-
cus sequence typing analysis (Berry, White, et al., 2017). Here, we
expand this analysis to include all publically available sequences of
M. aeruginosa originating from multiple locations spanning six con-
tinents. We observed that our phylogenetic clustering of the 46 in-
land lake isolates corresponded with the trophic status of lake of
origin, as determined by lake total phosphorus (Table S1). We note
that although phosphorus and nitrogen can be colimiting in lakes, we
found no evidence that our phylogenetic clustering corresponded
with either NH:lr or NO; concentrations (Table S1), and therefore
use the classic, phosphorus-based definition for assigning fresh-
water trophic status (see section 2). We refer to these isolates in
three categories that correspond to the trophic status of the lake
of origin on the one hand and this phylogenetic clustering on the
other. Nineteen of the 20 NCBI genomes clustered with 17 isolates
that originated from eutrophic and mesotrophic Michigan lakes,
which we refer to as the ‘High Phosphorus Lake/High Phosphorus
Genotype’' (HL/HG) group (Figure S1). A second group contained an
additional 29 isolates originating from oligotrophic, mesotrophic and
eutrophic Michigan lakes. Here, we subdivided this group into 18
isolates collected from oligotrophic lakes, which we refer to as the
‘Low Phosphorus Lake/Low Phosphorus Genotype’ (LL/LG) group,
and into 11 isolates collected from eutrophic and mesotrophic lakes,
which we refer to as the ‘High Phosphorus Lake/Low Phosphorus
Genotype’ (HL/LG) group. Genomes within the LL/LG and HL/LG
groups were less variable compared to other genomes within their
respective groups (pairwise average nucleotide identity of strains
within the group, u = 98.5 + 0.035 SE and 98.4 £ 0.082, respectively),
while genomes within the HL/HG group were notably more varia-
ble (95.6 + 0.09). Based on average nucleotide identity of genomes
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belonging to different groups, the LL/LG and HL/LG groups were
most similar (98.1 + 0.026) while HL/HG was more distant to LL/LG
(95.2 +0.030) and HL/LG (95.3 + 0.037).

Metagenomic assemblies of M. aeruginosa from the LL/LG
group, and to a lesser extent, HL/LG, were more fragmented than
the HL/HG group (Figure S4; Foa6= 59.0, p < .001; # contigs in LL/
LG genomes: p = 632 + 72 SD, HL/LG: u = 548 + 31 SD, HL/HG:
u =318 = 77 SD). As assembly fragmentation is often caused by in-
creased genomic heterogeneity, we determined the number of poly-
morphic sites in all assemblies. LL/LG isolates contained a higher
percentage of polymorphic sites in their genomes compared to the
other groups (Figure 1a; Fp46=154,p< .001), and within these LL/
LG isolates, higher percentages of polymorphic sites correlated with
both lower estimated genome completeness (Figure 1b; robust linear
regression: F1,16 = 5.7, p = .029) and a greater number of fragments
(Fy 16 = 14.1,p =.0018, R? = .43). LL/LG assemblies also contained a
higher proportion of low-sequence-read-coverage contigs (Figure 1c
and Figure S5). As further evidence that these low-coverage contigs
were the result of exceptionally high heterogeneity causing sepa-
rate contigs to be generated, we found that genomes with many
low-coverage contigs had a greater median reference:alternate
allele ratio at polymorphic sites located throughout the genome.
This indicates that high heterogeneity within a sequence caused
the assembly to divide divergent groups of reads into two separate
contigs, which would decrease occurrence of within-contig het-
erogeneity (Figure 1d, Figure Sé). Further, in the 7 LL/LG genomes
with many low-coverage contigs (shown in Figure Sé), these con-
tigs shared 100% average nucleotide identity to contigs of higher
coverage within the same genome. As higher fragmentation leads
to smaller average contig size, the disparate levels of heterogene-
ity and assembly fragmentation between phylogenetic groups could
lead to inaccurate comparisons in structural or functional genome
variation across groups. Therefore, in addition to contigs 2 kb in
length and longer included in our initial binning analysis, we added
any contigs that were <2 kb in length but annotated as M. aeruginosa.
This approach had minimal effects for the HL/HG or HL/LG group,
but added numerous genes that had initially appeared absent to the
LL/LG group (Figure S4 compares genome metrics with and with-
out these shorter fragments; Figure S7 lists core genes occurring on
short fragments in LL/LG genomes). Unless noted otherwise, all sub-
sequent genome descriptions use these modified bins that included
M. aeruginosa-annotated fragments <2 kb.

Genomes from the LL/LG diverged subtly, though significantly,
from the HL/HG group in several characteristics commonly assessed
to detect genome streamlining. Further, the HL/LG group fell at in-
termediate levels in these streamlining characteristics, where HL/LG
was more similar to LL/LG for certain characteristics and more simi-
lar to HL/HG for others. Genomes across groups were similar in size
(p = .13); however, LL/LG genomes were less complete than those in
HL/HG (Figure 2; F, 4, = 17.40, p < .001; LL/LG: p = 96.77% + 1.49 SD
vs. HL/HG: y = 99.27% + 0.56 SD, and at intermediate completeness
HL/LG: u = 98.91 + 0.59 SD). Eleven genes considered core to the
cyanobacterial phylum, which includes the Microcystis genus, were
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FIGURE 1 Population genomic analysis of Microcystis aeruginosa

Phylogenetic groups

sequence bins. (a) Polymorphic sites, including single nucleotide

variants, insertions and deletions, are more common in genomes of the Low Phosphorus Lake/Low Phosphorus Genotype (LL/LG)
phylogenetic groups, suggesting nonclonal heterogeneity. (b) Within the LL/LG group, frequency of polymorphic sites within the genome
was inversely correlated with genome completeness estimates by checkM. Note that we used robust linear regression to ensure that
statistical significance was not overly influenced by the single value in the bottom right-hand corner; however, excluding this point
entirely renders the association insignificant. (c) Extensive polymorphisms due to isolate heterogeneity led to many low-coverage contigs

representing alternate assembly paths in LL/LG genomes and were visually evident as a bimodal distribution of contig coverage. X-axis is a
standardized Z-score with p = 0, SD = 1. (d) This frequent division of a single contig into two separate contigs when extensive polymorphism
occurred caused an increase in the genome-wide per cent occurrence of the reference versus alternate allele variant in the main sequence
bin, as sequence reads carrying the alternate nucleotide were now no longer aligned to the main sequence bin contigs but to the
corresponding low-coverage contigs. The Y-axis sums forward (F) and reverse (R) strands using the equation: (F + R of Reference)/[(F + R of

Reference)+(F + R of Alternate)] [Colour figure can be viewed at wileyonlinelibrary.com]

absent from multiple LL/LG and HL/LG isolates (Figure S7). LL/LG iso-
lates frequently lacked core genes for the enzyme 3-dehydroquinate
dehydratase in the shikimate pathway, which blocks the biosynthesis
of the aromatic amino acids (i.e. tryptophan, tyrosine and phenylala-
nine), and the enzyme acetolactate synthase, which inhibits synthesis

of the branched-chain amino acids (i.e. valine, leucine and isoleucine).

We confirmed these core genes were absent on even very small
contigs (i.e. <2 kb) by searching scaffolds below 2 kb in length (see
Figure S7 for a comparison of core genes inferred absent before and
after inclusion of these shorter fragments). Additionally, LL/LG and
HL/LG isolates also had greater nitrogen-use efficiency via a slightly
lower GC content (Figure 2; F2,46 =771, p =.021; LL/LG genomes:
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FIGURE 2 Divergent genome structure across a phylogeny of 46 isolates of Microcystis aeruginosa collected from 14 inland lakes in
Michigan, USA. Multilocus sequencing typing was used to infer evolutionary history with RAXML based on five concatenated housekeeping
genes (FtsZ, gInA, gltX, gyrB and pgi). Dark blue: isolates from oligotrophic lakes (Low Phosphorus Lake/Low Phosphorus Genotype, LL/
LG); light blue: isolates from phosphorus-rich lakes, but related to oligotrophic isolates (High Phosphorus Lake/Low Phosphorus Genotype,
HL/LG); green: isolates from phosphorus-rich lakes (High Phosphorus Lake/High Phosphorus Genotype, HL/HG). All significant trends, as
determined using linear mixed-effects models that control for collection date and lake of origin, are noted with one asterisk at the p < .10
level and two asterisks at the p < .05 level. Values for each metric are shown for each phylogenetic group (1 + 1 SE). See Figure S12 for
values for each strain. Except for genome size, which is shown in megabases, all metrics are percentage data. Note that genome size,
completeness and GC content consider all contigs, regardless of length, while coding DNA, paralogs and sigma factors as a percentage of
total genes consider only contigs 2 kb in length and longer. Significance of post hoc pairwise comparisons is noted with lettering, where
groups sharing the same letter do not significantly differ from each other. Nineteen of the 20 publicly available sequences collected
worldwide were most closely related to the HL/HG group (Figure S1) [Colour figure can be viewed at wileyonlinelibrary.com]

u = 42.48% * 0.049 SD, HL/LG genomes: u = 42.51% + 0.075 SD,
compared to HL/HG genomes: u = 42.71 + 0.15). LL/LG and HL/
LG genomes also contained a higher percentage of coding versus
noncoding DNA, while HL/HG was notably more variable (Figure 2;
F2,46 =5.00,p =.082; LL/LG genomes: u = 81.40% + 0.17 SD, and HL/
LG genomes: y = 81.47% + 0.26 SD compared to HL/HG genomes:
u=81.13% + 0.69 SD). Streamlined genomes often contain fewer par-
alogs; however, we found similar percentages across groups (Figure 2;
F2,46 =4.81, p = .09). Lastly, HL/LG genomes contained significantly
more sigma factors than HL/HG genomes (Figure 2; F2,46 = 8.78,
p =.012; HL/LG genomes: u = 0.291% + 0.01 SD, compared to HL/
HG genomes: u = 0.266% + 0.03 SD, while LL/LG genomes were not
significantly different from either group: x = 0.281% + 0.02 SD). Note
that metrics requiring gene identification, including % coding DNA,
sigma factors and paralogs, were inferred using only the 2-kb + bins

due to low accuracy of gene calling on shorter fragments.

3.2 | Functional genome variation within
M. aeruginosa

Isolates of M. aeruginosa differed in their genome-wide predicted
gene functions based on protein families across the ten different
lakes from which strains had originated (note: four lakes were omit-
ted as only one isolate per lake was sequenced; Figure 3a; PCoA on

a Bray-Curtis dissimilarity of genes categorized by protein family;

adonis F9’40 =8.56,p < .01, R? = .311). Further, the three phyloge-
netic groups of M. aeruginosa were functionally distinct (Figure 3b;
adonis Fy4s= 9.01, p < .01, R? = .295). LL/LG and HL/LG genomes
were more similar to each other than either was to HL/HG ge-
nomes. Congruent with our phylogenetic results, HL/HG showed
more variability among isolates (Figure 3b). Group clustering was
driven in part by the frequent absence of 11 core genes from LL/
LG and HL/LG genomes (Figure S7), where core genes were de-
termined via checkM (Parks et al., 2015). Gene abundances within
671 protein families also varied significantly across phylogenetic
groups (Figure S8; FDR-corrected p-values <.05). Focusing our
analysis on nutrient uptake and metabolism, we found that 16 LL/
LG isolates, originating from 3 of 4 oligotrophic lakes, contained
the alkaline phosphatase phoA (pfam00245). In contrast, none of
the 28 isolates originating from phosphorus-rich lakes contained
the alkaline phosphatase phoA. Further, while all isolates con-
tained at least one gene within pfam05787 annotated as alkaline
phosphatase phoX, all 29 LL/LG and HL/LG genomes contained a
second gene within this protein family, while only 1 of the 17 HL/
HG isolates contained a second phoX gene. Also pertinent given
that phosphorus limitation in oligotrophic lakes often co-occurs
with nitrogen limitation, we found that LL/LG and HL/LG genomes
also contain additional genes for nitrate and nitrite transport
(K15576-8; Figure S8). Additionally, a nifU-like protein involved in
iron binding and Fe-S cluster formation occurred in 8 of 18 LL/
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LG isolates across three different oligotrophic lakes, but none oc-
curred in the 27 HL/HG or HL/LG isolates. Further, considering
the importance of colonial growth, we highlight the occurrence of
several genes regulating cell-cell recognition and adhesion in only
LL/LG isolates. These genes include NeuB or sialic acid synthase,
sialidases, an FRG1-like domain involved in underwater adhesion,
and a gene in pfam03865 that is involved in secretion of adhesins.

Further, each phylogenetic group had different genes under
positive selection. Genes under positive selection for the phylo-
genetic branch containing LL/LG isolates included a hybrid sen-
sor histidine kinase/response regulator, chromosome segregation
protein SMC, DNA-directed RNA polymerase subunit, NADPH-
dependent glutamate synthase and cell division protein ZipN/
Ftn2/Arcé (all FDR-corrected p-values <.05). In contrast, on the
phosphorus-rich branch with a common ancestor of K13-05 and
K13-06, we found evidence of positive selection for a gene anno-
tated to encode a Fe-S cluster assembly protein SufB, a domain of
unknown function (DUF748), pyruvate phosphate dikinase PEP/
pyruvate-binding protein, and a biosynthetic arginine decarboxy-
lase (all FDR-correct p-values <.05).

3.3 | Taxonomic and functional variation in the
M. aeruginosa phycosphere

Given clear divergence among isolates of M. aeruginosa across a
phosphorus gradient, we asked whether associated bacteria in the
phycosphere of M. aeruginosa also varied across this gradient. First,
we found community-level divergence among the phycospheres
associated with the three phylogenetic groups of hosts (Figure 4a;
adonis F2y49 =24,p=.001, R?=.092). Strongest separation was be-
tween the phycospheres of LL/LG hosts and those of both HL/HG
and HL/LG hosts. We provide a taxonomic description of the core
microbiome of M. aeruginosa in Figure S9. Among HL/HG and HL/
LG hosts, Phycosocius bacilliformis was the most abundant taxon in
the phycosphere, comprising on average 19.6% of the community
(Table S3). In contrast, among LL/LG hosts, Caulobacterales and
Cytophagaceae OTUs were more abundant, comprising 18.1 and
18.2% of the community, respectively (Table S3).

Despite taxonomic differences among the phycosphere com-
munities associated with hosts belonging to each phylogenetic
group, we found no significant differences in protein functionality
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FIGURE 4 Taxonomic and functional analysis of Microcystis
aeruginosa-associated microbiomes. (a) Isolates of M. aeruginosa
belonging to different phylogenetic groups harboured
taxonomically different communities of phycosphere bacteria.

(b) Despite taxonomic differences, phycosphere communities
associated with each of the three phylogenetic groups of

M. aeruginosa tended to have similar protein functions. (c) When
controlling for the local pool of phycosphere bacteria, host
genomes that were more functionally similar to each other tended
to harbour more functionally similar phycosphere communities.
The x- and y-axes list functional distance in terms of Bray-Curtis
distances from principal coordinate analyses that used the number
of genes annotated to different protein families. This analysis
used a subset of samples that were collected on the same day and
from the same lake (five isolates from eutrophic Wintergreen Lake
and eight isolates from oligotrophic Gull Lake, respectively). Note
that we show both the best fitting linear model and polynomial
model, as results were similar. Also note that taxonomic data using
a 16S rRNA gene survey of bacterial taxa are shown in (a), while
functional data shown in (b) and (c) use metagenome data in which
all genes have been annotated to protein families to confer gene
function [Colour figure can be viewed at wileyonlinelibrary.com]

(Figure 4b; adonis not significant). Phycosphere functionality also did
not differ by lake of origin (Figure S9c; adonis not significant). In gen-
eral, the phycospheres associated with different phylogenetic groups
contained few unique functions (Figure S10). Phycospheres of LL/
LG hosts showed increased Fe-S cluster binding, as well as increased
biosynthetic capacity for fatty acids, serine, threonine, histidine and
ubiquinone (Figure $10). nif genes indicative of nitrogen fixation were
also more commonly associated with the phycospheres of HL/LG
(81%: 9 of 11 isolates) and LL/LG (50%: 9 of 18) than HL/HG (35%: 6
of 17 isolates). However, 17 of these phycosphere communities con-
tained only the nifA gene, which is the key transcriptional regulator of
nif genes, but may also regulate genes not involved in nitrogen fixa-
tion (Nienaber, Huber, Gottfert, Hennecke, & Fischer, 2000).

We chose P. bacilliformis for more in-depth investigation of func-
tion because this taxon occurred in all 46 phycospheres and was
found, on average, at the greatest relative abundance via 16S marker
gene surveys (Figure S9). We detected substantial genome variation
within P. bacilliformis. In contrast to a laboratory contaminant that
would be identical in all cultures, we identified seven genotypes that
were each at least 96% complete and at least 0.70% divergent from
all other genotypes (Table S4). To shed light on the predominance of
P. bacilliformis in the M. aeruginosa phycosphere, we compared the
metabolic capacities of each of seven M. aeruginosa hosts with each
of their associated genotypes of P. bacilliformis. We found that while
no hosts harboured genes for the synthesis of threonine or serine,
each P. bacilliformis genome showed the capacity to biosynthesize
each of these amino acids via L-serine synthesis from 3-phospho-
glycerate, L-threonine synthesis from L-homoserine and L-homoser-
ine synthesis from L-aspartate. Additionally, only one M. aeruginosa
genome showed evidence of asparagine synthesis, while all P. bacil-
liformis genomes contained pathways for tRNA-dependent asparag-
ine synthesis. Four genomes of P. bacilliformis were also indicative of

galactose utilization via the Leloir pathway (Table S4).
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3.4 | Functional interdependence between
M. aeruginosa and the phycosphere

In addition to assessing host and host-microbiome function indepen-
dently, we aimed to determine whether genome variation within a
host provides further predictive power beyond the lake environment
and time in predicting the functional capacity of the M. aeruginosa
phycosphere. We selected eight isolates from oligotrophic Gull Lake
and five isolates from eutrophic Wintergreen Lake collected on 8
August 2013. This approach retained substantial genetic variation
among host isolates on which to test our hypothesis. Among Gull
isolates, 46.5% of homologous gene clusters were shared across
all eight isolates and 59.6% of clusters were shared across seven
isolates. Similarly, among Wintergreen isolates, 50.9% of homolo-
gous gene clusters were shared across all five isolates and 68.6%
of clusters were shared across four isolates. Functional divergence
between hosts showed a weak, positive correlation with functional
divergence between phycosphere communities (Figure 4c; linear
mixed-effects model, marginal R? = .093, p = .060, or similarly, best
fitting model with polynomial term, marginal R? = .14, p = .065). We
show results from the eutrophic and oligotrophic lake with the great-
est number of isolates collected on a single date because we found
that there was a sharp reduction in detectability of a significant re-
lationship as sample size decreased. For example, among Gull Lake
2013 isolates, we tested all subsetted sample sizes of 4, 5, 6 and 7
isolates and found that the probability of finding a significant result
was 15.7%, 25%, 60.7% and 100%, respectively.

3.5 | Physiological variation within M. aeruginosa

One colony (source lake TP = 16.6 ug/L) exhibited negative growth
during the experiment and was omitted from analysis, leaving n = 18
for the experiment. We found that the observed genetic differences
in M. aeruginosa corresponded with physiological differences among
isolates, with maximum intrinsic growth rate being significantly
and positively correlated with the total phosphorus concentration
(TP, an index of trophic status) of the source lake (linear regression:
n =18, p = .030, R? = .26). Observed growth rates ranged nearly
sevenfold from 0.08 per day (source lake TP = 7.9 pg/L) to 0.55 per
day (source lake TP = 196.1 pg/L). More specifically, LL/LG and HL/
LG isolates tended to grow more slowly at saturating resource lev-
els than HL/HG isolates (Figure 5; linear mixed-effects regression:
Fzy17 =2.8,p=.053,R?=.27; LL/LG isolates: Hpnax = 0.162 £ 0.038 SE,
HL/LG isolates: .. = 0.198 * 0.012 and HL/HG isolates:
Hiax = 0-327 £ 0.061). This correlation between ., and lake TP re-
mained evident when adding strains from an additional 11 Michigan
lakes reported by Wilson et al. (2006) (see analysis in Figure S11).
In contrast to the evident correlation with lake TP, growth rate did
not correspond with eitherNH4Jr orNO; concentrations of the source
lake (linear regressions: n = 18, p = .41, R?=.036,and n = 18, p =.70,
R? = .011, respectively). Further, the HL/HG group was notably vari-
able in growth rate. Possible drivers of this variability are unclear.

The four strains exhibiting slower growth rates originated from four
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FIGURE 5 Growth rate measurement of Microcystis aeruginosa
isolates. Isolates of M. aeruginosa belonging to the Low Phosphorus
Lake/Low Phosphorus Genotype (LL/LG) phylogenetic group
grew slower than isolates belonging to the High Phosphorus Lake/
High Phosphorus Genotype (HL/HG) phylogenetic group. Isolates
from the High Phosphorus Lake/Low Phosphorus Genotype
(HL/LG) group, which originated from phosphorus-rich lakes but
had a genomic architecture more closely resembling isolates in
oligotrophic lakes, grew at intermediate rates. A linear mixed-
effects model controls for Lake as a random effect to account

for multiple isolates originating from a single lake. Group means
illustrated with a dashed line [Colour figure can be viewed at
wileyonlinelibrary.com]

different lakes. Further, strains most closely related to each other
according to the phylogeny shown in Figure 2 fell on opposite sides
of the growth gradient (x,,, of W11-03 = 0.115 vs. W11_06 = 0.489,
and L211-101 = 0.218 vs. L211-11 = 0.419).

4 | DISCUSSION

Biodiversity at the within-species scale can have broad consequences
for community structure and ecosystem function (Bolnick etal.,2011;
Crutsinger et al., 2006; Whitham et al., 2006). Understanding fac-
tors that correspond with intraspecific variation across niche space
is therefore key to understanding the maintenance of vital functions
across environmental gradients. We show that intraspecific niche
divergence can culminate from varied ecological and evolutionary
factors. In Microcystis aeruginosa, these contributing factors include
genome evolution and frequently, an altered life history strategy of
clonal versus nonclonal colony formation. We also showed shifts
in the host-microbiome due to environmental selection, as well as
correlations between host genome variation and microbiome func-

tion. Independent, and perhaps synergistic, effects of each of these
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factors play important roles in the fitness of M. aeruginosa across a
phosphorus gradient of freshwater lakes in Michigan. These results
shed light on the potential importance of intraspecific variation in
regulating dynamics of cyanobacterial harmful algal blooms.

Our study broadens understanding of this environmentally im-
portant cyanobacterium from genotypes of M. aeruginosa that are
adapted to phosphorus-rich environments (Meyer et al., 2017) to
genotypes of M. ageruginosa that evidently correspond with sur-
vival and colony formation of Microcystis in low-phosphorus envi-
ronments. Architecture of these genomes is indicative of selective
pressure towards more streamlined cellular efficiency. Although
genome size is the most notable feature of streamlining theory,
more broadly, streamlining refers to selection in resource-poor en-
vironments towards reductions in resource use, cell and genome
size, and cell complexity (Giovannoni et al., 2014). Compared to
well-described examples of streamlining in marine cyanobacteria
(i.e. Prochlorococcus; Rocap et al., 2003), our results in M. aeruginosa
are much smaller in effect size. Subtle shifts in our data set are not
surprising considering we surveyed intraspecific differences across
a relatively small geographic region.

Genomes from the LL/LG and HL/LG groups lacked potentially
important functions compared to the HL/HG group. LL/LG and HL/
LG genomes frequently lacked 11 core cyanobacterial genes; how-
ever, the database that identifies ‘core’ genes consists mostly of
M. aeruginosa isolates collected from eutrophic environments. LL/
LG and HL/LG genomes frequently lacked cobS, which is necessary
for synthesis of cobalamin, vitamin B12. Frequent absence of mutT,
involved in preventing DNA mutations, in LL/LG and HL/LG isolates
suggests a higher mutational rate may be beneficial for adaptation
to oligotrophic environments (Denamur & Matic, 2006). However,
because mutT prevents AT to GC transversions (Yanofsky, Cox, &
Horn, 1966), it is unclear how LL/LG and HL/LG genomes lacking
mutT would maintain a lower GC content than HL/HG isolates.
Future study is warranted into whether subsequent or concurrent
genetic changes occurred with the loss of mutT to facilitate in-
creased mutational rate while maintaining low GC content.

In addition to gene loss and reduced genome complexity, acqui-
sition of new gene functions may contribute to survival under phos-
phorus-limited environments. Most notable, we found that LL/LG
isolates contained alkaline phosphatases that were absent in HL/HG
and HL/LG genomes. Of three known alkaline phosphatase protein
families (PhoA, PhoD and PhoX; Luo, Benner, Long, & Hu, 2009),
only PhoX has been previously described in M. aeruginosa (Harke,
Berry, Ammerman, & Gobler, 2012) and is also common among bac-
teria of the oligotrophic open ocean (Kathuria & Martiny, 2011; Luo
et al., 2009; Sebastian & Ammerman, 2009). Two factors that may
be facilitating LL/LG survival in low-P environments are that all LL/
LG and HL/LG isolates gained a second PhoX gene and that LL/LG
isolates gained an additional gene annotated as PhoA (pfam00245).
Considering that PhoA requires activation by zinc and magnesium
ions, while PhoX requires bioavailable calcium, different alkaline
phosphatases may be more advantageous for M. aeruginosa inhabit-
ing different environments.
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We also had two notable findings in regard to histidine kinases
and response regulators, which enable cells to detect and respond
to changes in its environment such as nutrients and light. A gene
annotated to histidine kinase KdpD was found to occur in signifi-
cantly less abundance in the LL/LG group than the HL/HG or HL/LG
group, which is aligned with findings of a substantial loss of response
regulation in the streamlined cyanobacterium Prochlorococcus (Mary
& Vaulot, 2003). On the other hand, a gene annotated to histidine
kinase SsrA was under positive selection only in the LL/LG group,
which is aligned with the finding that certain histidine kinases are
essential for survival of the cyanobacterium Synechococcus under
extreme nutrient limitation (Schwarz & Grossman, 1998).

We also inferred differences in life history traits among phylo-
genetic groups. We infer that in contrast to clonal colony forma-
tion in HL/HG and HL/LG isolates, LL/LG M. aeruginosa colonies
more frequently (though not exclusively) initially form through
nonclonal cellular adhesion. Colony formation can occur either
gradually via clonal growth or rapidly via cell adhesion, and both
modes of colony formation can be induced by abiotic and biotic
stressors including predation (Xiao et al., 2018). In the light of
lower growth rates among LL/LG isolates, cell adhesion may com-
pensate for slower clonal colony growth. The increased frequency
of polymorphic sites observed in LL/LG genomes is beyond what
could be explained by de novo mutations during laboratory cultur-
ing (~1,200 generations between field collection and sequencing;
Baldia, Evangelista, Aralar, & Santiago, 2007). We also found simi-
lar heterogeneity between isolates collected in 2011 and 2013 de-
spite differences in culturing time. Further supporting an increased
occurrence of genomic heterogeneity among LL/LG colonies, we
found increased frequencies of genes in LL/LG genomes that may
facilitate nonclonal colony formation: (a) NeuB that synthesizes si-
alic acids, which are a component of cyanobacterial extracellular
polymeric substances (Strom, Bright, Fredrickson, & Brahamsha,
2017; Zippel & Neu, 2011) and play important roles in cellular
recognition and adhesion (Gunawan et al., 2005); (b) sialidases
that may facilitate cellular adhesion by uncovering carbohydrate
receptors that are recognized by bacterial adhesins (Vimr, 1994);
(c) pfam06229 (FRG1-like domain) that contains a Hydra spp. gene
linked to this freshwater cnidarian's ability to adhere to underwa-
ter surfaces (Rodrigues et al., 2016); and (d) a bacterial adhesin
(pfam03865: haemolysin secretion/activation protein ShiB/FhaC/
HecB) (Moslavac et al., 2005) that facilitates adhesion to other
cells in pathogenic and symbiotic interactions (Hooper & Gordon,
2001). Genes regulating cell recognition and adhesion should be
less important for clonal colonies, where daughter cells remain at-
tached after binary fission (Kessel & Eloff, 1975). We note that all
colonies that we isolated, including the evidently nonclonal LL/LG
colonies, were of the distinctive, tightly packed morphology typ-
ical of natural M. aeruginosa colonies. In contrast, experimentally
induced nonclonal colonies are amorphous, loose aggregations of
cells that do not resemble M. aeruginosa morphologies common in
nature. The nonamorphous shapes of the nonclonal LL/LG colo-
nies suggest that growth occurred mostly by cell division but may
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have included some level of aggregation only at earlier stages of
colony development. Lastly, the colonies that we isolated may
have been descendants from the initial colonies that formed via
some level of cell aggregation.

We also note that the HL/HG group of M. aeruginosa was more
highly variable than the LL/LG group, which corresponds to the vari-
ation in nutrient levels observed in high- versus low-nutrient lakes.
HL/HG isolates were more variable according to our MLST phylog-
eny as well as the genome-wide metrics, GC content and percent-
age of coding DNA. Greater genome variation in the HL/HG group
also translated into greater variance in function, according to protein
family annotation, as well as physiology (x,,,). Low-nutrient lakes
generally always have low concentrations of bioavailable nutrients,
particularly in the summer epilimnion of deep, stratified lakes where
colimitation by both N and P may be especially common. In con-
trast, high-nutrient lakes have higher average concentrations than
low-nutrient lakes, but also have much greater variance, including
occasional low concentrations following periods of intense phyto-
plankton growth (Sarnelle, 1992). The lowest nutrient levels tend to
occur in the epilimnion during late summer, where and when M. aeru-
ginosa tends to reach peak abundance (Sarnelle, 1992).

In contrast to clear genomic divergence of M. aeruginosa across
the phosphorus gradient, we found subtle changes in the phyco-
sphere. Functional convergence despite taxonomic divergence as we
see in this study has also been noted in other study systems, includ-
ing the human gut microbiome (Turnbaugh et al., 2009); however,
there are also several limitations to our approach that may explain
this result. First, although the functional component of our study
analyses pfam profiles based on near-complete genomes of phy-
cosphere bacteria, sequence variation of proteins belonging to the
same pfam, present either in different species or in different strains
of the same species, may alter phycosphere functionality in ways
not reflected by our current analysis. In addition, the phycosphere
of M. aeruginosa may be similar in genome functions across the tro-
phic gradient, but may express different genes when associated
with hosts belonging to different phylogenetic groups. Analyses of
these differences are beyond the scope of this study, but are worth
further study. Second, to generate adequate quantities of DNA for
sequencing, and to enable physiological characterization, all isolates
were cultured under common-garden, laboratory-based conditions.
Phycosphere community composition likely changed during this
transition from the natural environment. Yet, as a host genotype
effect on overall taxonomic and specific functional gene content re-
mained by both phylogenetic group and lake of origin, these changes
were constrained by the limits imposed by the natural community
associated with each individual colony from which the cultures were
started. Future studies repeating our analysis on sequence data gen-
erated directly from individual colonies collected from the environ-
ment will clarify the extent to which laboratory culturing impacted
the host genotypic signal.

Despite these limitations, phycosphere community composi-
tion remained representative of heterotrophic bacteria associated
with blooms of M. aeruginosa. For example, two of the three most

abundant heterotrophic taxa across our isolate collection, P. bacil-
liformis and Cytophagaceae (Table S3), are strongly associated with
blooms of M. aeruginosa (Tanabe et al., 2015; Berry, Davis, et al.,
2017). We had hypothesized that the phycosphere could facilitate
survival of a streamlined host with atypical nutrient requirements
caused by gene loss, for example the loss of key genes for amino acid
biosynthesis in LL/LG isolates. Our hypothesis is based on the Black
Queen Hypothesis which proposed that streamlined bacteria may
compensate for gene loses through increased community connec-
tivity (Morris, Lenski, & Zinser, 2012). In contrast, we found conver-
gence in phycosphere gene functions across the nutrient gradient.
This convergence in phycosphere function may be driven in part to
providing uniform culturing conditions with standardized nutrients
and vitamins. In contrast to function, taxonomic composition of the
phycosphere varied across the gradient. Considering a common gar-
den likely caused some degree of convergence among phycospheres,
this magnitude of taxonomic divergence likely underestimates diver-
gence under natural environmental conditions. Functional conver-
gence despite taxonomic divergence suggests that hosts may select
for certain essential functions among the available pool of hetero-
trophic bacteria, which themselves are strongly shaped by lake en-
vironmental conditions (Crump, Adams, Hobbie, & Kling, 2007). This
host-mediated selection of phycosphere function was also apparent
in how functional similarity of the host phycosphere was weakly pre-
dicted by the functional similarity of the host. Although this was a
weak prediction that accounted for less than 10% of the total vari-
ance among phycosphere functionality, these results correspond
with findings that intraspecific plant variation can have small but
significant influences on the rhizosphere of maize and Arabidopsis
genotypes (Lundberg et al., 2012; Peiffer et al., 2013). Different spe-
cies of phytoplankton hosts have been shown to harbour distinct
phycosphere communities (Eigemann, Hilt, Salka, & Grossart, 2013;
Jasti, Sieracki, Poulton, Giewat, & Rooney-Varga, 2005), but the rel-
ative effects of intra- versus interspecific-level variation on the phy-
cosphere have not been directly studied.

One notable functional contribution of LL/LG and HL/LG
M. aeruginosa phycospheres that may explain survival across a nutri-
ent gradient was an increased occurrence of nitrogen-fixation genes.
However, much of this pattern was driven by the increased occur-
rence of only a single nif gene, nifA, so it is unclear what role these
phycosphere taxa may contribute towards nitrogen assimilation.
Additionally, genome investigation into Phycosocius bacilliformis,
which we found in the phycosphere of each of our M. aeruginosa iso-
lates, suggests that complementary amino acid biosynthesis may be
one component of this symbiotic interaction. Previously identified in
surveys of M. aeruginosa blooms, P. bacilliformis can increase growth
of colonial green algae (Tanabe et al., 2015). Several genotypes of
P. bacilliformis appear to derive a significant source of energy from
galactose, which is the primary component of the polysaccharide-
based mucilage that binds cells of colonial M. aeruginosa (Plude et al.,
1991; Rohrlack, Henning, & Kohl, 1999).

From a methodological perspective, our case study emphasizes
the need for cautious interpretation of metagenome-assembled
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genomes. Comparing genome traits and functions across phylo-
genetic groups was challenging due to fundamental differences
in genome architecture and assembly. For example, repetitive ele-
ments are a well-known technical complication in genome assembly
(Treangen & Salzberg, 2012). Our LL/LG assemblies were the most
fragmented due to a larger number and/or problematic locations of
repetitive elements, as well as a higher incidence of colony hetero-
geneity. Microcystis aeruginosa is noted for an unusually high per-
centage of mobile repetitive elements (Kaneko et al., 2007). Such
varied genomic architecture can lead to biased inferences. For ex-
ample, when we initially binned only contigs over 4 kb in length, be-
cause LL/LG genomes contained a sizable portion of contigs under
4 kb in length, we incorrectly inferred that LL/LG genomes were
smaller in size and lacked many more gene functions. In-depth in-
vestigation of these patterns revealed that many genes seemingly
missing from LL/LG genomes were merely on contigs shorter than
4 kb. This led us to the cautious approach of binning 2-kb fragments
and adding even shorter contigs that were taxonomically classified
as M. aeruginosa.

Genome data of M. ageruginosa, which dominates freshwater
harmful algal blooms worldwide, have previously existed only for
isolates that originated from phosphorus-rich environments. Our
finding that M. aeruginosa inhabiting oligotrophic environments
differ in genome structure, function and life history compared to
isolates derived from eutrophic environments have important im-
plications for understanding the dynamics of harmful algal blooms
and their response to ongoing global change. Particularly notable,
we found that divergence among M. aeruginosa isolates results
in a growth trade-off. HL/HG isolates retain the ability for rapid
growth when resources are high (i.e. a greater p__ that matches
rate estimates reported by Wilson et al., 2006; Wilson et al., 2010,
Reynolds, 2006, Seip & Reynolds, 1995 for colonial Microcystis). LL/
LG and HL/LG isolates have acquired the ability to subsist when
resources are low but at the cost of an ability to increase growth
when resources become more readily available. Similar growth
trade-offs have been observed in streamlined bacteria (Giovannoni
et al., 2005). This trade-off is regarded as a key property of oligo-
trophs versus copiotrophs, which instead have growth rates more
responsive to nutrient flux (Koch, 2001). Further, this growth trade-
off is an important future direction to consider in the context of
harmful algal blooms. These blooms can last several months, during
which time bloom development drives down available nutrients in
the water column to low levels (Heisler et al., 2008; Sarnelle, 1992),
thus constructing a niche for low-nutrient adapted genotypes. Our
findings are especially notable considering these distinct architec-
tures occurred within a species of cyanobacterium within a single
lake. Co-occurrence of such isolates adapted to thrive in different
micro-environments may have critical implications for the tempo-
ral variability and spatial extent of toxic cyanobacterial blooms.
For example, the HL/LG-type isolates residing in eutrophic and
mesotrophic lakes may be key players in extending the duration of
blooms after HL/HG-type isolates have depleted phosphorus to
levels that would otherwise lead to a recovery period or dominance
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of other nontoxic phytoplankton. Such physiological adaptation to
low-phosphorus conditions also helps explain the recent expansion
of M. aeruginosa in oligotrophic lakes invaded by dreissenid mus-
sels, lakes which are otherwise an uncharacteristic habitat for this
cyanobacterium (Knoll et al., 2008; Raikow, Sarnelle, Wilson, &
Hamilton, 2004; Sarnelle et al., 2010).

Overall, evolutionary divergence of M. aeruginosa corresponds
with maintenance of high fitness across a wide phosphorus gra-
dient. Evolutionary changes included direct effects on the host
genome that increased nutrient-use efficiency and nutrient as-
similation. However, genomic changes within the organism do not
operate independently from its ecology. Changes within M. aeru-
ginosa genomes may have facilitated changes in the behavioural
ecology of the cyanobacterium by acquiring gene functions that
have seemingly enabled an altered life history strategy of non-
clonal colony formation. Host genome changes further correspond
with changes in the symbiotic and/or commensal ecological inter-
actions between the host and the host-microbiome, in which func-
tion of the host is linked with function of the host-microbiome.
These findings demonstrate the intricate and nonindependent
ecological and evolutionary processes that may facilitate intraspe-

cific niche divergence.
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Fig. S1. Phylogeny and metadata of 1) 46 isolates of Microcystis aeruginosa collected from 14 inland
lakes of Michigan, USA, 2). 20 publicly available sequences collected in multiple locations across six
continents, and 3.) the cyanobacterium Synechococcus as an outgroup comparison. Multi-locus sequence
typing was used to construct a phylogeny with RAXML based on five housekeeping genes (ftsZ, ginA,
gltX, gyrB and pgi). Isolates originating from oligotrophic Michigan lakes are noted in dark blue, i.e. Low
Phosphorus Lake/Low Phosphorus Genotype isolates. Isolates originating from eutrophic and
mesotrophic Michigan lakes that clustered with oligotrophic lakes, i.e. High Phosphorus Lake/Low
Phosphorus Genotype isolates, are noted in light-blue. All other isolates originating from eutrophic and
mesotrophic lakes, i.e. High Phosphorus Lake/High Phosphorus Genotype isolates, are noted in green.
Isolates obtained from NCBI are noted in gray.
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Table. S1. Associated metadata about each of the 46 M. aeruginosa isolates originating from inland lakes
of Michigan, USA. Note number of observations and years sampled corresponds to all data on nutrients
and chlorophyll-a. Collection date corresponds to when the M. aeruginosa strains were collected.

Strain Mean WMean MWean Mean  Mean
Collection # TP TP Range Trophic Chl-a  SRP NH4 NO3

Strain Identification Date Location Years Sampled Samplings (pag/L) (pgiL) State  (pg/l) (pall) (pgll)  (pgl) Latitude Longitude
BK11-02 8-Aug-11  Baker Lake, MI, USA 2009, 2011, 2013 4 28.0 11.5-546 meso. 337 4.6 349 523 4264643  -85.50279
B511-05,8813-02 8513-10 8-Aug-11  Baseline Lake, MI, USA 1998-1999, 2009, 2011, 2013 6 36.1 247-480  eutro 471 36 19.0 311 4242421 -85.6677
F13-15 15-Aug-13  Ford Lake, MI, USA 2009, 2011, 2013 3 65.0  44.8-99.6  eutro. 56.2 102 4651 5140 4220619 -83.566
G11-01,G11-04,G11-06,G11-09 5-Jul-11 Gull Lake, MI, USA 1998-2014 201 76 23131 oligo 37 13 221 277.0 4239651 -85.40936
G13-01;,G13-03,G13-05,G13-07,G13-09;
G13-10;G13-11,G613-12 8-Aug-13  GullLake, MI, USA 1998-2014 201 7.6 2.3-131 oligo. 37 13 221 2770 4239651  -85.40936
K13-05,K13-08,K13-07,K13-10 18-Aug-13  KentLake, MI, USA 2009, 2013 3 236 152-315 meso 231 33 67.2 444 4252346 -83.666
L111-01 19-Aug-11 M3U Lake 1, MI, USA 2009, 2011, 2013 3 1635 71.0-2099  eutro. 122 1558 425 1345 4268059 -84.4831
L211-07,L211-01,L.211-11 16-Aug-11 M3SU Lake 2, MI, UBA 2009-2013 79 196.8 105.3-4562 eutro. 2408 73 6.8 157.6 4268059  -B4.4871
L311-01 6-Aug-11  MSU Lake 3, MI, USA 2011, 2013 3 1287 115.4-153.0 eutro. 533 4.1 94 5437 4267928 -84.4849
LE13-04 6-Aug-13  Lee Lake, MI, USA 2003, 2009, 2011, 2013 5 9.0 34132 oligo. 40 19 53 40.4 4217991 -85.11844
LG11-05 5-Aug-11  Lake Lansing, MI, USA 2011, 2013 2 171 16.6-17.6 meso 55 51 111 89.0 4278324 -84.405
LG13-02,LG13-03,LG13-11,LG13-12,LG13-1 14-Aug-13 Lake Lansing, MI, USA 2011, 2013 2 17.1 16.6-17.6  meso. 55 5.1 111 89.0 4276324 -84.405
LL11-07 12-Jun-11  Litlle Long Lake, MI, USA 2011-2014 42 8.0 3.2-134  oligo. 41 10 1000 3125 4241803  -B5.44348
LL13-03;LL13-06 8-Aug-13  Little Long Lake, MI, USA 2011-2014 42 a0 32134 oligo 41 10 1000 3125 4241803 -B5.44348
311-01;,311-05 8-Aug-11  Sherman Lake, MI, USA 2009, 2011, 2013 4 13.7 4.8-240 meso. 9.1 2.8 0.0 64.9 4235212  -85.38545
SX13-01;8X13-11 7-Aug-13  Sixteen Lake, MI, USA 2009, 2013 3 a8 6.4-108 oligo 50 1.0 1275 19176 4258518 -85.61352
W11-03;W11-06 2-Aug-11  Wintergreen Lake, MI, USA 2009, 2011, 2013 4 478  26.2-921  eutro. 214 27 1360 1297 4239757  -B5.38536
W11 1TW13-13W13-15W13-16.W13-18  8-Aug-13  Wintergreen Lake, MI, USA 2009, 2011, 2013 4 47.8  26.2-921  eutro. 214 27 1360 1297 4239757 -85.38536
DIANCHI90S Dianchi Lake, China
LED13-01 Lake Erie, USA
LE3 Lake Erie, USA
LSC13-02 Lake St. Clair, MI, USA
MIES-44 Lake Kasumigaura Ibaraki, Japan
NIES-843 Lake Kasumigaura Ibaraki, Japan
PCC-7005 Lake Mendota, Wl, USA
PCC-7806 Braakman Reservoir, Netherlands
PCC-7941 Little Rideau Lake, Canada
PCC-9432 Litile Rideau Lake, Canada
PCC-9443 Fish Pond, Landjia, Central Afr. Rep.
PCC-9701 Guerlesquin Dam, France
PCC-9717 Rochereau Dam, France
PCC-9806 Oskosh, Wi, USA
PCC-9807 Hartbeespoort Dam, South Africa
PCC-2808 Malpas Dam, Australia
PCC-9809 Lake Michigan, USA
SPCT77 Billings Resevoir, Brazil
T1-4 Bangkok, Thailand
TAIHUSS Lake Taihu, China




Fig. S2. Location map of 14 Microcystis source lakes in the lower peninsula of Michigan, USA.
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Fig. S3. Digital micrographs showing growth of an M. aeruginosa colony during a 6 — day growth assay.
Images of F11-05 (isolated from Ford Lake, Michigan in 2011) were taken at 100x using a light
microscope (Nikon Eclipse E600) interfaced with a digital camera (Diagnostic Instruments) and are
shown to scale. Photo Credits: Jeffrey D. White.
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Fig. S4. A) Assembly statistics for Microcystis aeruginosa genomes, which includes all contigs at least
2kb in length that were binned using VizBin plus additional contigs that were shorter in length but
assigned as a Microcystis spp. with ncbi-blast. Genomes in each of the three phylogenetic groups tended
to have similar levels of coverage, but the Low Phosphorus Lake/Low Phosphorus Genotype and High
Phosphorus Lake/Low Phosphorus Genotype genomes were more fragmented, as indicated by a greater
number of contigs of a smaller mean contig length. B) Also shown is a comparison of assembly statistics
when including versus excluding contigs under 2kb in length.
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Fig S5. Abundance distributions of coverages for all contigs within the VizBin Microcystis aeruginosa
bins are shown in black. Contigs that were taxonomically annotated as a Microcystis spp. according to
nchi-blast, but were below 2kb in length and therefore not included in VizBin binning, are shown in gray.
Contigs were removed from our main analysis when coverage fell below the cutoffs illustrated in red.
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Fig. S6. The percentage of the reference versus alternate variant for each polymorphic site within a
genome is illustrated with boxplots for each genome within the A) High Phosphorus Lake/High
Phosphorus Genotype group, B) High Phosphorus Lake/Low Phosphorus Genotype group, or C) Low
Phosphorus Lake/Low Phosphorus Genotype group. Genomes with a sizable distribution of low coverage
contigs, likely caused by non-clonal cellular variation within colonies, are illustrated with a black fill
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Fig. S7. As shown in Fig. S4 and Fig. 1, Low Phosphorus Lake/Low Phosphorus Genotype genomes tend
to be less complete based on a survey of the occurrence of 524 core genes using checkM. The heat maps

below show the percentage of genomes within each phylogenetic group that are missing each

cyanobacterial core gene when considering A) all binned contigs of at least 2kb in length using VizBin, or

additionally, B) all binned contigs and those under 2kb that were identified as a Microcystis spp. using

nchi-blast. Shown below are core genes found in fewer than 44 isolates. Black, or a value of 100,

indicates all genomes within that phylogenetic group contained a particular core gene. White, or a value

of 0 indicates all genomes within that phylogenetic group lacked that particular core gene.

A)

Microcystis Core Genes

_ TIGR01575 ribosomal-protein-alanine acetyltransferase
PF11210.3 Unknown function
PF03461.10/PF02559.11 transcription-repair coupling factor
I T GRO00444 MazG family protein
PF02739.11/PF01367.15 5'-3' exonuclease, N-terminal resolvase-like domain
TIGR00132 aspartyl/glutamyl-tRNA(Asn/GIn) amidotransferase
PF04839.8 Plastid and cyanobacterial ribosomal protein
PF06949.6/PF12527.3 Unknown function
PF11344.3 Unknown function
PF01220.14 3-dehydroquinate dehydratase
TIGR00191 homoserine kinase
TIGRO0023 acyl-phosphate glycerol 3-phosphate acyltransferase
PF02033.13 Ribosome-binding factor A
TIGR0O0586 mutator mutT protein
PF03853.10/PF01256.12 YjeF N terminal protein domain/ Carbohydrate kinase
PF03588.9 Leucyl/phenylalanyl-tRNA protein transferase
PF11267.3 Unknown function
TIGR00347 dethiobiotin synthase
TIGRO036089 polysaccharide pyruvyl transferase CsaB
PF01367.15/PF02739.11 5'-3' exonuclease, C-terminal SAM fold
PF10369.4/PF13710.1 Small subunit of acetolactate synthase/ ACT domain
TIGRO02654 circadian clock protein KaiB
PF06838.6 Methionine gamma-lyase
PF10742.4 Unknown function
PF02559.11/PF03461.10 CarD-like/transcription-repair coupling factor domain
TIGR00514 acetyl-CoA carboxylase, biotin carboxylase subunit
PF00253.16 Ribosomal protein S14p/S29e
PF02873.11 UDP-N-acetylenolpyruvoylglucosamine reductase
PF11623.3 NAD(P)H dehydrogenase subunit S
PF02654.10 Cobalamin biosynthesis
PF04483.7 Unknown function
PF02403.17 Seryl-tRNA synthetase N-terminal domain
TIGR01850 N-acetyl-gamma-glutamyl-phosphate reductase
TIGRO00868 lactoylglutathione lyase
TIGR01082 UDP-N-acetylmuramate--L-alanine ligase
PF02021.12 Uncharacterised protein family UPF0102
PF01039.17 Carboxyl transferase domain
PF13603.1 Leucyl-tRNA synthetase
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Fig. S8 Among isolates of Microcystis aeruginosa collected from inland lakes of Michigan, numerous
Kegg Orthology (KO) and protein families (pfam) terms were found in significantly different abundances
across the three different phylogenetic groups of genomes. Note KO terms related to nitrogen and
phosphorus metabolism and transport are highlighted first, followed by all other significant terms. We
show results for terms that varied significantly via Analysis of Variance with a false discovery rate
correction. To control for multiple isolates per lake, we input only the average gene count per isolate
within each lake into the ANOVA. Heatmap color depicts average gene count per isolate for each
phylogenetic group, where lighter colors indicate fewer genes per isolate occurring on average in that
protein family within that phylogenetic group. Note for lakes with multiple phylogenetic groups, we
include separate mean values for each group of isolates within that lake. Lettering within heatmap cells
indicates which phylogenetic groups differ by Tukey’s post-hoc test, where groupings sharing the same
letter do not differ. A total of 671 pfams were significant at the p < 0.05-level. For conciseness, we show
those terms with a correct p-value < 0.001, followed by those terms with a p-value < 0.01 if the pfam was
entirely absent from at least one of the three phylogenetic groups.

Microcystis: Nitrogen and Phosphorus
Transport/Metabolism

B B A K15577: nitrate/nitrite transport system permease protein 2
B B A K15578: nitrate/nitrite transport system substrate-binding protein 15
B B A K15578: nitrate/nitrite transport system ATP-binding protein

K011286: glycerophosphoryl diester phosphodiesterase
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Microcystis: All other functions
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K02036:
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A A B K04035:
A A B K03707:
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A A B K03325:
A A B K01304:
A A B
® o »

K19092:

uncharacterized protein
phosphate transport system ATP-binding protein
ammonium transporter

: uncharacterized protein

ribonuclease D

phycocyanin-associated rod linker protein

aquaperin Z

cytochrome bB-f complex subunit 5

RNA polymerase sigma-70 factor, ECF subfamily
tRNA guanine26-N2/guanine27-N2-dimethyltransferase
chromosome partitioning protein

: phosphoglycolate phosphatase
: uncharacterized protein

PPM family protein phosphatase

tyrosinase

8-0x0-dGTP diphosphatase

XTP/dITP diphosphohydrolase

methionyl aminopeptidase

ATP-dependent DNA helicase DinG
ADP-dependent NAD(P)H-hydrate dehydratase
NAD(P)H-hydrate epimerase

3-dehydroquinate dehydratase Il

orotate phosphoribosyltransferase

isocitrate dehydrogenase
phycocyanobilin:ferredoxin oxidoreductase
photosystem Il CP43 chlorophyll apoprotein
two-component system, OmpR family, sensor histidine kinase KdpD
farnesyl-diphosphate farnesyltransferase
thioredoxin 1

P-type Ca2+ transporter type 2C
sec-independent protein translocase protein TatA
magnesium-protoporphyrin IX monomethyl ester
thiaminase

ribosomal protein S18-alanine N-acetyltransferase
photosystem Il PsbH protein

arsenite transporter

pyroglutamyl-peptidase

toxin ParE1/3/4
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pfam13489:
pfam12755:
pfam05787:
pfam03088:
pfam04226:
pfam02529:
pfam16728:
pfam12799:
pfam00560:
pfam13855:
pfam14580:
pfam13306:
pfam02005:
pfam03102:
pfam03865:
pfam14196:
pfam07613:
pfam07504:
pfam00949:
pfam05565:
pfam13344:
pfam00702:
pfam00122:
pfam01740:
pfam08282:
pfam00126:
pfam00690:
pfam02915:
pfam00689:
pfam13246:
pfam00916:
pfam01470:
pfam09295:
pfam01709:

A pfam05791:
pfam10097:
pfam13493:
pfam00245:
pfam14280:
pfam17124:
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pfam04231:
pfam00941:
pfam01315:
pfam01592:
pfam01799:
pfam02625:
pfam02738:
pfam03450:
pfam13478:
pfam02973:
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pfam00704:
pfam13749:
pfam13655:
pfam17195:
pfam11663:
pfam03713:
pfam13628:
pfam04728:
pfam06738:
pfam12821:
pfam04304:

Helix-turn-helix domain

Methyltransferase domain

Vacuolar 14 Fab1-binding region

Bacterial protein of unknown function (DUF839)
Strictosidine synthase

transglycosylase associated protein

Cytochrome B6-F complex subunit 5

unknown function

Leucine Rich repeats (2 copies)

Leucine Rich Repeat

Leucine rich repeat

Leucine-rich repeat

Leucine rich repeats (6 copies)
N2,N2-dimethylguanosine tRNA methyltransferase
NeuB family

Haemolysin secretion/activation protein ShiB/FhaC/HecB
L-2-amino-thiazoline-4-carboxylic acid hydrolase
unknown function

Fungalysin/Thermolysin Propeptide Motif
Peptidase S7, Flavivirus NS3 serine protease
Siphovirus Gp157, increased resistance to bacteriophage
Haloacid dehalogenase-like hydrolase

haloacid dehalogenase-like hydrolase

E1-E2 ATPase

STAS domain

haloacid dehalogenase-like hydrolase

Bacterial regulatory helix-turn-helix protein, lysR family
Cation transporter/ATPase, N-terminus
Rubrerythrin

Cation transporting ATPase, C-terminus

Cation transport ATPase (P-type)

Sulfate permease family

Pyroglutamyl peptidase

ChAPs (Chs5p-Arf1p-binding proteins)
Transcriptional regulator

Bacillus haemolytic enterotoxin

unknown function

unknown function

Alkaline phosphatase

unknown function

ThiJ/Pfpl family-like

Common central domain of tyrosinase

FRG1-like domain

Endonuclease |

FAD binding domain in molybdopterin dehydrogenase
Aldehyde oxidase and xanthine dehydrogenase, alb hammerhead domain
NifU-like N terminal domain

[2Fe-2S] binding domain

XdhC and CoxI family

Molybdopterin-binding domain of aldehyde dehydrogenase
CO dehydrogenase flavoprotein C-terminal domain
XdhC Rossmann domain

Sialidase, N-terminal domain

unknown function

Glycosyl hydrolases family 18

Putative ATP-dependent DNA helicase recG C-terminal
N-terminal domain of reverse transcriptase

unknown function

Toxin with endonuclease activity, of toxin-antitoxin system
unknown function

unknown function

Lipoprotein leucine-zipper

Putative threonine/serine exporter

Threonine/Serine exporter, ThrE

unknown function
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Table S2. Baseline data for the core microbiome of Microcystis aeruginosa as determine via sequencing
of the 16S rRNA gene and clustering of sequences sharing at least 97% sequence similarity into OTUs.
Read depths are reported before and after normalization to the smallest sample depth. All richness and
diversity metrics were calculated as defined in the phyloseq microbiome analysis package in R.

Sample Lake Original Read Depth Scaled Read Depth Observed Richness Chaol (+s.e.) ACE (+s.e.) Shannon Simpson Inverse Simpson Fisher
BK11_02 Baker 48709 10169 31 40.00(8.03) 47.09(3.35) 1.71 0.69 3.27 3.95
BS11_05 Baseline 53613 10183 23 24.50 (2.23) 29.89 (2.84) 1.83 0.80 4.92 2.81
BS13_02 Baseline 66222 10128 54 60.11(4.97) 65.37(4.14) 2.52 0.86 7.22 7.49
BS13_10 Baseline 62799 10163 35 40.14 (4.65) 44.33(3.47) 178 0.75 3.98 4.54
F11_05 Ford 41063 10179 25 30.00 (6.01) 33.29 (2.80) 1.22 0.49 1.95 3.09
F13_03 Ford 43554 10167 32 60.00 (21.47) 44.54(3.27) 216 0.85 6.69 4.09
F13_15 Ford 38281 10163 29 31.63(2.83) 33.29(2.81) 0.95 0.55 2.21 3.66
G11_01 Gull 48274 10154 36 40.00 (3.69) 45.49 (3.74) 2.10 0.83 5.94 4.69
G11_04 Gull 44946 10166 36 48.00(10.75) 43.60(3.17) 1.91 0.80 4.99 4.69
G11_06 Gull 41686 10171 36 39.50(3.44) 43.33(3.05) 221 0.85 6.87 4.69
G11_09 Gull 55919 10164 42 49.00 (6.65) 50.30 (3.66) 1.95 0.77 4.40 5.60
G13_01 Gull 43963 10162 48 65.27 (10.23) 75.97(6.03) 0.81 0.32 1.47 6.53
G13_03 Gull 39462 10173 24 24.50(1.03) 25.98(2.48) 1.46 0.62 2.63 2.95
G13_05 Gull 52079 10162 37 46.33 (8.85) 44.09 (3.20) 1.45 0.68 3.10 4.84
G13_07 Gull 65576 10177 21 24.75(4.20) 30.35(2.98)  1.40 0.65 2.89 2.53
G13_09 Gull 33769 10156 51 57.50(4.88) 60.37(3.75) 0.64 0.22 1.29 7.01
G13_10 Gull 39231 10090 93 94.57 (1.70)  97.54 (4.65) 2.83 0.91 11.06 14.15
G13_11  Gull 57219 10170 35 80.50(34.53) 67.58(3.91) 1.86 0.78 4.52 4.54
G13_12 Gull 48004 10162 35 42.86(6.33) 48.36(3.77) 1.18 0.54 2.20 4.54
K13_01 Kent 46618 10173 29 29.60 (1.18) 30.69 (2.36) 2.17 0.84 6.27 3.66
K13_05 Kent 40105 10149 48 64.50(12.89) 74.97(5.08) 2.74 0.91 11.55 6.53
K13_06 Kent 40594 10146 49 66.00(10.99) 73.10(4.58) 1.63 0.69 3.23 6.69
K13_07 Kent 66186 10169 32 33.50(2.23) 34.40(2.73) 2.38 0.88 8.59 4.09
K13_10 Kent 54218 10169 44 46.50(3.16) 48.38(3.34) 2.85 0.92 12.17 5.90
L111_01 MsuU1l 54821 10203 85 98.32(7.38) 110.37(5.42) 1.49 0.60 2.49 12.71
L211_07 MSU2 61600 10171 32 37.00 (5.53) 39.35(2.69) 2.05 0.82 5.66 4.09
1211_101 MSU2 68003 10161 31 33.00(2.88) 33.84(2.79) 1.84 0.78 4.45 3.95
L1211_11 M™MSU2 46633 10170 30 35.60 (5.34) 37.13(2.83) 1.69 0.77 4.34 3.80
1311_01 MSU3 36485 10144 77 132.20(32.73) 109.30(5.28)  2.87 0.91 11.04 11.33
LE13_04 Lee 49235 10167 52 62.11(7.19) 73.81(5.03) 231 0.83 5.84 7.16
LG11_05 Lansing 41699 10166 51 62.67 (8.00) 65.80 (4.72) 2.18 0.85 6.54 7.00
LG13_02 Lansing 50838 10177 30 33.00(4.16) 35.98(2.58)  2.18 0.83 5.87 3.80
LG13_03 Lansing 53286 10171 33 35.00(2.88) 36.20(2.00) 2.24 0.84 6.26 4.24
LG13_11 Lansing 36832 10181 24 25.50 (2.23) 28.17(2.66) 1.71 0.71 3.44 2.95
LG13_12 Llansing 49862 10169 30 36.00(5.38) 40.33(3.33)  1.50 0.71 3.49 3.80
LG13_13 Llansing 44345 10141 51 62.00(8.87) 62.29(3.80) 2.23 0.82 5.59 7.01
LL11_07 Little Long 49425 10173 24 34.50(10.52) 34.33(3.11) 1.95 0.83 6.03 2.95
LL13_03 Little Long 44497 10164 35 40.25(5.37) 41.62(3.18) 2.10 0.84 6.25 4.54
LL13_06 Little Long 56382 10158 47 50.11(3.10) 51.15(3.36) 2.32 0.86 7.34 6.37
S11_01  Sherman 38563 10167 51 72.11(12.60) 83.29 (4.89) 2.01 0.82 5.68 7.00
$11_05 Sherman 55158 10159 52 56.50(3.92) 59.01(3.69) 2.24 0.83 5.82 7.16
SX13_01 Sixteen 47387 10152 52 54.50(3.16) 54.35(3.49) 234 0.81 5.22 7.17
SX13_11 Sixteen 46615 10168 32 41.17(7.37) 48.13(3.91) 1.50 0.70 3.28 4.09
W11_03 Wintergreen 48147 10140 75 95.00 (10.56) 104.84 (5.58)  1.95 0.79 4.76 10.98
W11_06 Wintergreen 62231 10139 37 44.50(6.35) 45.82(3.29) 1.66 0.76 4.25 4.84
W13_11 Wintergreen 53677 10142 67 91.00 (16.42) 83.38(4.22) 2.70 0.89 8.84 9.63
W13_13 Wintergreen 47236 10156 38 46.25(6.36) 50.52(3.53) 1.66 0.69 3.26 4.99
W13_15 Wintergreen 41440 10150 52 71.13(12.05) 73.12(4.15) 1.94 0.80 4.96 7.17
W13_16 Wintergreen 34930 10154 46 57.38(8.08) 61.88 (4.02) 2.20 0.86 6.93 6.22
(

W13_18 Wintergreen 40374 10159 53 87.00(23.21) 74.71(4.19) 2.47 0.89 9.17 7.32




Table S3. Description of the core microbiome of Microcystis aeruginosa as determine via sequencing of
the 16S rRNA gene and clustering of sequences sharing at least 97% sequence similarity into OTUs.

Fifteen bacterial OTUs were associated with > 75% of M. aeruginosa isolated from inland lakes of

Michigan. We also note a total of 34 OTUs that were associated with at least 50% of isolates, including
all OTUs with relative abundances above 2%, and OTUs disproportionately associated with isolates
belonging to different phylogenetic groups. All abundances shown as mean + standard error.

LLLG HLLG LL/LG %

Taxonomy Total % Abundance Occurrence  Occurrence  Occurrence  Abundance
Proteobacteria;Alphaproteobacteria;Candidatus_Phycosocius_bacilliformis 11.32 + 2.04 (46) 18 1 17 634 % 2.77
Protecbacteria;Alphaprotechacteria;Caulobacterales;alfll_A;Brev 7.96 & 2.61 (46) 18 11 17 18.06 £ 6.44
Bacteroidetes;Cytophagia;Cytophagales;Cytophagaceae 10.47 £ 2.60 (43) 17 9 17 18.21 £ 5.60
Proteobacteria;unclassified Betaproteohacteria 1.67 + 0.31 (42) 18 8 16 2.25 % 0.59
Protecbacteria;Alphaprotecbacteria;Caulobacterales;alfll 2.65 + 0.69 (41) 17 10 14 5.09+ 1.57
Proteobacteria;Betaproteohacteria;Burkholderiales;betl_A 1.49 £ 0.72 (39) 15 10 14 119+ 0.65
Protecbacteria;Alphaprotecbacteria;Rhodospirillales;alfviil 2.52% 0.73 (38) 17 7 14 5.32% 1.68
Gemmatimonadetes;Gemmatimonadetes;Gemmatimonadales;Gemmatimonadaceae;Gemmatimonas 2.80 + 0.82 (37) 13 9 15 0.65+ 0.44
Proteobacteria;Alphaproteobacteria;Rhizobiales;Methylobacteriaceae; Methylobacterium 0.16 + 0.05 (38) 16 2 14 0.09 £ 0.06
Protecbacteria;Alphaprotecbacteria;Caulobacterales;alfll_A;Brev 1.29 + 0.53 (39) 16 10 13 0.53% 0.23
Proteobacteria;Alphaproteobacteria;Caulobacterales;Caulobacteraceae(96);Brevundimonas 2.84 + 1.48 (37) 16 8 13 359+ 213
Proteobacteria;Alphaprotecbacteria;Rhizobiales; Methylobacteriaceae; Methylobacterium 0.18 ¢ 0.12 (37) 14 10 13 0.40% 0.33
Proteobacteria;Alphaprotecbacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 0.09 £ 0.05 (37) 12 11 14 0.02% 0.01
Proteobacteria;Alphaprotecbacteria;Rhizobiales;Methylobacteriaceae;Methylobacterium 0.02 £ 0.00 (36) 15 9 12 0.02+ 0.01
Protechacteria;Alphaprotechacteria;sphingomonadales;alfill_A;Sphingo 0.85 + 0.87 (36) 13 9 14 012t 0.08
Proteobacteria;Alphaproteohacteria;Sphingomor 111_A;Sphingo 0.25 + 0.25 (35) 14 ) 13 0.68+ 0.67
Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae 1.20 £ 0.37 (33) 12 10 11 111+ 043
Protecbacteria;Alphaprotecbacteria;Rhizobiales 0.46 + 0.16 (33) 15 7 11 0.74% 0.31
Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Planctomyces 2.04 + 0.80 (30) 10 8 12 032+ 031
Proteohacteria;Alphaproteobacteria;Sphingomonadales;MN_122.2a 0.25 ¢ 0.08 (29) 12 7 10 0.13 £ 0.08
Cyancbacteria;Cyancbacteria;Pseudanabaena 1.98 £ 1.55 (30) 10 6 14 0.02% 0.01
Actinobacteria;Actinobacteria;Actinomycetales;acl_C2 0.01 £ 0.01 (28) 12 6 10 0.02 £ 0.02
Actinobacteria;Actinobacteria;Actinomycetales;acl_B1 0.01% 0.00 (29) E 8 12 0.01% 0.01
Proteobacteria;Alphaprotecbacteria;Caulobacterales;Caulobacteraceae 1.24 + 0.61 (28) 9 6 13 0.04 + 0.04
Proteobacteria;Alphaproteobacteria;sphingomonadales;Sphingomonad: phingopyxi 1.24 + 0.69 [27) 10 6 11 001+ 0.01
Protecbacteria;unclassified Alphaproteobacteria 1.28 + 0.43 (27) 10 5 12 318+ 103
Proteobacteria;Alphaprotecbacteria;Rhizobiales; Bradyrhizobiaceae;Bradyrhizobium 0.31+ 0.15 (26) El 7 10 0.22+ 019
Unclassified proteobacteria 0.62 + 0.37 (26) 7 6 13 0.01 £ 0.00
Protecbacteria;Alphaprotecbacteria;Rhodospirillales;|-10 1.02 £ 0.37 (23) 9 5 9 1Lll% 0.75
Proteobacteria;Alphaprotecbacteria;Rhizobiales 0.60 £ 0.32 (25) 8 6 1 030+ 021
Proteobacteria;Alphaprotecbacter hingomonadal omonadk ;Sphingomonas 0.78 £ 0.40 (26) 12 5 S 123t 071
Proteobacteria;Alphaprotecbacteria;Rhizobiales;Methylobacteriaceae;Meganema 0.43 + 0.17 (24) 10 7 7 047 % 0.25
Proteobacteria;Betaproteobacteria;Burkholderiales 0.48 £ 0.31 (25) 8 6 11 0.21 £ 0.20
Unclassified bacteria 0.34 £ 0.13 (24) 5 8 11 0.00 £ 0.00
Proteobacteria;Deltaprotecbacteria;Myxococcales 1.79 + 0.88 (23) 1 5 7 356+ 1.85
Bacteroidetes;Cytophagia;Cytophagales;Cytophagaceae;Chryseolinea 2.02+ 1.44 (23) 10 2 5 009+ 0.06
Protecbacteria;Alphaprotecbacteria;Rhodospirillales;Rhodospirillaceae;Elstera 0.76 £ 0.59 (23) 8 9 6 049+ 0.49
Proteobacteria;unclassified Alphaproteobacteria 0.48 + 0.28 (23) 7 6 10 0.06 + 0.04

HL/LG %
Abundance
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Fig. S9. llustration of the core microbiome of Microcystis aeruginosa as determine via sequencing of the
16S rRNA gene and clustering of sequences sharing at least 97% sequence similarity into OTUs. We
illustrate (A) the taxonomic similarities among bacterial communities inhabiting the phycosphere of M.
aeruginosa collected from the same lake. Points close in principal coordinate space are taxonomically
more similar bacterial communities, where taxonomic relationships were inferred using a Bray-Curtis
dissimilarity matrix on the 16S gene. (B) Protein functionality of these bacterial communities were also
similar among those inhabiting host isolates originating from the same lake. Points close in principal
coordinate space are functionally more similar bacterial communities, as determined using a Bray-Curtis
dissimilarity metric on a gene count matrix categorized into protein families. Note for both panels,
significance of separation was determined using analysis of variance on distance matrices, i.e. adonis.
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Table S4. The bacterium Phycosocius bacilliformis was identified via 16S rRNA sequencing in
the phycospheres of each of 46 strains of M. aeruginosa that had been isolated from 14 lakes in
Michigan, USA (see Fig. S9 for details on 16S survey data). Genomes of P. bacilliformis were
identified from M. aeruginosa metagenomes using ESOM. Seven high quality genomes were
identified that best represented 7 different strains of P. bacilliformis. Each representative genome
was at least 96% complete and was divergent from all other strains by at least 0.75% average
amino acid identity. We show metabolic complementarity between the M. aeruginosa host and
associated P. bacilliformis using the JGI IMG Annotation Pipeline predictions for amino acid
and galactose metabolism.

Average Amino Acid Identity between P. bacilliformis strains associated with M. aeruginosa
W1i13-15 G11-06
0 093.74 09923 08.22 09,29 98.02 93.4
0 93.65 93.49 093.56 93.63 96.74
0 98.03 99.09 98.02 93.23
0 897.99 98.59 93.57
0 98.01 93.31

Wi3-1 0 93.41
G11-06 0
Completeness Contamination  Threonine Serine Asparagine Galactose Utilization

M. geruginosa MNA MNA X x x MNA

P. bacilliformis 97.8 0.89 v v v v
M. aeruginosa NA NA x X X NA

P. bacilliformis 97.8 0.89 v v v x
M. aeruginosa NA NA X x x NA

P. bacilliformis 97.8 0.89 v v v v
M. aeruginosa NA NA x x v NA

P. bacilliformis 98.5 0.24 v v v v
M. geruginosa MNA MNA X x x MNA

P. bacilliformis 96.8 0.35 v v v x
W1 3_,1 5 M. aeruginosa NA NA X X x NA
P. bacilliformis 98.5 0.24 v v v v
G1 1 '06 M. aeruginosa NA NA x x x NA
P. bacilliformis 98.1 0.41 v v v X




Fig. S10.

Within the M. aeruginosa phycosphere, some protein families (pfam) and Kegg Orthology (KO) terms
were found in different abundances across LL/LG, HL/HG, and HL/HG genomes. We show results for
terms that varied by Analysis of Variance. As no terms were significant with a false discovery rate
correction, we report terms with uncorrected p-values below 0.01 to highlight terms that may differ
among groups but acknowledging the potential for more false positives. To control for multiple host
isolates per lake, we input only the average gene count for each lake into the ANOVA. Heatmap color
depicts average gene counts within an entire phycosphere rather than per genome. All pfams with an
uncorrected p-value below 0.01 are shown. Lighter heatmap colors indicate fewer genes occurring on
average in that protein family within that phylogenetic group. Note for lakes with multiple phylogenetic
groups, we include separate mean values for each group of isolates within that lake. Lettering within
heatmap cells indicates which phylogenetic groups differ by Tukey’s post-hoc tests, where groups sharing
the same letter do not differ.

Phycosphere

- AB A pfam06983: 3-demethylubiquinone-9 3-methyltransferase
pfam05402: Coenzyme PQQ synthesis protein D (PqqD) 25
pfam03055: Lignostilbene-alpha,beta-dioxygenase 2
pfam13468: Glyoxalase-like domain

pfam16670: Phosphoinositide phospholipase C, Ca2+-dependent 1.5
pfam00199: Catalase 1
pfam07264: Etoposide-induced protein 2.4 (E124) 05
pfam07505: Protein of unknown function '
pfam06628: Catalase-related immune-responsive 0
pfam00685: Sulfotransferase domain

pfam06455: NADH dehydrogenase subunit 5 C-terminus

pfam13593: SBF-like CPA transporter family

pfam12536: Patatin phospholipase

pfam09509: Protein of unknown function

pfam04411: PD-(D/E)XK nuclease superfamily

pfam07924: Nuclease A inhibitor-like protein

pfam08808: RES domain

pfam16401: Domain of unknown function

>
(o]

> 0O mmWw o oo oo omomo
> > > > > > > P> > > P> > P>

>
CUI)>I>)>J>>}>>I>>)>>J>)>)>J>
>

LLLG HL/LG HL/HG



Phycosphere

m m @™ @ M@ W

B

LL/LG

A

» » » » b

A

HL/LG

» »» P P P >

A

HL/HG

K00505:
K12448:
K03781:
K13612:
K03833:
K02294:
K15983:

tyrosinase ! 2
UDP-arabinose 4-epimerase 1.5
catalase

polyketide synthase PksL L
selenocysteine-specific elongation factor 0.5

beta-carotene hydroxylase
J-ketosteroid Salpha-monooxygenase subunit B 0



Fig. S11. Additional growth rate data from Wilson et al. (2006) demonstrated a consistent
relationship between total phosphorus of the source lake and maximum growth rate via linear
regression. These 12 additional strains originated from 12 lakes from the same geographic region
(lower Michigan) as the current study. The studies included one lake in common, Gull Lake,
although Wilson et al. recorded a TP level of 19.7 ug/L, which exceeds the range observed
during our survey of Gull Lake TP over 16 years (see Table S1). Note growth rates from the
current study were determined by repeatedly photographing single colonies over a 6-day growth
assay, whereas Wilson et al. measured growth rate via cell counts in batch culture. However, we
have found these approaches yield similar results (White, J. D. “Trait and environmental
variation mediate the interaction between a harmful phytoplankter and an invasive grazer.” PhD
diss. Michigan State University, 2015.; page # 116, paired t-test, n =8, df =7, p = 0.71).
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Fig. S12. Expanded figure corresponding to Fig. 2. of the main text. Phylogeny of 46 isolates of M.
aeruginosa collected from 14 inland lakes in Michigan, USA. Multi-locus sequencing typing was used to
infer evolutionary history with RAXML based on five concatenated housekeeping genes (FtsZ, gInA,
gltX, gyrB and pgi). Dark blue: isolates from oligotrophic lakes (‘Low Phosphorus Lake, Low
Phosphorus Genotype LL/LG’); light blue: isolates from phosphorus-rich lakes, but related to
oligotrophic isolates (‘High Phosphorus Lake/Low Phosphorus Genotype, HL/LG’); green: isolates from
phosphorus-rich lakes (‘High Phosphorus Lake/High Phosphorus Genotype, HL/HG’). All significant
trends, as determined using linear mixed effects models that control for collection date and lake of origin,
are noted with one asterisk at the p < 0.10 level and two asterisks at the p < 0.05 level. Group means are
shown with a dashed line. Except for genome size, which is shown in megabases, all metrics are
percentage data. Note that genome size, completeness, and GC content consider all contigs, regardless of
length, while coding DNA, paralogs, and sigma factors as a percentage of total genes considers only
contigs 2kb in length and longer. Significance of post-hoc pairwise comparisons are noted with lettering
above dashed lines, where groups sharing the same letter do not significantly differ from each other.
Nineteen of the 20 publicly available sequences collected worldwide were most closely related to the
HL/HG group (Fig. S1).
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