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Abstract

The relative importance of separation by distance and by environment to population
genetic diversity can be conveniently tested in river networks, where these two driv-
ers are often independently distributed over space. To evaluate the importance of
dispersal and environmental conditions in shaping microbial population structures, we
performed genome-resolved metagenomic analyses of benthic Microcoleus-dominated
cyanobacterial mats collected in the Eel and Russian River networks (California, USA).
The 64 Microcoleus genomes were clustered into three species that shared >96.5%
average nucleotide identity (ANI). Most mats were dominated by one strain, but minor
alleles within mats were often shared, even over large spatial distances (>300 km).
Within the most common Microcoleus species, the ANI between the dominant strains
within mats decreased with increasing spatial separation. However, over shorter spa-
tial distances (tens of kilometres), mats from different subwatersheds had lower ANI
than mats from the same subwatershed, suggesting that at shorter spatial distances
environmental differences between subwatersheds in factors like canopy cover, con-
ductivity, and mean annual temperature decreases ANI. Since mats in smaller creeks
had similar levels of nucleotide diversity (z) as mats in larger downstream subwater-
sheds, within-mat genetic diversity does not appear to depend on the downstream
accumulation of upstream-derived strains. The four-gamete test and sequence length
bias suggest recombination occurs between almost all strains within each species,
even between populations separated by large distances or living in different habitats.
Overall, our results show that, despite some isolation by distance and environmen-
tal conditions, sufficient gene-flow occurs among cyanobacterial strains to prevent

either driver from producing distinctive population structures across the watershed.
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1 | INTRODUCTION

Natural selection, genetic drift, and recombination are fundamental
processes that shape microbial evolution. The relative strengths of
these three processes control the frequency of alleles within popu-
lations (population evolution) and ultimately speciation. We define a
population as a set of co-occurring cells within a species that are not
genetically isolated (Waples & Gaggiotti, 2006). A population is com-
posed of multiple subpopulations with varying degrees of isolation
or, conversely, gene flow. Population evolution does not conform to
a single model (Hanage, 2016; Shapiro, 2018), and different micro-
bial populations evolve through different processes (Cohan, 2001,
Polz et al., 2013). One primary force driving microbial evolution in
certain populations is homologous recombination, which can result
in promiscuous panmictic populations (Rosen et al., 2015). Other
populations are highly clonal, indicating selection of genotypes in
populations that evolve through vertical descent and selection on
whole genomes (Bendall et al., 2016; Shapiro, 2016). As the genom-
ics of more microbial populations are characterized, we will better
understand which evolutionary mechanisms are most common in
different bacterial populations.

The potential for genetic drift and selection to differentiate pop-
ulations is often hampered by dispersal (Martiny et al., 2006; Slatkin,
1987). Microbes disperse through movement of air, flow of water,
or transport by organisms, such as insects and birds. Following dis-
persal, genetic recombination can homogenize populations so that
similar strains (variable genomes within a species) and alleles (nucle-
otide variations at a specific site in the genome) are found in spatially
separated populations. In contrast, spatial and environmental barri-
ers throttle dispersal. Once isolated, populations set off on differ-
ent evolutionary paths (Wright, 1943). Spatial barriers that can limit
dispersal include geographic distance, physical obstacles, and direc-
tional flows (e.g., air or water). Alternatively, environmental barriers
include different abiotic and biotic conditions at a site that prevent
the establishment by microbes unfit for the particular environment
(Wang & Bradburd, 2014).

The diversity and frequencies of minor alleles within a popu-
lation provide the genetic background for adaptation to new en-
vironmental conditions (Fisher, 1930; Hughes et al., 2008). Strong
directional selection can lower the background frequencies of gen-
otypes in the population. An event that selects a minor allele (fre-
quency <50% in the population) may result in either selection on
a specific gene or entire genotype, depending on whether or not
the gene under selection has recombined into many genomic con-
texts (high recombination rates) or is found only in one genotypic
context (low recombination rates). Genomic analysis methods that
only compare assembled sequences are limited because the con-
sensus sequence masks the within-population sequence variation
at any given nucleotide site in the consensus sequence (Garud &
Pollard, 2020). Both the dominant genotype within a population
(e.g., based on the consensus sequence from a metagenomic assem-
bly of sequencing reads) and the minor alleles present alongside the
dominant genotype (single nucleotide variant (SNV) sites within the

aligned sequencing reads) must be investigated to characterize the
genetic diversity within a population (Olm et al., 2021; Van Rossum
et al., 2020).

The dendritic configuration of river habitats makes widely dis-
tributed benthic riverine Microcoleus (Cyanobacteria) mats prom-
ising targets for genomic analyses investigating how spatial and
environmental barriers structure bacterial populations. Microcoleus
mats growing in rivers are composed of multiple strains inhabiting
the same mat (Bouma-Gregson et al., 2019; Tee et al., 2020), and can
also produce cyanotoxins and pose public health threats (Bouma-
Gregson et al., 2018; McAllister et al., 2016). All rivers are hierar-
chically branching networks, with many headwater tips converging
into fewer tributaries and even fewer mainstems (Benda et al., 2004;
Campbell Grant et al., 2007; Power & Dietrich, 2002). At tributary
tips (headwaters), similar environments are separated from each
other by relatively large distances. At confluences of tributaries with
mainstems, contrasting environments are immediately juxtaposed.
Environmental distance and spatial distance are, therefore, often
independent in river networks (Power & Dietrich, 2002; Winemiller
et al., 2010). Comparing natural Microcoleus subpopulations sepa-
rated by distances of centimetres to populations 100 s of kilometres
apart should reveal scales at which environmental and spatial barriers
operate in establishing observed patterns of genomic differentiation
(Hanson et al., 2012). The degree to which genetic patterns converge
under common environmental conditions and/or high dispersal rates,
or diverge with spatial or environmental distance may suggest the rel-
ative importance of selection, genetic drift, and gene flow in driving
genome evolution and population structure of Microcoleus in rivers.

We investigated how the distribution and frequency of
Microcoleus within-species variants are spatially structured across
the watershed, at what spatial distances strain diversity overlaps,
and if gene flow occurs between subpopulations. We collected
Microcoleus mats to sample genetic differentiation at four scales,
spanning millimetres to kilometres: (1) within a mat (mm-cm), (2)
between mats within a reach (m-km), (3) on tributaries and along
adjacent mainstems above and below confluence nodes (m-km), and
4) between subwatersheds (10 s-100 s of km). We hypothesized
that (1) Microcoleus mats within the watershed are not a homoge-
nous panmictic population, but have subpopulations structured by
environmental conditions and spatial distances; (2) spatial and envi-
ronmental barriers to gene flow operate over different scales within
environmentally diverse habitats to drive strain-level biogeography;
and (3) downstream dispersal will increase genetic diversity at sites

with larger upstream subwatersheds.

2 | MATERIALS AND METHODS

2.1 | Sample collection and DNA sequencing

The Eel River is a 9,547 km? watershed located in the Coast
Range mountains of Northern California (Figure 1). The region
has a Mediterranean climate with seasonal summer droughts, and
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each summer benthic mats of attached algae proliferate (Power
et al., 2008). Microcoleus (Oscillatoriales, Cyanobacteria) are com-
mon throughout the watershed in summer (Bouma-Gregson et al.,
2018; Kelly et al., 2019).

Samples were collected from Microcoleus mats over 3 weeks
in August 2015 and 3 weeks in July and August 2017 (species and
microbial community composition in 2015 samples were reported
in Bouma-Gregson et al., 2019). Microcoleus samples were picked
from the cobbles in the river with sterile forceps and immediately
frozen in 2 ml cryotubes. Detailed collection methods are de-
scribed in Bouma-Gregson et al. (2019). In 2015, 22 samples were
collected from 14 sites, and in 2017, 39 samples were collected
from 25 sites for a total of 61 samples (Figure 2 and Table S1). In
2017, eight of the 2015 sites were resampled, and 17 new sites
were added. At each site, water samples were filtered (0.7 pm,
Whatman GF/F) and measured for total dissolved nitrogen, ni-
trate, ammonium, and phosphorus. Additionally, pH, temperature,
alkalinity, conductivity, and dissolved oxygen were measured with
handheld probes. Canopy cover was measured with a spherical
densiometer. Additional details about environmental measure-
ments are in Bouma-Gregson et al. (2019). Flow velocity was
measured at each collection cobble with an acoustic doppler ve-
locimeter (Sontek FlowMaster) at 80% of the total water depth.
For each site, average August water temperature modeling predic-

tions were obtained from the NorWest stream temperature model
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(Isaak et al., 2017). The upstream watershed area at each sampling
point and river network distance between sampling sites was cal-
culated with ArcGIS 10.2 (Esri, Redlands, California, USA). River
network distances were calculated with the riverdist R package
(https://github.com/mbtyers/riverdist).

DNA was extracted from samples using a MoBio DNeasy
PowerBiofilm kit. Frozen mat samples were thawed at room tem-
perature for 0.5 h, and ~0.15 g of mat removed for DNA extraction.
The DNA extraction followed manufacturer's protocol, except the
cell lysis step in the protocol was modified to 5 min of bead beating
and submersion for 30 min in a 65°C water bath. DNA was eluted
into doubly distilled H,O, and sequenced on an lllumina HiSeq 4000
(San Diego) with 150 bp paired-end reads at the QB3 Genomics
Sequencing Laboratory (http://qb3.berkeley.edu/gsl/, Berkeley, CA,
USA).

2.2 | Genome assemblies and annotations

Reads were filtered to remove lllumina adapters and contaminants
with BBtools, then trimmed with SICKLE (https://github.com/
najoshi/sickle) using default parameters. Assembly and scaffold-
ing were performed by IDBA-UD (Peng et al., 2012). For assembled
scaffolds longer than 1 kbp, protein-coding genes were predicted
with Prodigal in the meta-mode (Hyatt et al., 2010). Predicted
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FIGURE 1 Samplinglocations and field photos of sampling sites. (a) Map of Eel and Russian River watersheds showing which Microcoleus
species were recovered from the different sampling sites. (b) Thin (<2 mm) Microcoleus collected from shaded cool-water creek. (c) Thick
(>10 mm) Microcoleus mat over-growing filamentous Cladophora glomerata in the sunny warm main-stem. (d) Rattlesnake Creek sampling site
(PH2017_40) with riparian vegetation shading the wetted channel (subwatershed drainage area, 50 km?). (€) South Fork Eel sampling site
(PH2017_09) with no riparian canopy cover (subwatershed drainage area, 1,392 km?) [Colour figure can be viewed at wileyonlinelibrary.com]


http://qb3.berkeley.edu/gsl/
https://github.com/najoshi/sickle
https://github.com/najoshi/sickle
https://onlinelibrary.wiley.com/

BOUMA-GREGSON ET AL.

89
MOLECULAR ECOLOGY V4| LEYJ—

FIGURE 2 Pairwise average nucleotide (a) 100.0-
identity (ANI) and river network distances :\o‘ ]
between genome pairs in Microcoleus sp. %’ 99.8-
1. (a) Consensus ANI (ANI of dominant < -
genotype in the mat). (b) Population ANI %S 9961
(ANI of including subdominant genomes in g 14
the mat). In a and b, colours show if pairs g 99.41
of sites are connected by downstream () 99.2:

@ Connected flow == No = Yes

flow in the watershed and darker
colours signify more overlapping points.

(c) Consensus ANI between genome (b) 1000
pairs less than 25 km apart and that are 3 o
connected by downstream flow. Points °:’ 09.8-
are coloured and sized according to the <Z,: 1
difference in their watershed sizes [Colour S 996 3
figure can be viewed at wileyonlinelibrary. E 1
com] 3 9941
[o] 4
o
99.2 i
0
(c)

Consensus ANI (%)
8
(<]

©
©
'S
L X ] )

100 150 =200 250 300 350

Watershed difference (km?) N

0 200 400 600 800

genes were then annotated against KEGG (Kanehisa et al., 2014),
UniRef100 (Suzek et al., 2007), and UniProt using USEARCH (Edgar,
2010). Genomes were binned manually using coverage, GC content,
single copy genes, and taxonomic profile with ggKbase (ggkbase.
berkeley.edu), as described in (Raveh-Sadka et al., 2015). Anatoxin
biosynthesis genes were previously identified in Bouma-Gregson
et al. (2019).

2.3 | Species diversity and F¢;

Microcoleus genome bins were compared with dRep (Olm et al.,
2017) to cluster genomes with >96.5% average nucleotide diversity
(ANI; see Table S2 for acronym glossary) together into species (Olm
et al., 2020; Richter & Rossell6-Méra, 2009; Varghese et al., 2015). A
subset of genes present in most genomes between species was de-
termined by using Roary (Page et al., 2015) to cluster genes at 90%
amino acid (AA) identity and align gene clusters with MAFFT (Katoh
et al., 2002), which generated 24,826 gene clusters across the ge-
nomes. Gene clusters with >50% of the nucleotide sites as gaps or
ambiguous bases (Ns) were removed. Then only gene clusters that
had sequences from at least 50% of the genomes of each species
were kept for analysis. This resulted in 3,744 gene clusters for within
species comparisons and 2,244 gene clusters for between species
comparisons. For each gene, fixation index (Fg;, a measure of the dif-
ference in allele frequencies between two populations) was

3.

o) g *°

River network distance (km)

calculatedasFgr =1 — Lﬂ where H,, is the mean nucleotide diversity
b

(heterozygosity) within a species and H, is the mean nucleotide di-
versity between species (Hudson et al., 1992). Calculations were
made using the popceNoME package (Pfeifer et al., 2014) in R (R Core
Team, 2019). The analyses did not calculate population statistics on

intergenic regions.

2.4 | Strain diversity
To investigate the strain variation within a species at a given site, we
mapped sequencing reads to the assembled consensus sequence. A
single genome was selected to represent each species based on the
quality criteria reported by dRep. On each of the three identified
Microcoleus species genomes (Bouma-Gregson et al., 2019), Prodigal
was run with the -c flag to ignore any genes that were not closed
on a contig. For read mapping, a genome index was built by com-
bining the three Microcoleus species genomes with seven additional
genomes of commonly found bacteria in the mats (Bacteroidetes,
Betaproteobacteria, Verrucomicrobia, Nostocales, Cytophagales,
Oscillatorialles, and Sphingomonadales) to help ensure that reads
were not falsely mapped to the Microcoleus genomes. Reads from
each sample were mapped with Bowtie 2 (Langmead & Salzberg,
2012) with default parameters.

Population statistics and other metrics were calculated from
these mappings with the inStrain program (Olm et al., 2021; Figure
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S1) https://instrain.readthedocs.io/en/latest/. Reads were filtered
with a mapq score >2 to reduce the number of mis-mapped reads
in the analyses. Only read pairs with >96% nucleotide identity were
used for the analysis. Nucleotide sites also had to have coverage of
>5 for SNV calls and at least 20 paired reads were required for link-
age calculations. Population statistics and nucleotide metrics were
calculated at both the contig and gene level.

Additional read filtering was done to calculate nucleotide di-
versity for each gene. Nucleotide diversity (z) is the probability
that two reads will have different nucleotides at the same loca-
tion. First the distribution of coverage was calculated for each ge-
nome and genes with coverage values in the lower tenth percentile
were removed from further analyses. Of the remaining genes,
any gene with breadth <0.9 was also removed from the analysis.
Then nucleotide diversity was calculated by summing the squared
frequency of each nucleotide across all positions within a gene,
7 = Z(fA)? + (fT)2 + (fC)? + (fG)? (Nei & Li, 1979).

To identify shared SNVs locations from the reference genome,
SNV locations in Microcoleus sp. 1 were identified with the inStrain
gene_profile module. SNV locations between genome pairs were
classified as fixed or biallelic. A fixed site is different from the refer-
ence genome and consists of a single nucleotide within the sequenc-
ing reads mapped to the site. A biallelic site has two nucleotides
mapped to the location, and the dominant nucleotide is the same
as the reference genome. Multiallelic sites, with more than two
nucleotides mapped to the site, were filtered out of the analysis.
Additionally, because sample PH2015_12U was the Microcoleus sp.
1 reference genome, both samples collected at site 12 (PH2015_12U
and PH2015_12D) were excluded from the fixed SNV analysis.
InStrain identified 142,921 unique fixed sites and 174,320 unique
biallelic sites. The unique SNV positions from these two SNV classes
were combined into a matrix with columns as the unique SNV posi-
tion and rows as individual genomes. Cells in the matrix were given a
1 or O depending on if a genome contained a particular SNV location.
For genomes that did not exceed the coverage threshold at a par-
ticular SNV location, a value of O for that location was given. Then
the percentage of shared SNV sites (Jaccard index) was calculated
for each pair of samples using the vegan r package (Oksanen et al.,
2019). Genomes with a higher Jaccard index share more SNV posi-
tions, while genomes with a lower Jaccard index have more uniquely
positioned SNVs between the samples.

SNV frequencies were calculated by inStrain. For each genome,
counts of SNV frequencies (rounded to the nearest hundredths)
were calculated. Frequencies below 0.05 are not considered by
inStrain and are not shown. Then a loess regression was fitted to
the SNV frequencies. The smoothed loess curves were visually in-
spected to identify peaks in SNV frequencies.

2.5 | Population ANI

Population and consensus ANI between genomes were calculated
with the inStrain program using the compare module. Scaffolds that

did not meet coverage thresholds at >25% of sites in both samples
compared were removed from the analysis. A consensus ANI SNV
site is any site where the consensus nucleotide differs between two
samples (Olm et al., 2021; Figure S1). Population ANI sites are when
the consensus sequences are different and the minor alleles at the
site are also not present in the other sample. For example, if a popu-
lation has an A to T SNV in the consensus sequence, but the A allele
is present in both populations, it is not considered a population SNV
(Figure S1). Population ANI is always greater than consensus ANI,
because every population SNV is also a consensus SNV, but not vice
versa. Therefore, when population ANI and consensus ANI are simi-
lar, most SNVs in the genomes do not contain minor alleles present
in both populations. In this case, the sample is dominated by a single
genome and most SNV sites contain a single allele. When population
ANl is close to 100% and consensus ANl is low, then dominant ge-
nomes (i.e., consensus sequences) are different, but most SNV sites
contain an allele that is present in a minor strain within the sample.

2.6 | Recombination

Horizontal gene flow is the sharing of DNA sequences between
organisms not related by descent. The four-gamete test (Garud &
Pollard, 2020; Hudson & Kaplan, 1985) was used to predict homolo-
gous recombination within species. For a pair of biallelic SNV sites,
assuming the infinite-site model, the presence of all four haplotypes
(AB, Ab, aB, ab) within the reads at paired sites can only be explained
by at least one recombination event occurring at those sites. The
frequency of the different haplotypes was calculated for all linked
biallelic sites within genomes from the linkage.tsv output from the
inStrain gene-profile module.

Subpopulation structure based on horizontal gene flow between
genomes was investigated by comparing the length of identical DNA
sequences in two genomes using the program PopCOGenT (Arevalo
et al., 2019; Vanlnsberghe et al.,2020). The method is based on the
observation that when recombination rates between two genomes
are high, the length of identical regions shared between genomes
increases. The parameter, length bias, was calculated for each pair
of genomes as the sum of squares of the difference between ob-
served and expected lengths of identical regions shared by the ge-
nome pairs. Length bias increases as recombination rates increase. A
genome network of length bias values was then created, estimating
horizontal gene flow between genome nodes, and clustered with
Infomap (Rosvall et al., 2009) to identify subpopulations with ele-

vated rates of horizontal gene flow within the subpopulation cluster.

2.7 | Statistical analyses

Linear regression was used to test for the effect of river network dis-
tance (distance traveled within the river network channels and assum-
ing no overland travel) on population and consensus ANI. We used
generalized dissimilarity model matrix regressions (Ferrier et al., 2007)
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implemented with the R package cbm™m to investigate the relationship
of environmental variables with consensus ANI. At sites <25 km we
tested for the effect of environmental parameters on ANI. First, to
determine if adding sampling-year as a random effect improved the
model, we compared AIC (stepcAIC function; cAlC4 R package) val-
ues on models with and without year. Variance associated with year
was ~0, so we treated year as a fixed effect. After removing corre-
lated variables, multiple linear regression models were built with year,
river distance, watershed size difference, total dissolved phosphorus
(TDP), total dissolved nitrogen (TDN), conductivity, canopy cover per-
cent, and NorWest modeled temperature. Model selection (stepAlIC
function; MASS R package) to select variables that best predicted con-
sensus ANI and population ANI. AIC was then compared between the
different model outputs. We also ran ANOVA between model with
environmental variables and model with environmental variables, river
network distance, and watershed area difference.

Three population diversity metrics - nucleotide diversity, pop-
ulation ANI, and SNV sharing - were used to test the effect of
watershed size on population diversity. Watershed area was log,,
transformed, and simple linear regression models were built for nu-
cleotide diversity and population ANI data. For SNV sharing, multi-
ple linear regression models to test the main effect and interaction
of log,, transformed watershed area and river network distance on
SNV site similarity.

Relationships between population age and watershed sizes
greater than or less than 500 km? used a generalized linear binomial
model with log,, transformed watershed area with false discovery
rate correction (Benjamini & Hochberg, 1995) for the two hypothesis
tests. Principal components analysis was performed on scaled and
centred environmental variables using the vegan R package. All sta-
tistical analyses were conducted in R (R Core Team, 2019). Code for
these analyses can be found at https://github.com/keithbg/Micro

coleus_Analysis.

3 | RESULTS

3.1 | Microcoleus species diversity

In this study we analysed metagenomic data from 60 samples col-
lected from sites throughout the Eel River watershed (Northern
California) in 2015 (22 samples from 14 sites) and 2017 (38 samples
from 24 sites). A single sample was also collected from the Russian
River watershed in 2017. Genomes from the 2015 samples were re-
ported in a prior study (Bouma-Gregson et al., 2019) that investi-
gated microbial community and metabolic diversity in Microcoleus
mats.

Combined analyses of all 2015 and 2017 samples led to the
recovery of 66 Microcoleus genomes (95% average completeness,
Table S3). Genomes were clustered into species-level groups using
a threshold of <96.5% average nucleotide identity (ANI) based on
whole genome alignments, resulting in the identification of three
species clusters (Table 1, Figure S2). Within each species cluster the

TABLE 1 Average nucleotide identity (ANI) and percent
alignment coverage (in parentheses) of genomes within and
between each Microcoleus species cluster. The number of genomes
in each species is given at the top of each column

Species 1 Species 2 Species 3

(47 genomes) (6 genomes) (11 genomes)
Species 1 98.8% (93.5%)
Species 2 86.8% (41.0%) 99.5% (94.2%)
Species 3 92.7% (72.6%) 86.0% (39.4%) 99.3% (98.9%)

average ANI was always >98% (Table 1). In 2017, only Microcoleus sp.
1 and 3 were recovered, whereas all three species were recovered in
the 2015 samples. The most common species, Microcoleus sp. 1, with
47 genomes reconstructed was found at 21 sites broadly distributed
across the Eel River watershed (Table S1, Figure 1). Only Microcoleus
sp. 2 genomes contain predicted anatoxin-a biosynthesis gene clus-
ters (Bouma-Gregson et al., 2019), and they were only recovered
from the 2015 samples. Microcoleus sp. 3 genomes were recovered
in 2015 and 2017 and are most similar to Microcoleus sp. 1 (Table 1).
Notably, one of the Microcoleus sp. 3 genomes was recovered from
an additional sampling site in the Russian River. This is important
because it means that species 3 has dispersed across both the Eel
and an adjacent watershed, or it was present in the past when the
Russian and Eel Rivers formed a single watershed before they were
divided by tectonic activity, about 2 million years ago (Lock et al.,
2006).

Species were not isolated in this study and the assignment to
the genus Microcoleus relied on molecular phylogenies in Bouma-
Gregson et al. (2019). Additionally, Conklin et al. (2020) isolated a
novel strain with 99.9% 16S rRNA sequence similarity to Microcoleus
sp. 2, and assigned it to the genus Microcoleus. Based on the phylog-
enies and results in these two publications, we placed our genomes

within the Microcoleus genus, as revised by (Strunecky et al., 2013).

3.2 | |Intraspecific diversity across spatial distances
We investigated spatial patterns of strain diversity within Microcoleus
sp. 1, the species recovered most often in both sampling campaigns.
As the physical distance between mats increased, genome-wide nu-
cleotide identities decreased (Figure 2), for both consensus ANI (the
ANI of the dominant genotype in a sample; conANI, Figure S1, Table
S4) and population ANI (a measure that includes consideration of
variants in subdominant genomes and minor alleles; popANI, Table
S4) (Olm et al., 2021). Sites that were connected through down-
stream flow had higher overall conANI and popANI (Figure 2a,b). In
particular, conANI values higher than 99.82% only occurred at flow-
connected sites. The flow-connected sites also had a stronger decay
relationship with river network distance than sites unconnected by
downstream flow (Figure 2a,b).

PopANI values remained higher at large distances compared
to conANI values. For example, even at a distances of ~300 km,
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popANI values between some mats are >99.8%, a similar popu-
lation ANI value to genomes <25 km apart, while consensus ANI
values at long river network distances were much lower than at
short river network distances. Sites greater than 150 km were all
unconnected by flow, and the distance-decay between unconnected
flow sites was slightly slower for population ANI (Figure 2b; p < .05,
slope = -2.5 x 107%, Table S5) than for consensus ANI (Figure 2a;
p < .05, slope = -3.0 x 1074, Table S5). Additionally, river network
distance explained more of the variation in consensus ANI (adj.
R? = 0.20) than for population ANI (adj. R? = 0.12), suggesting these
two variables are more independent for population ANI. The slower
population ANI distance-decay and lower R? for population ANI, to-
gether with the highly similar consensus ANI at short distances show
that, although highly similar dominant genomes are found spatially
close to one another, the alleles within the populations are distrib-
uted broadly, indicating that they are not genetically isolated.

Based on the distribution of consensus ANI values in our
data (Figure S3), genomes with consensus nucleotide identities
>99.6% may be members of the same local subpopulation. Within
Microcoleus sp. 1, 67 genome pairs (6% of comparisons) share
>99.6% conANI (Figure 2a and S3) and form a long tail in the conANI
distribution (Figure S3). These represent more similar genomes than
the other 1,014 genome pairs. Most of the genome pairs that share
99.6% conANI are from sites separated by <1 to 1,000 m, with the
highest ANI values, >99.8%, often <100 m apart. Additionally, ge-
nomes collected from the same cobble (<10 cm) were always >99.9%
conANI from one another. However, while the highest conANI val-
ues (>99.9%) were primarily separated by river network distances
<25 km, some pairs were ~75 km from each other, which may indi-
cate recent dispersal. The 67 genome pairs therefore may represent
members from the same subpopulation, as they predominantly in-
habit the same river reaches.

Spatial proximity was not always associated with high consen-
sus genetic similarity, however, as many mats <25 km distant had
conANI <99.6% (Figure 2c). These lower conANI comparisons often
involved genomes from sites in tributaries and mainstem sites, re-
spectively. Despite their proximity, tributary and mainstem sites
may have strongly contrasting environmental regimes (Figure 3 and
Table Sé). In addition to spatial distance, environmental conditions
partially explain the conANI patterns across the watershed. For ex-
ample, conANI was negatively correlated with differences in canopy
cover, conductivity, and mean annual temperature between sites
(p < .05; Figure 3). Adding watershed difference and river distance
to multiple-linear regression models incorporating environmental
parameters significantly reduced (p < .05) unexplained variance in
these models (Table S5). In sites <25 km apart (Figure 2c), both in-
creasing differences in subwatershed sizes and increasing river net-
work distances are associated with lower ANI (trend in Figure 2c;
p < .05, Table S5). For sites separated by very small river network
distances (<1 km), there is a clear relationship involving higher
consensus genetic similarity and smaller difference in subwater-
shed drainage area, which usually indicates more similar environ-

ments. Interestingly, however, at distances >7.5 km, differences in

subwatershed size do not appear to impact genetic divergence. In
fact, almost all genetic comparisons at distances >7.5 km remain
below <99.6% conANI, even in subwatersheds of very similar size.
We were not able to investigate environmental relationships with
ANI using a matrix regression approach because the generalized dis-
similarity matrix algorithm could not fit a model to our data because

of the highly similar consensus ANI values within Microcoleus sp. 1.

3.3 | Intraspecific diversity across different
watershed sizes

We hypothesized that mats growing at sites with large upstream sub-
watersheds (drainage areas) would have higher strain diversity than
mats growing in smaller subwatersheds because they would be sup-
plied by more potentially diverse Microcoleus cells by downstream
transport. The larger area of subwatershed upstream of a particular
site, the greater potential diversity of Microcoleus cells that could be
supplied downstream. We tested this hypothesis by evaluating the
relationship of subwatershed area with three population diversity
metrics calculated from our genomes: nucleotide diversity, single
nucleotide variant (SNV) sharing (when two genomes have an SNV at
the same genome position), and population ANI. Nucleotide diversity
was compared with subwatershed area for Species 1, 2 and 3, while,
within Species 1, we investigated SNV sharing and population ANI,
which were collected from subwatersheds ranging 2-1,600 km?. We
hypothesized nucleotide diversity, population ANI, and SNV sharing
would all increase with the size of the upstream subwatershed.

Contrary to our expectations, we did not find higher nucleotide
diversity (p > .05; Table S5) in larger subwatersheds; Figure 4a). The
highest median nucleotide diversity in genomes was found in mats
collected from ~15, 100, and 1,000 km? subwatersheds. Species 2
and 3 also had lower median nucleotide diversity and were found in
larger subwatersheds. However, there were differences in the nu-
cleotide diversity among the three species. Intraspecific nucleotide
diversity (z; the probability that two reads will have different nu-
cleotides at the same location) was primarily between 0.0001 and
0.001 for all species (Figure S4). However, the range of nucleotide
diversity values among all genes in genomes from the different spe-
cies spanned several orders of magnitude, with maximum values
between 0.02 and 0.48 (Figure S4). Mean population ANI also did
not increase (p > .05) with subwatershed areas (Figure 4b). Smaller
subwatersheds can contain a similar composition of strains to the
overall watershed-wide composition, explaining the high popANI
values between sites.

SNV sharing was higher (p < .05) in larger subwatershed areas
for both biallelic and fixed SNV sites (Figure 4c,d). However, this
was partially driven by high similarity between samples that were
collected near each other (low river network distance) in larger
subwatersheds (i.e., significant (p < .05) negative interaction with
subwatershed area and river network distance). Samples that
were close to one another generally share many SNVs, though
one of the highest SNV similarity values occurred between two
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FIGURE 3 Environmental condition differences and average nucleotide identities (ANI) at different sampling locations. Points are
coloured according to the year data was collected. (a) Paired watershed size difference and absolute value of environmental parameter

difference. (b) Consensus ANI and absolute value of environmental

parameter difference. (c) Population ANI and absolute value of

environmental parameter difference. To help interpret trends, simple linear regressions are given for each year comparison; however, not all
slopes are statistically significant at p < .05. DOC: dissolved organic carbon, TDN: total dissolved nitrogen, TDP: total dissolved phosphorus,
Mean temperature: modelled NorWest mean August temperature [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Mean consensus ANI
and the percentage of shared minor
alleles (pMA) between Microcoleus sp.
1 genomes. Points are coloured by the
average nucleotide identity of the two
genomes. Points are sized by the absolute
difference in nucleotide diversity (z)
between the two genomes. Vertical
dashed line shows 99.6% consensus
ANI [Colour figure can be viewed at
wileyonlinelibrary.com]
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samples collected 70 km from each other, so high SNV similarity
can be present at larger river network distances. In addition to the
spatial associations with SNV site similarity, the SNV similarities
differed when comparing fixed and biallelic sites. Some samples
shared 96% fixed SNV sites and were more similar overall than bi-
allelic sites, for which no samples shared more than 75% biallelic
SNV sites. In comparison, some samples shared 96% fixed SNV
sites (Figure S5). Taking these results together, the nucleotide
diversity, population ANI, and SNV data suggest a limited effect
of upstream subwatershed size on Microcoleus strain and allelic

diversity within mats.

3.4 | Minor allele distribution across the watershed
The percentage of SNV sites where the major allele in one popula-
tion is present as a minor allele in another population (pbMA, percent
minor alleles), was calculated as: [1 - (popANI sites / conANI sites)]
(Figure S1). Cases where the minor allele in one population is the
major allele in another population could arise (1) when cells from
a founding population are introduced into another population, (2)
through recombination and genetic admixture between populations,
or (3) because recurrent mutations are selected for in both locations,
resulting in parallel evolution.

Plotting the relationship between conANI and pMA shows the
variation in the similarity of both the dominant genomes and the
minor strains inhabiting Microcoleus mats (Figure 5). Microcoleus
sp. 1 mats exhibit a variety of conANI-vs-pMA values, but certain
combinations of conANI and pMA do not occur (Figure 5). When the
dominant genomes in two mats are similar (conANI >99.9%), pMA in
between most mats is relatively high (>75%) and both mats always
have relatively low nucleotide diversity (z; <0.001 average nucle-
otide diversity and <0.001 difference in average nucleotide diver-
sity). There are no samples with similar dominant genotypes (conANI
>99.9%) and few shared minor alleles (pMA <35%), a pattern that
could indicate a recent clonal sweep within a mat.

01020304 05 010203 04 05 010203 0.4 05

2017_06_SFM 2017_07_MST

0.1 0.2 0.3 0.4 05 0.1 0.2 0.3 0.4 05

Minor allele frequency

At intermediate conANI levels (99.6%-99.9%), a bi-modal pat-
tern of pMA and nucleotide diversity is observed. In this conANI
range, most pairs of mats either have high pMA (>75%) and high
nucleotide diversity >0.002 (indicative of diverse populations that
share minor alleles), or low pMA (<20%) and low nucleotide di-
versity (indicative of relatively clonal, distinct populations that do
not share minor alleles). Only two samples in our analysis have
intermediate values of pMA (20%-75%) at intermediate values of
conANI (99.6%-99.9%).

When conANIl is low (99.2%-99.6%), a near continuous range of
pMA and nucleotide diversity values are observed, and there is a
strong association between increasing pMA and nucleotide diver-
sity. Pairs of mats with high pMA and nucleotide diversity may have
acquired new variants without purging minor alleles, and pairs of
mats with the same conANI, but low pMA and nucleotide diversity,
are pairs in which where either each mat has undergone selective
sweeps that have purged diversity, or each mat grew from a rela-
tively clonal source. As conANI increases from 99.2%-99.6%, the
maximum pMA values increase as well. Thus, as the dominant ge-
nomes become more similar, the population of minor strains in the
mat tend to become more similar as well.

Within samples, Microcoleus sp. 1 minor allele frequency dis-
tributions show two basic pattern types: either a regular decrease
in SNV content with increasing minor allele frequency or a multi-
modal distribution (i.e., one or more peaks with elevated minor allele
frequencies; Figure 6 and Figure S6). The peaks in the frequency
spectra can be caused by genetically distinct minor strains at higher
abundances within the mat. We investigated whether selection is
acting differently in populations with and without secondary peaks
by calculating the ratio of synonymous to non-synonymous sub-
stitutions (N:S). In mats with secondary peaks, N:S was lower (N:S
mean = 0.60, median = 0.59) compared to mats with no secondary
peaks (N:S mean = 0.73 median = 0.75). There are fewer nonsyn-
onymous SNVs where mats have secondary peaks (indicating the
presence of multiple strains) than in mats with lower abundances of
minor strains.
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3.5 | Recombination regions of identical DNA sequences longer than expected from a non-

Both the four-gamete test and length bias results suggest that recom-
bination occurs within and between mats of the three Microcoleus
species. The four-gamete test postulates that the presence of all
four haplotypes (i.e., AB, Ab, aB, ab) of a pair of linked biallelic SNVs
occurs through at least one homologous recombination event. All
Microcoleus samples had all four alleles (H4 haplotype) present at
some linked SNV sites, but the H4 haplotype was rare (<1%-15% of
linked SNV sites). The H2 haplotype (AB and ab) was most common
at linked SNV sites with ~46% of all linked sites being H2 across all
species (Figure 7a). Species 2 had the lowest frequency of H4 sites
(median 3.4%, max 5.7%), though there were fewer genomes in that
species. Thus recombination occurs within each species, but does
not appear to be the dominant mechanism causing nucleotide varia-
tion within a given mat.

When recombination has occurred, genomes are predicted
to share longer sections of identical nucleotide sequences than
shared between genomes where no recombination has occurred.
Length bias is an estimate of this increased length in identical se-
quences. Length bias was calculated with the program PopCOGenT
by comparing the length distribution of identical sequences to an
expected distribution from a null model with only point mutations.
In Microcoleus genomes, length bias values suggest recombination
between consensus genomes, with median length bias of 374 and an
interquartile range of 323-529 (Figure 7b). Most genome pairs have

recombinatory null model. However, 18 genome pairs did not have
significantly elevated length bias values. Even with some subpopu-
lations not recombining, gene-flow appears continuous throughout
all genomes, as no clusters were identified in the raw network or by
the Infomap clustering algorithm (Figure 7c). Recombination occurs
between genomes, so we infer that spatial and environmental gene-
flow barriers appear weak and do not substantially reduce recombi-
nation rates between different sets of genomes.

Between species, recombination was evaluated by investigating
genes with Fgr, (fixation index, which is a measure of the genetic
differences that can be explained by population structure) the val-
ues of which can indicate a recent gene sweep (Figure S7 and Table
S7). The lowest F¢; values were between Microcoleus sp. 1 and 3,
indicating a recent sweep. Particular gene functions were not as-
sociated with low Fg; values and many genes with low Fg had no
functional annotations at all. F; results suggest that horizontal gene
transfer is infrequent between Microcoleus species whose genomes
have <96.5% ANI.

4 | DISCUSSION
We used the dendritic structure of rivers to compare how spatial
distance and environmental factors impact gene flow between ge-

nomes and shape population structure. Of the three Microcoleus
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species we analysed, Microcoleus sp. 1 was most abundant and
broadly distributed across the sampling sites and was the subject
of our population genomics analyses. First, contrary to our expecta-
tion (hypotheses 1 and 2) of strong geographic and environmental
population structure, we found little evidence for regional pattern-
ing of subpopulation distribution. What spatial structure existed oc-
curred at the local site scale (<1,000 m). We found some evidence
that genomes in larger watersheds are more similar to each other
(hypothesis 3), but the overall genome and nucleotide diversity in
the watershed were not strongly correlated with subwatershed size.
At the watershed-scale, Microcoleus populations are well mixed.

4.1 | Microcoleus population structure

Microcoleus sp. 1 genomes form a watershed-wide population
and show no watershed-wide (>1,000 m) gradients in population
structure. The population appears to be primarily structured at the
river reach scale (<1,000 m), with organisms with highly similar ge-
nomes (>99.6% ANI) at the same site. At local scales, Microcoleus
mats are patchy and spatially discontinuous in the river. While vis-
ible mats may extend over several tens of metres, there are often
hundreds more metres or even kilometres between one large patch
and the next. Despite the long distances between mats, there was
not a strong spatial decrease in conANI values between 99.2-
99.6% across the watershed, and some of the most distant sam-
ples (~300 km) had conANI values approaching 99.6%. The rapid
decrease with increasing spatial distance of genomes with >99.6%
conANI (Figure 2b) suggests that Microcoleus subpopulations are
dominated by the same genotype across a few riffle and pool habi-
tats within the river, and that mats outside this local habitat are
from different subpopulations dominated by different Microcoleus
strains, often with <99.6% ANI.

Dispersal rates across regions within the watershed (i.e., sub-
watersheds) must exceed mutation or selection rates to maintain
a genetically homogenous population (Hanson et al., 2012; Slatkin,
1987). We had hypothesized that upstream or across-watershed
dispersal rates would be low and would isolate mats in different
subwatersheds (Morrissey & de Kerckhove, 2009). However, even
subwatershed regions up to 250 km apart and those not connected
by direct flow share organisms with genomes that share >99.6% ANI
(Figure 1). Similarly, within-species variants of Synechococcus grow-
ing in hot springs within 1-1,000 m of each other show strain sim-
ilarity, and some strains were present at high relative abundances
even in hot springs 20-60 km distant (Becraft et al., 2020). Given
that Synechococcus in hot spring pools are more severely isolated
than sites within a river network, yet have a similar biogeography
as Microcoleus mats, dispersal of aquatic cyanobacteria across sites
at the 10-100 km scale may be quite frequent. Dispersal upstream
or between subwatersheds could occur by wind or hitchhiking on
organisms, such as birds, insects, fish, or mammals (Kristiansen,
1996). Cosmopolitan distributions of within-species variants at the
10-100 km scale could also be generated by low rates of mutation or

genetic drift relative to when Microcoleus colonized the watershed.
Previous reports do not suggest that Microcoleus have unusually low
mutation rates (Dvorak et al., 2012; Segawa et al., 2018). Earliest
fluvial deposits of the Eel River are about two million years old (Lock
et al.,, 2006). Although we do not know when Microcoleus arrived
within the watershed, given the global distribution of Microcoleus
taxa, we have no evidence to suggest the colonization of the Eel was
recent, particularly when scaled to the short generation time of ac-
tively dividing cells. We conclude that spatial barriers to Microcoleus
gene flow are weak within the watershed scale, though barriers
probably strengthen at larger regional or continental scales (Becraft
et al., 2020; Dvorak et al., 2012; Whitaker et al., 2003).

Like spatial barriers, physical and chemical conditions do not
strongly impact the genetic structure of Microcoleus populations.
Based on our data, the sites with the strongest potential for envi-
ronmental selection were at the confluence of Cedar Creek and the
South Fork Eel (Cedar Creek samples: PH2015_03D, 03U, 04D, 04U,
and PH2017_01; South Fork Eel samples: PH2015_02D, 02U, and
PH2017_05). These sites were all separated by <500 m, and environ-
mental data show that the mainstem is warmer and has higher TDN,
TDP, and DOC concentrations (Table S6). When comparing across
the mainstem and tributary samples, these pairs of Cedar Creek and
SF Eel genomes had the lowest consensus ANI values (99.24% -
99.31%) of any of the pairs of samples separated by less than 25 km
(Figure 2c). In spite of these lower ANI values, these genomes are
still highly similar, and across all samples there was no clear ANI
clustering together of tributary or mainstem genomes or strong rela-
tionships between ANI and environmental conditions (Figure 3 and
Figure S2). Overall, we did not find evidence that selection based
on environmental conditions resulted in multiple ecotypes (genetic
lineages with ecologically important traits that differentiate the en-
vironmental niche used by the lineage; (Cohan, 2001; Rocap et al.,
2003). Strong environmental gradients do exist in the Eel River wa-
tershed (Finlay et al., 2011), but Microcoleus genomes appear to have
sufficient phenotypic plasticity to tolerate this variation.

Microcoleus mats form seasonally in the Eel River. Winter high-
flow events remove biofilms from substrates and can mobilize the
riverbed, overturning rocks and scraping surfaces. The patchy local
scale (<1,000 m) of Microcoleus subpopulations may be explained by
metapopulation theories that posit that transient subpopulations can
be reseeded from nearby source populations (Hanski & Gilpin, 1991;
Levins, 1969). The frequency of disturbance is a notable difference
between seasonally flooding rivers and relatively stable microbial
habitats, such as soils and hot springs. High-flows cause subpopula-
tion bottlenecks when large macroscopic colonies are scoured to mi-
croscopic remnants or are removed completely. Notably, substrates
are more easily disturbed in channels with larger drainage areas, as
river bed sediments decrease in particle size and discharge increases
downstream. More stable boulder and bedrock substrates in smaller
watersheds could be scour refugia, which might explain the higher
than expected within-site diversity found in many smaller water-
sheds (Figure 4). In larger subwatersheds where riverbed sediments
are more easily mobilized, cobbles with Microcoleus residues could
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be transported to new sites where variable environmental condi-
tions might determine which strains are able to persist in a site and
reinitiate growth. Alternatively, the composition of strains that form
mats after scouring could be a random process driven by which cells
randomly survived the scour. Riverine processes associated with
high-flow events may, via genetic drift linked to bottlenecks and
founder-events associated with newly introduced strains, strongly
influence subpopulation diversity.

While we did not find that environmental gradients at the scale
of metres to hundreds of kilometres shaped the biogeography of
Microcoleus populations, environmental gradients at centimetre or
micrometre scales could still impact the distribution of Microcoleus in
the watershed. We still do not know how Microcoleus mats arise out
of the microbial community of attached and suspended microorgan-
isms in the watershed (Brasell et al., 2015). Microscale environmen-
tal gradients, ecological interactions, and random chance, all play
a role in the initial formation of a biofilm community (Battin et al.,
2016). Therefore, understanding the assembly process of riverine
biofilms and the role of natural selection in controlling the prolifera-
tion of Microcoleus mats will benefit from microscale measurements,
strain-resolved genomes, and manipulative experiments to conduct
targeted and precise investigations on the evolutionary ecology of
Microcoleus genomes.

4.2 | Diversity between Microcoleus mats

Our hypothesis that mats with larger upstream catchments would
be more similar than mats from more isolated portions of the
watershed was only supported by SNV sharing data (Figure 4).
Surprisingly, fixed SNV sites are more commonly shared than bial-
lelic SNV sites between mats. Because fixation is harder to achieve,
we expected biallelic SNV sites would be more commonly shared
between mats. Biallelic SNV sites only require co-occurrence of
two strains and could occur when an upstream cell colonizes and
coexists within a downstream mat, while fixed SNV sites require
co-occurrence and recombination or selection to bring an allele, or
whole genome, to fixation. Our results show recombination occurs
between Microcoleus cells, and previous work has shown recombina-
tion to occur in other Oscillatoriales taxa (Lodders et al., 2005; Vos
& Didelot, 2009). Furthermore, biofilms facilitate recombination due
to the high levels of cell-to-cell contact (Cowley et al., 2018; Molin
& Tolker-Nielsen, 2003), therefore, we expect recombination to be
integral for SNV sharing between mats.

The different relationships between consensus ANI and minor
alleles reveal diversity patterns between mats of both dominant
genomes and minor alleles (Figure 6). Notably, certain combina-
tions of consensus ANI (conANI) and percent shared minor alleles
(pMA) are absent in our data. For example, most highly similar pairs
of dominant genomes (conANI > 99.9%) have very similar minor
alleles (pMA > 80%), even though sharing fewer than 80% of al-
leles is common between less similar pairs of dominant genomes

(conANI < 99.9%). Genome pairs with consensus ANI > 99.9% are

located close to one another and are members of the same subpop-
ulation. The absence of mats with highly similar consensus genomes
(high conANI) but different minor alleles (low pMA) shows that both
dominant and minor alleles are highly similar within subpopula-
tions. Dominant genomes are not arising out of diverse gene pools
co-occurring at close distances, nor are strong bottlenecks differ-
entiating mats at close spatial distances. Similarly, Microcystis pop-
ulations can contain distinct minor strains closely associated with
different dominant strains in a bloom (Briand, 2009). The few mat
pairs with >99.9% consensus nucleotide identities but <75% shared
minor alleles are located 34-71 km away and come from different
subpopulations, suggesting spatial and environmental distance ac-
counts for the difference in minor alleles. The minor-strain similarity
in subpopulations builds on work showing highly similar Sulfolobus
(Whitaker et al., 2003) and Synechococcus (Becraft et al., 2020)
dominant strains within subpopulations, and extends this pattern to
minor strains in the subpopulation as well.

The relationship between pMA and conANI is controlled by
purging or maintaining diversity through the same mechanisms that
control population evolution: gene or genome sweeps, time since
colonization, and rates of dispersal and recombination (Hanson
et al., 2012; Slatkin, 1987). Notably, in our data when conANI ranges
99.6%-99.9%, there is a bimodal pMA distribution with pMA values
either <20% or >75% pMA, and only 2 pMA values between 20%
and 75%. Mats with high pMA and high nucleotide diversity may
have not undergone a recent selective sweep that removes minor
alleles (Bendall et al., 2016). The presence of multiple secondary
SNV peaks in mats with high pMA (Figure 6 and Figure S7) provides
some evidence that a sweep has not occurred recently, because
pMA would decrease if minor strains were purged. In contrast to the
bimodal pMA pattern at conANI 99.6%-99.9%, at conANI <99.6%,
there is almost continuous pMA variation, and dominant genomes
inhabit mats with a range of minor strain diversity. The different pat-
terns above and below the pMA = 99.6% threshold is surprising, as
there are few known mechanisms to account for such a rapid change
in the distribution of pMA values. Fewer mats with >99.6% conANI
were sampled, so the different pattern could result from sampling
bias. Alternatively, time since mat formation or purging sweeps could
generate low nucleotide diversity and low pMA values, suggesting
that most of the mats with >99.6% conANI either experienced a re-
cent sweep or were sampled during a period of mat development
when mat diversity is low.

4.3 | Diversity within Microcoleus mats

Multiple strains co-occur within Microcoleus mats, but most mats are
strongly dominated by a single strain. Nucleotide diversity was rela-
tively low, up to ten times lower than values reported in soils (Crits-
Christoph et al., 2020), Nitrospira in drinking water filters (Palomo
et al., 2020), and planktonic Microcystis blooms (Sabart et al., 2009;
Tanabe et al., 2007). Microcoleus mats were thinner in smaller subwa-
tersheds, probably due to light limitation and cooler temperatures,
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but these had similar nucleotide diversity to thicker mats collected
from sunnier warmer sites with larger upstream subwatersheds
(Figure 4b). This suggests that biomass accrual is dominated by sin-
gle clonal lineage within the mat and that the monthly time-scale of
summer growth is not long enough to accumulate substantial diver-
sity through mutations or recombination.

The high abundance of a single Microcoleus genome (Figure S6é)
within a mat, combined with evidence for recombination among
Microcoleus genomes, amounts to an epidemic population structure
(Smith et al., 1993), with single clonal genomes sweeping through
to dominate over other genomes in an otherwise recombining pop-
ulation. The epidemic population structure has also been shown in
planktonic cyanobacterial blooms formed by Microcystis (Tanabe &
Watanabe, 2011) and Planktothrix (D’Alelio et al.,2013), and may be
a common population structure for cyanobacterial blooms (D’Alelio
et al., 2013; Ribeiro et al., 2018).

The low nucleotide diversity and high frequencies of a single
genome within mats suggests that dominance of a single genotype
is the common process of mat formation. Recombination among
Microcoleus genomes does not appear to be strong enough to pre-
vent a dominant strain from arising and forming a mat. Similarly, in
hot springs, Synechococcus genomes show that even with frequent
recombination among strains (Rosen et al., 2015), population struc-
ture exists between mats (Becraft et al., 2020) and highly similar
strains (>98% ANI) can possess distinct ecological traits (Olsen et al.,
2015). How diversity persists in the face of recombination within
Synechococcus populations remains debated (Melendrez et al., 2016;
Rosen et al., 2018). However, the final outcome depends on the
relative strengths of recombination and selection (Cordero & Polz,
2014; Wiedenbeck & Cohan, 2011). Despite the short (i.e., seasonal)
lifespans of Microcoleus mats, recombination is evident, and enables,
potentially, adaptation via the sharing of genetic material over larger
spatiotemporal scales than the summer growing season and across
the watershed.

Although a single strain dominated in most mats, at 12 sites we
found multiple co-occurring strains at higher frequencies (Figure 5
and Figure S6). These samples were from smaller subwatersheds and
generally from thinner mats (with the exception of site PH2015_10S
which was collected from a subwatershed of 951 kmz). If these mats
formed very recently, diversity could be in the process of being
purged and eventually one strain could dominate. Alternatively,
these mats could have stable coexistence of strains within the same
mat, at least over the summer growing season, or population size
may not be substantially reduced by scouring high-flows in these
smaller subwatersheds with more stable beds. We did not sample
many mats over time to track changing strain dominance or diversity.
However, mats from one site were sampled in 2015 (PH2015_03D
and 03U) and 2017 (PH2017_05_CCC) and had co-occurring strains
in both years (99.7%-99.9% consensus ANI), which may represent a
stable co-existence. Additionally, Microcoleus mats in New Zealand
sampled over 20 days contained two co-occurring Microcoleus spe-
cies sharing 91% ANI, and the relative abundance of these species
was relatively constant over the sampling period (Tee et al., 2020).

These observations should motivate further investigation to deter-
mine whether mat diversity is stable and that strains are not purged
as mats grow and thicken.

Fluctuations in genotype abundance within Microcoleus mats
over time have been reported previously. For example, the abun-
dance of anatoxin producing and nonanatoxin producing species can
vary over time within mats (Wood & Puddick, 2017). Understanding
the population dynamics when anatoxin-a producing and nontoxic
Microcoleus species co-occur within the same mat could improve
predictions about when anatoxin-a will create public health risks.
While our work focused on spatial scales, future temporally-scaled
work focused on within-mat population diversity over time as mats
establish, grow, and senesce (McAllister et al., 2016), will help an-
swer questions about how and when diversity accrues or is purged
as mats go through their seasonal summer growth. The processes
that enable minor strains to coexist at high frequencies in some sam-
ples (Figure S6) remain to be uncovered.

5 | CONCLUSION

We conclude that Microcoleus population structures in river net-
works are well described by metapopulation and epidemic models.
Our results show that although river flow is unidirectional down-
stream, the dendritic river network structure does not strongly
isolate Microcoleus subpopulations, and cyanobacterial cells may
readily disperse among subwatersheds. More research is needed,
however, to determine if other Microcoleus species and bacterial
populations inhabiting algal or cyanobacterial dominated biofilms in
river networks have similar population structures to Microcoleus sp.
1, or if they are more spatially or environmentally constrained within
a river network. Given weak dispersal limitation, our results sup-
port hypotheses that emphasize selection to explain biogeographi-
cal patterns in bacteria. Bacterial populations in rivers should shift
relatively rapidly when changing environmental conditions select
for different strains. Selection in rivers may be driven by dynamic
flow regimes, as seasonal high-flow events scour river beds, trans-
form environmental conditions, reduce bacterial population sizes,
and transport cells to new locations. Because of these disturbances,
the distribution and allele frequencies of cyanobacterial populations
may also be partially controlled by genetic drift and founder effects,
as local subpopulations expand again after being depleted by scour-
ing floods. Therefore, both selection and variable and random hy-
drologic processes may shape cyanobacterial population structures

river networks.
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