
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, glnA, 

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.  

 

 
 

 



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.     

 

 
 

 

 

 

 

 

  



Fig. S2. Location map of 14 Microcystis source lakes in the lower peninsula of Michigan, USA.  

 

 
 



 

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.  

  

 

 

  



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 

ncbi-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.    

 

High Phosphorus Lake/High Phosphorus Genotype Group: 

 
 

 

 

 

 

  



High Phosphorus Lake/Low Phosphorus Genotype Group: 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



Low Phosphorus Lake/Low Phosphorus Genotype Group: 

 
 

 

 

 

 

 

 

  



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 

color.   
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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 

ncbi-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.  
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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.  
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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 Chao1 (± 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) 1.78 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) 2.16 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) 2.21 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 MSU1 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

L211_101 MSU2 68003 10161 31 33.00 (2.88) 33.84 (2.79) 1.84 0.78 4.45 3.95

L211_11 MSU2 46633 10170 30 35.60 (5.34) 37.13 (2.83) 1.69 0.77 4.34 3.80

L311_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) 2.31 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 Lansing 49862 10169 30 36.00 (5.38) 40.33 (3.33) 1.50 0.71 3.49 3.80

LG13_13 Lansing 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

S11_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) 2.34 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. 

 

 
 

  



Fig. S9. Illustration 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.  

 

 

 

 

 

 

 

  



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. 
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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, glnA, 

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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