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Summary

Harmful blooms of the cyanobacterium Microcystis
sp. have become increasingly pervasive in the San
Francisco Estuary Delta (USA) since the early 2000s
and their rise has coincided with substantial
decreases in several important fish species. Direct
and indirect effects Microcystis blooms may have on
the Delta food web were investigated. The Microcys-
tis population was tracked for 2 years at six sites
throughout the Delta using quantitative PCR. High-
throughput amplicon sequencing and colony PCR
sequencing revealed the presence of 10 different
strains of Microcystis, including 6 different
microcystin-producing strains. Shotgun metage-
nomic analysis identified a variety of Microcystis
secondary metabolite pathways, including those for
the biosynthesis of: aeruginosin, cyanopeptolin,
microginin, microviridin and piricyclamide. A sizable
reduction was observed in microbial community
diversity during a large Microcystis bloom (H = 0.61)
relative to periods preceding (H = 2.32) or following
(H = 3.71) the bloom. Physicochemical conditions of
the water column were stable throughout the bloom
period. The elevated abundance of a cyanomyophage
with high similarity to previously sequenced isolates
known to infect Microcystis sp. was implicated in the
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bloom’s collapse. Network analysis was employed to
elucidate synergistic and antagonistic relationships
between Microcystis and other bacteria and indicated
that only very few taxa were positively correlated with
Microcystis.

Introduction

Cyanobacterial blooms dominated by potentially toxic
Microcystis sp. have become more frequent throughout the
San Francisco Estuary (SFE) Delta since the early 2000s
(Lehman et al., 2013). Concomitantly, populations of four
pelagic fishes have been in decline throughout the SFE
Delta since 2002; a phenomenon referred to as the pelagic
organism decline (POD) (Sommer et al., 2007; Thomson
et al., 2010). The temporal and spatial overlap of these two
trends raises the possibility that Microcystis blooms have
contributed to the declining fish populations (Acuna et al.,
2012). The SFE is the largest estuary on the U.S. Pacific
coast and consists of five major zones spanning the
marine—freshwater continuum.

Secondary metabolites produced by cyanobacterial
blooms may directly impair fish health and fitness (Wie-
gand and Pflugmacher, 2005; Leflaive and Ten-Hage,
2007). The hepatotoxin microcystin can cause histopatho-
logical effects in the organs of fish and can impair juvenile
development (Malbrouck and Kestemont, 2006). Microcys-
tins have been identified in the liver tissue of delta smelt
(Hypomesmus transpacificus) harvested from the Delta,
with liver necrosis and lesions characteristic of microcystin
exposure also observed in long lived POD-impacted spe-
cies including the striped bass, Morone saxatilis (Lehman
et al., 2010). Microcystis blooms may also indirectly influ-
ence POD fishes by altering food web structure through
competition (Smith, 1986; Huisman et al., 2004) or by
releasing allelopathic compounds (Smith and Doan, 1999;
Legrand et al, 2003; Sedmak and Elersek, 2005) that
inhibit the growth of other, more nutritious phytoplankton
(e.g., diatoms and cryptophytes) (Ferrao-Filho et al., 2000;
Von Elert and Wolffrom, 2001; Von Elert et al., 2003). Cal-
anoid copepods are the main prey of most SFE fish larvae
and juvenile delta smelt (Hobbs et al., 2006; Slater and
Baxter, 2014). Laboratory feeding studies have demon-
strated that Microcystis sp. is a poor food source for the



predominant calanoid copepods in the Delta, Eurytemora
affinis and Pseudodiaptomus forbesi (Ger et al., 2010),
likely due to the large size of colonies (Burnsd and
Hegarty, 1994), their lack of sterols and fatty acids (Lamp-
ert, 1987) and their production of toxic secondary
metabolites (Wilson et al., 2006).

Long-term monitoring data provide insights into how the
Delta aquatic food web has changed over the past several
decades in response to increasing demands for irrigation
and drinking water, climate change, and a series of aquatic
species invasions. In addition to the putative effects of cya-
nobacterial blooms, a number of other stressors are
believed to negatively influence POD species, including:
increased salinity (Feyrer et al, 2007), decreased total
suspended solids (Nobriga et al., 2005), increased water
temperatures (Komoroske et al., 2014), extensive water
pumping and fish entrainment (Kimmerer, 2005; Sommer
et al., 2007), anthropogenic contaminants (e.g., heavy
metals and pesticides) (Brooks et al, 2012), excessive
nutrient loading (Jassby, 2008), invasive aquatic vegetation
(Hestir, 2010) and introductions of the invasive overbite
clam (Potamocorbula amurensis) and Asian clam (Corbic-
ula fluminea) (Nichols et al., 1990; Alpine and Cloern,
1992). Combined, these stressors have resulted in
decreased food availability and quality throughout the food
web (Sommer et al., 2007; Hammock et al., 2015).

While there has been considerable research conducted on
phytoplankton—cyanobacterial interactions, few studies have
investigated how cyanobacterial blooms affect non-
photoautotrophic bacteria in the water column (Bagatini
et al., 2014; Woodhouse et al., 2016). Conversely, associated
bacteria (and viruses) may directly or indirectly influence the
fitness of cyanobacterial blooms (e.g., cell lysis, nutrient
cycling, vitamin synthesis, etc.) (Cole, 1982). Due to competi-
tive exclusion, cyanobacterial blooms tend to reduce the
abundance of other, more nutritious primary producers (Paerl
and Otten, 2013). Under such conditions, the microbial loop,
which relies upon abundant heterotrophic bacteria and bac-
terivorous microzooplankton, becomes more important in
sustaining macrozooplankton populations during cyanobacte-
rial bloom events (Christoffersen et al, 1990; Moustaka-
Gouni and Vardaka, 2006; Krevs et al., 2010). Therefore, het-
erotrophic bacteria comprise an important linkage in the
microbial food web as they recycle a large percentage of car-
bon fixed by primary producing photoautotrophs through the
microbial loop (Sendergaard et al., 1985). Pelagic food webs
are influenced by bottom-up and top-down factors; as lakes
increase in trophic status, the percent contribution of plankton
biomass (as pg C L") often skew toward cyanobacterial
and protozoan dominance, whereas systems with lower tro-
phic levels are often dominated by heterotrophic bacteria and
flagellates (Auer et al., 2004). During periods of low primary
productivity bacterial populations are constrained by nutrient
availability, whereas under high productivity conditions their

populations are more constrained by protozoan grazing
(Auer et al., 2004). In the SFE Delta, aside from infrequent
algal blooms, phytoplankton biomass remains generally low
(Lucas and Thompson, 2012). Therefore, microplankton
(e.g., ciliates and flagellates) grazing upon bacteria (Azam
et al., 1983; Porter et al., 1985) likely play an essential role in
transferring carbon, nutrients, fatty acids and sterols to higher
trophic levels (Klein Breteler et al., 1999; Bec et al., 2006).
Different groups of bacteria are expected to be better
adapted to rapidly respond to ephemeral phytoplankton
blooms and to more efficiently sequester and recycle photo-
synthates. Sphingomonas, Flavobacterium, Pseudomonas,
Nocardia and Paenibacillus have all been isolated from cya-
nobacterial blooms and shown to degrade complex, organic
compounds (Berg et al., 2009), including in some cases cya-
notoxins (cf. Jones et al., 1994; Park et al., 2001; Amé et al.,
2006). Likewise, members of the phylum Verrucomicrobia
are ubiquitous in aquatic environments and contain represen-
tatives able to efficiently degrade polysaccharides (Martinez-
Garcia et al., 2012). This study is the first to characterize the
microbial community within the SFE Delta and to assess
how bacterial populations change in response to a cyanobac-
terial bloom. Although protozoan bacterivory was not
assessed, it is likely that trophic upgrading by microplankton
such as ciliates and flagellates (Segovia et al., 2015) repre-
sents an important, linkage in the SFE food web worthy of
further study. For example, previous feeding experiments
using several different Delta mesozooplankters (cladocerans,
cyclopoid copepods and calanoid copepods) have demon-
strated that protozoan microplankton are grazed at rates at
least as high as those on phytoplankton (Bouley and Kim-
merer, 2006; Gifford et al., 2007; York et al., 2014).

Here we report the results from a 2-year study con-
ducted in the Delta to investigate the ecology and
physiology of Microcystis sp. blooms with an emphasis on
how blooms may influence the base of the food web. We
hypothesized that: (1) there would be multiple Microcystis
strains (defined as operational taxonomic units or OTUs)
widely distributed throughout the Delta due to tidal mixing
and pumping; (2) the Microcystis sp. population would be
able to produce a variety of known (e.g., microcystins) and
novel secondary metabolites that could directly or indirectly
degrade food web structure; and (3) Microcystis blooms
would influence microbial community richness and
structure.

Experimental procedures
Sample collection

Six surveys were conducted between July—September in
2011, a wet year, and July—October in 2012, a drought year,
at six Delta sites (n=72): Mildred Island (37°59'13"N,
121°31'25"W), Franks Tract (38°2'39"N, 121°36'22"W), Moke-
lumne River (38°7'50”N, 121°34'22"W), OIld River



(37°58'51”N, 121°34'30"W), the San Joaquin River at Antioch
(38°1'7"N, 121°48'27"W) and the Sacramento River at Rio
Vista (38°9'13"N, 121°41'12"W). These locations were
selected to include pairs of sites from similar habitats, only
one of each pair having a history of producing dense Micro-
cystis blooms (Supporting Information Fig. S1), to allow
comparison of habitat conditions that support or repress
blooms. Microcystis blooms often occur within flooded islands
formed by levee breaches, a habitat represented by Mildred
Island (breached in 1983) and Franks Tract (breached in
1937). The other study sites represent conditions in either trib-
utary rivers in the Delta (Mokelumne River and Old River) or
the main rivers (Antioch and Rio Vista). Discrete water sam-
ples were collected at 0.2 and 3 m depth at all sites, although
only data from 0.2 m depth samples are presented. Tempera-
ture, pH, dissolved oxygen and salinity were measured with a
Sea-Bird 19 CTD, and discrete analyses of nutrients (PO,
NO3, NH;, urea), dissolved inorganic carbon (DIC) and chlo-
rophyll a were conducted in the laboratory following standard
methods (Parker et al., 2012).

DNA analyses

Samples were sterile filtered onsite onto Supor membrane fil-
ters (47 mm dia. X 0.2 um pore size) for genetic analysis and
stored frozen (—80°C) until further processing. DNA was
extracted from filters using GeneRite RWOC1 DNA extraction
kits. Real-time quantitative PCR (QPCR) employing Tagman
chemistry was performed on an ABI 7500 Fast thermal cycler
(Applied Biosystems) on 1:10 diluted DNA extracted from all
samples (n=72) and was used to estimate the proportion of
toxigenic Microcystis (those containing the microcystin syn-
thase E gene; designated mcyE) relative to total Microcystis
(based on c-phycocyanin pigment gene; designated cpcA)
using standard curves derived from serially diluted plasmid
constructs as previously described (Kurmayer and Kutzen-
berger, 2003; Otten et al., 2012; Supporting Information Table
S1). The average amplification efficiency of the cpcA assay
was 99.4% (slope = —3.336, y-int. = 37.050) and that of the
mcyE assay was 100.5% (slope = —3.311, y-int. = 37.248).
The limit of quantitation for the assays was 100 copies/ml. In
order to assess the diversity of Microcystis strains through
time and space, DNA from 40 samples was individually PCR
amplified in triplicate 25 pl reactions using custom 454-
indexed primers containing cyanobacteria-specific 16S-23S
rRNA internal transcribed spacer (ITSc) primers (Janse et al.,
2003; Supporting Information Table S1) and High Fidelity
Accuprime Taq DNA polymerase (Invitrogen). The amplicons
from each set of triplicate reactions were pooled and purified
using an AMPure magnetic bead PCR cleanup kit (Agen-
court). The pooled amplicons were one-way pyrosequenced
(23S side) on a Roche 454 GS Junior instrument with an
emPCR(Lib-L) kit at the Centre for Genome Research and
Biocomputing at Oregon State University (Corvallis, OR,
USA). Reads were trimmed to 324 nt and those with phred
scores >25 were clustered into operational taxonomic units
(OTUs) as described below. All 454 reads were deposited into
NCBI GenBank under BioSample accession number
SAMNO059784583.

Additionally, during one transect each year, individual Micro-
cystis colonies were isolated by serial dilution under an

inverted microscope, with emphasis on isolating multiple colo-
nies of each of several unique morphologies. Individual colony
isolates were resuspended in 25 pl sterile dHO, then sub-
jected to three freeze-thaw cycles and 30 s of vortexing to
lyse the cells. PCR assays targeting cyanobacteria-specific
16S-23S rRNA ITS and microcystin synthetase B (mcyB)
genes were performed and sequenced as previously
described (Otten and Paerl, 2011) (Supporting Information
Table S1). Amplicon sequences were deposited into NCBI
GenBank under accession numbers KY086337-KY086375.
Based on the metagenome assemblies, PCR primers were
also developed to detect Microcystis genes involved in the bio-
synthesis of the secondary metabolites: aeruginosin,
cyanopeptolin, micropeptin, microviridin and piricyclamide
(aerB, cpnC, mpnC, mvdB, pirA, respectively), and these
assays were run against DNA extracted from a Microcytis aer-
uginosa strain (UTEX 2386) used in a previous feeding study
of SFE Delta copepods (Ger et al., 2010).

The QPCR data indicated that the largest accumulation of
Microcystis over the study period occurred at Mildred Island in
August 2012. In an effort to elucidate potential synergistic and
antagonistic relationships between Delta bacteria and Micro-
cystis sp., all six samples collected at Mildred Island in 2012
were amplified using the Earth Microbiome Project’s universal
16S v4 rRNA bacterial primers (515F/806R) and their recom-
mended cycling conditions (Caporaso et al., 2012; Supporting
Information Table S1). As before, the reactions were carried
out in triplicate reactions, then they were pooled and purified;
however, instead of 454 pyrosequencing, the amplicons
were sequenced on an lllumina MiSeq instrument using v3
chemistry (300 bp, paired-ends) at the OSU CGRB. Prior to
amplification, the primers were modified to contain overhang-
ing lllumina adaptor sequences (Forward: 5-TCGTCGGCAG
CGTCAGATGTGTATAAGAGACAG-[515F primer]-3'; Reverse:
5-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-[806R
primer]-3') for multiplex indexing. The initial PCR consisted of
20 amplification cycles. The PCR products were purified as
before and then lllumina index primers were ligated via an addi-
tional 8 cycles of amplification. Amplicons were clustered into
OTUs as described below. The samples generated 109 976
raw sequencing reads, with 46 193 retained after QA/QC. All
16S rRNA reads were deposited into NCBI SRA under acces-
sion # SAMN05969162-SAMNO05969167.

Shotgun metagenomics was performed on three samples
(23-Jul, 27-Aug, 10-Sep) from the 2012 Mildred Island time-
series corresponding to before, during and after a Microcystis
bloom, hereafter designated as pre-, peak- and post-bloom
samples. DNA libraries were created using a Nextera XT prep
kit and sequenced (101 bp, paired-end reads) on an lllumina
HiSeq 2000 instrument at the OSU CGRB. Reads were quality
screened (phred score > 30, minimum length > 50 nucleoti-
des) and trimmed using Trimmomatic (Bolger et al., 2014).
Following QA/QC processing, 142 732 275 shotgun sequenc-
ing reads were assembled into 595 647 unscaffolded
contiguous sequences (contigs; max length =219 221 nts,
min length = 200 nts, mean length = 734 nts) using IDBA-UD
(Peng et al., 2012). To estimate community structure, individ-
ual reads were converted to amino acids using RAPSearch
(Ye et al., 2011) and the taxonomy of a normalized subset (~
1 million per sample) of protein encoding reads was classified
to the lowest common ancestor using MEGAN v5 (Huson



etal., 2011). A normalized subset of reads (~ 34.6 million per
sample) were mapped to the assembled contigs using BWA
(Li and Durbin, 2009) and the coverage depth for each contig
per sample was calculated as the average number of
sequencing reads recruiting to each contig; this was done
using samtools (Li et al., 2009). Contigs were functionally and
taxonomically characterized as previously described (Otten
et al, 2016). The annotated contigs and their relative read
coverage depths were visualized in R using the mmgenome
package (Albertsen et al., 2013). Metagenome completeness
(fraction of microbiome represented in a metagenomic data
set) per sequencing effort was estimated from Nonpareil
curves (Rodriguez-R and Konstantinidis, 2014). Additionally,
the assemblies were screened bioinformatically for cyanobac-
terial toxin genes using a combination of BLAST and
antiSMASH 2.0, to identify all known and putative nonriboso-
mal peptide synthetase and polyketide synthases (Blin et al.,
2013). Contig annotation was also performed by the Joint
Genome Institute, IMG Project 101107, and all raw sequenc-
ing reads were deposited into the Short Read Archive at NCBI
(SAMN05880410-SAMN05880412).

Statistical and bioinformatic analyses

The general structure of microcystin is cyclo(p-Ala-L-X-p-
MeAsp-L-Z-Adda-p-Glu-Mdha-, where X and Z are variable
L amino acids (Tillett et al., 2000). Microcystin structural var-
iants (congeners) were predicted from the adenylation domain
binding pocket signatures (Stachelhaus codes; Stachelhaus
et al., 1999) responsible for amino acid incorporation into the
X (encoded by McyB1) and Z (encoded by McyC1) positions
of the microcystin molecule (Mikalsen et al.,, 2003). Colony
PCR amplicons and contigs assembled from the shotgun
metagenomes were analysed using NPRSpredictor2 (Rottig
et al., 2011). The 16S-23S rRNA ITS sequences acquired
from the 454 pyrosequencing were grouped into operational
taxonomic units (OTUs) delineated at the 97% nucleotide
identity level using a de novo clustering approach in QIIME
(usearch) as previously described (Otten et al., 2015). Single-
ton OTUs were removed. The 454 OTUs were aligned with
the Sanger sequencing results of the colony PCR amplified
16S-23S rRNA ITS and their phylogeny was inferred using a
Bayesian framework implemented in MrBayes v.3.1.2 with a
general time reversible substitution model with gamma distrib-
uted variation. The 16S rRNA sequences acquired from the
MiSeq amplicon run were clustered into OTUs using a 97%
nucleotide identity cutoff with a subsampled open-reference
clustering approach in Qiime as previously described (Rideout
et al., 2014). Singletons were also removed from this dataset,
then the bacterial community composition of each sample was
compared using non-metric multidimensional scaling (NMDS)
analysis using the ‘vegan’, ‘MASS’ and ‘Cairo’ packages in R.
Microbial network co-occurrence patterns were determined
based on covariance in 16S rRNA OTU rank abundances
using the ‘vegan’, ‘reshape’, and ‘igraph’ packages in R as
previously described (Williams et al., 2014). Only those rela-
tionships exhibiting significant (p < 0.05) and strongly positive
(r>0.75) or negative (r< —0.75) Spearman’s rank correlation
coefficients were retained since higher correlation cutoffs are
more likely to minimize random (i.e., false) pairwise interac-
tions (Williams et al., 2014).

Results
Microcystis abundance and diversity

QPCR was used to estimate total (cpcA-possessing) and
toxigenic (mcyE-possessing) Microcystis from all samples
(n=72). The Rio Vista and Mokelumne River sites had the
lowest total Microcystis, with cpcA maximum concentra-
tions over the study period of only 660 and 940 copies
mi~" respectively. Since the phycocyanin (cpcA) and
microcystin (mcyE) genes are present in single copies
within the Microcystis chromosome, gene copies ml™’
approximately represent cell equivalents ml~'. Moderate-
to-high Microcystis concentrations occurred at times at the
other sites with maximum cell equivalent concentrations of
15 950 cell eq mI~ "' at Antioch, 102 160 cell eq ml~" at
Franks Tract, 2 430 290 cell eq ml~ " at Mildred Island and
105 390 cell eq mI~" at Old River. The average percentage
(=SD) of toxigenic Microcystis cell equivalents at these
sites was 46% (*+24), 23% (*+29), 18% (*+22) and 31%
(+22) respectively (Fig. 1).

There were 40 435 16S-23S rRNA ITS reads retained
from 40 discrete samples from the six sites. The results
indicated that the cyanobacterial community was domi-
nated by Aphanizomenon sp. at all sampling stations in
2011, when it comprised ~ 96% of all reads, with Micro-
cystis sp. representing only ~ 4% of the community
(Supporting Information Table S2). In contrast, Microcystis
sp. was the most abundant cyanobacterium in 2012, when
it comprised ~ 53% of the cyanobacterial community, fol-
lowed by Aphanizomenon (25%) and Dolichospermum
(formerly Anabaena) at 21%. Cluster analysis suggested
there were eight Microcystis operational taxonomic units
(OTUs). In the context of this study, we consider OTUs to
be synonymous with individual strains. OTUs 1 and 2 were
the most abundant and comprised 38% and 36% of the
total respectively. There was no evidence for any site-
specific, endemic Microcystis populations since all eight of
the delineated OTUs were at times observed in each loca-
tion (Fig. 2).

Even though there were eight Microcystis OTUs
identified by 454 pyrosequencing, only three colony mor-
phologies were observed. Throughout the study period,
Microcystis colonies exhibited atypical morphologies
compared with colonies from other systems, with unusu-
ally large colonies (up to 1 cm dia.) presenting as either
flat flakes or dense webs of cells (Supporting Informa-
tion Fig. S2). In order to assess if the cells comprising
each unique colony morphology were genetically distinct
from the other morphologies, 20 colonies were PCR
amplified and sequenced in each of 2011 and 2012.
Approximately one-third of the colonies contained more
than one ITS sequence, suggesting that these atypically
large colonies were composed of multiple strains. Clus-
tering and phylogenetic analysis of the ITS genes
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Fig. 1. QPCR estimates of total (cpcA) and toxigenic (mcyE) Microcystis during the summer (2011-2012) at six sampling stations throughout

the SF Delta. [Colour figure can be viewed at wileyonlinelibrary.com]

revealed that colony morphologies were inconsistent
with specific OTUs as there were six distinct Microcystis
sp. clades identified from the three morphologies (Sup-
porting Information Fig. S3); four of which were also
observed in the 454 pyrosequences. Combined the two
approaches identified 10 different strains (OTUs) of
Microcystis over the study period. Four of these strains
(#OTUs 1, 2, 3 and 8) were observed in both the 454

analysis and the colony PCR sequences, two of them
were only observed in the colony PCR sequences and
four were observed only in the 454 pyrosequences (Sup-
porting Information Fig. S3).

A comparison of Microcystis OTU relative abundances
and QPCR estimates of the toxigenic proportion of Micro-
cystis sp. failed to clearly distinguish toxin-producing
strains (Fig. 2). The sequencing data indicated the
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presence of at least six microcystin producing strains
within the Delta Microcystis community (Supporting Infor-
mation Fig. S4). Our results indicate the presence of
multiple Microcystis strains within the Delta, several of
which are capable of producing microcystin. Genetic analy-
sis of McyB1 and McyC1 modules predicted arginine
would be incorporated by McyC1 (Z position) and arginine
and leucine into McyB1 (X positions). Based on Stachel-
haus codes, five of the six toxigenic strains are expected to
support synthesis of MC-RR with the sixth expected to pro-
duce MC-LR (Supporting Information Fig. S4 and
Supporting Information Table S3).

Identification of other microcystis secondary metabolites

Most cyanobacterial genomes contain multiple NRPS/PKS
pathways; a previous analysis of 15 sequenced Microcys-
tis sp. genomes revealed on average five NRPS/PKS
operons per strain (min =2, max =8) (Otten and Paerl,
2015). Several Microcystis NRPS/PKS operons were iden-
tified in the Mildred Island metagenome assemblies that
encode for microcystin, aeruginosin, anabaenopeptin, cya-
nopeptolin and microginin. It was determined that the
aeruginosin operon (aerAJBCKDEFLGMN) was likely
missing aerC and aerK genes in a subset of the population

and aerG2 was totally absent from all strains; the anabae-
nopeptin operon was intact (apnA-E with ORFs1-3), the
cyanopeptolin operon was missing mcnA (mcnB-F), the
microcystin operon was intact (mcyA-J) and the microginin
operon lacked micB (micA-E with ORFs1-3). Microviridin,
piricyclamide and psm3 genes failed to assemble, but all
were identified by read mapping to reference genes of
these operons (Fig. 3). Note that psm3 is a mixed NRPS/
PKS bi-directional operon that has been reported from sev-
eral Microcystis sp. strains (Nishizawa et al, 2007,
Humbert et al, 2013), although its product remains
uncharacterized. Piricyclamides are a sub-group of struc-
turally diverse cyclic peptides (cyanobactins) that are
widely distributed within the genus Microcystis (Leikoski
et al., 2012). Microviridin is the most common secondary
metabolite whose genes have been found in all Microcystis
sp. genomes investigated to date; however, in this study
we were able to assemble only small fragments of the
gene cluster. We believe this was due to its presence in
several Microcystis sp. strains present in the same sample
at markedly different read coverage depths which can lead
to breaks in the assembly. Rolling coverage estimates of
NRPS/PKS operon coverage depths provided an estimate
for their relative abundance in the Delta Microcystis popu-
lation (Fig. 3). This approach revealed that microviridin


http://wileyonlinelibrary.com

Fig. 3. Read recruitment coverage
plots for Microcystis secondary
metabolites observed in Mildred
Island metagenomes; (A)
microviridin (AM943877.1), (B)
anabaenopeptin (this study), (C)
aeruginosin (this study), (D)
microginin (DM195384.1), (E)
cyanopeptolin (AB481215.1), (F)
piricyclamide (FJ609416.1), (G)
microcystin (AF183408.1), (H) psm3
(AB279593.1)
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genes were most abundant (u= 570X cov.), followed by
anabaenopeptin (u= 168X cov.), aeruginosin (pn= 163X
cov.), microginin (n= 140X cov.), piricyclamide (u= 63X
cov.), cyanopeptolin (n=57X cov.), microcystin (un=41X

cov.) and psm3 (n = 37X cov.). Importantly, genes for other
freshwater algal biotoxins of public health concern, includ-
ing: anatoxin-a, cylindrospermopsin and saxitoxin were not
observed.



Table 1. Mean (£95% confidence intervals) for water quality varia-
bles from all six Delta sites and for Mildred Island individually.

All (n=36) Al (n=36) MIL(n=6) MIL (n=6)

2011 2012 2011 2012
k 114010 1.10=0.10 1.07=0.19 1.28+0.20
Temp 223+03 212+04  233+04  222+12
Cond 192 =51 568192 16815 283 + 58
pH 7.8+0.1 7.9+0.1 7.65+0.14  7.8+0.05
DO 72+02 78+02  662+0.37 7.46+0.27
DIC 106360  1266+47  1024+158 1248+ 96
Si0; 138 + 31 232 +17 117 +70 211+ 72
NO; 123+18  116=19 205+x22  11.0=23
NO, 0.41+010 055+0.14 0.33+0.08 0.37+0.09
PO, 171012 178=010 1.93+022 1.92=0.11
NH,4 285+1.02 3.18+0.99 068+04  1.35+0.65
Urea 028+006 022+006 0.33+0.1 0.23+0.12
Chla 351+085 493+18 33x22 7346
FCM  0.76+0.18 0.74+007 1.0+08  0.86+0.20

k =light attenuation coefficient; Temp = water temperature (°C);
Cond = conductivity (uS cm™"); DO = dissolved oxygen (mg L™");
DIC =dissolved inorganic carbon (uM); SiO3=silicate (uM);
NO; = nitrate (mg L™'); NO, = nitrite (mg L™"); PO, = phosphate
(mg L7"); NH3=ammonia (mg L'); Urea (mg L7"); Chl
a = chlorophyll a (ug L™"); FCM = flow cytometry (10° cells L™ 7).

Analysis of microbial community structure

The QPCR data indicated that the largest Microcystis
bloom observed over the study period occurred at the Mil-
dred Island sampling site in 2012, peaking around 27
August 2012. The bloom disappeared soon after this date,
with Microcystis present at only 1570 cell equivalents ml™"
2 weeks later. Microscope observations corroborate
the disappearance of Microcystis, as no cells were
observed from samples collected at 0.2 or 3 m depth on
10 September 2012 (Supporting Information Fig. S5). The
environmental data (Table 1) provided no obvious explana-
tion for a sudden collapse (e.g., weather events or a
change in water chemistry), suggesting that the bloom had
either passively moved to another location, gone dormant
(i.e., settled out of the water column) or had collapsed as a
result of top-down controls (e.g., cyanophage, predatory
bacteria or zooplankton grazers). Shotgun metagenomes
from three Mildred Island samples corresponding to pre-
bloom, peak-bloom and post-bloom conditions were ana-
lysed in order to screen for potential top-down control
agents and to investigate how microbial community struc-
ture may vary at different stages of a cyanobacterial
bloom. Covariance in contig coverage depth was used to
cluster contigs in 2D space (Albertsen et al., 2013), with
tight concentric clusters representative of single strains
(Fig. 4). Some organisms exhibited ‘contig smearing’,
which is thought to be caused by shared genes between
closely related, co-occurring strains present in different
abundances (Daims et al., 2015). For example, many bac-
terial and phage genomes formed relatively tight,

concentric groupings, whereas the Microcystis contigs
were spread both laterally and vertically (Fig. 4), owing to
the presence of multiple Microcystis strains within the pop-
ulation. Contigs situated along the grey diagonal line
represent relatively unchanged organismal abundances
across the dates compared. This analysis yielded several
important observations: (1) Microcystis appeared to be the
single most abundant taxon present during the bloom, with
coverage depths ranging from 20 to 250%; (2) numerous
known and putative bacteriophages represented the sec-
ond most abundant entities based on coverage depth; (3)
Pseudanabaena and Synechococcus were most abundant
when Microcystis was most abundant; (4) an unidentified
Verrucomicrobia cluster and Candidatus Aquiluna sp.
appeared to increase in response to the Microcystis bloom
suggesting a possible synergistic or mutualistic relation-
ship; (5) a greater number of contigs were located to the
right than to the left of the 1:1 ratio line in Fig. 4, sugges-
ting that fewer taxa were present during the bloom than
either before or after the bloom.

By recruiting de novo assembled contigs to known
Microcystis cyanomyophage genomes (the closely related
Ma-LMMO1 and MaMV-DC) (Yoshida et al, 2008; Ou
et al, 2015), eight non-overlapping contigs spanning
166 477 bp were identified. For reference, the genome
lengths of Ma-LMMO01 and MaMV-DC are 162 109 and
169 223 bp, respectively, suggesting that these eight con-
tigs likely represented most of the genome of a related
phage (89%—-96% nucleotide similarity; Supporting Infor-
mation Table S4). The putative Microcystis phage had
mean read coverage depths of 0.15X, 17.0X and 0.48X
across the time-series, whereas mean Microcystis read
coverage depths of contigs containing essential genes
were 7.9X, 163.6X and 0.41X respectively. The co-
occurrence of multiple Microcystis strains and their inde-
pendent flexible genomes complicates coverage
estimates, which is why contigs containing essential genes
were used in these estimates of relative abundance.

The Nonpareil curves indicated the 23 July 2012 sample
sequencing effort of 2.51 giga base pairs (Gbp) repre-
sented an estimated 89.4% of the microbial community,
the 27 August 2012 sample sequencing effort of 1.94 Gbp
represented 93.1% of the microbial community, and the 10
September 2012 sample sequencing effort of 3.91 Gbp
represented 99.8% of the microbial community (Fig. 5A).
These data indicated that even though the Microcystis
bloom on 27 August was numerically dominant, it did not
severely compromise our ability to detect and quantify the
majority of other bacterial genomes comprising the sam-
ple. Further, the Nonpareil curve for 27 August was shifted
significantly to the left, indicating that the sample was
less diverse than the other two samples since the curve
became asymptotic with fewer sequencing reads. In
order to further assess if recruitment bias explained the
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Fig. 4. Assessment of bacterial community structure and relative abundance before (23-July), during (28-Aug) and after (10-Sept) a Microcystis spp.
bloom at Mildred Island in 2012. Contig lengths and their average coverage depths are displayed. Contigs along the grey line are uniformly represented
between the compared time points. Note: only contigs longer than 3 kbp are displayed. [Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 5. (A) Nonpareil curves estimating the average coverage (completeness) of Mildred Island metagenomic datasets conducted on 2012
samples and corresponding to pre-, peak- and post-Microcystis bloom (black, red and blue, respectively); empty circles denote the actual
sequencing effort (bp of sequence), dashed red lines indicate sequencing effort needed for 95% and 100% community coverage. (B)
Estimation of community richness (# of unique genera) by rarefaction curve analysis calculated from a normalized subset of protein-encoding
sequences. (C) Non-metric multidimensional scaling analysis (NMDS) displaying Mildred Island microbial community composition by date
(2012), based on bacterial 16S rRNA OTUs (97% identity). [Colour figure can be viewed at wileyonlinelibrary.com]

apparent antagonistic relationship between Microcystis
abundance and the majority of other contigs, an
assembly-free rarefaction assessment was employed.
The results indicated that the sequencing depth of each
sample was appropriate to reach saturation (Fig. 5B).
This analysis again revealed considerably fewer genera
present in the sample collected during the Microcystis
bloom (676 genera) relative to pre-bloom (887 genera)
and post-bloom (1257 genera) conditions, which corre-
sponded to Shannon’s Diversity (H') estimates of 2.32,
0.61 and 3.71 respectively. Combined, these data indi-
cate that a significant loss in microbial biodiversity
occurred during the Microcystis bloom, and this infer-
ence is not due to proportional biases inherent to

sequencing assembly or assignment.

In order to further assess how bacterial community
structure differed before, during and after the Microcys-
tis bloom, changes in community structure were inferred
by non-metric multidimensional scaling analysis (NMDS)
on 16S rRNA reads collected across each of the six Mil-
dred Island samples collected in 2012. On the basis of

sample (27 August) and immediate post-bloom sample
(10 September) had distinct compositions from the other
dates, while the last two samples (24 September and 9
October) clustered together and trended toward the pre-
bloom community structure (Fig. 5C).

Network (co-occurrence) analysis was applied to further
assess how bacterial community structure responded to
the Microcystis bloom based on covariance patterns of
the 16S rRNA OTUs (Table 2). Microcystis was positively
correlated with OTUs corresponding to Pseudanabaena
(Cyanobacteria), Anabaena (Cyanobacteria), Phenylo-
bacterium (Alphaproteobacteria), Hyphomonadaceae
(Alphaproteobacteria), Ramlibacter (Betaproteobacteria)
and Peredibacter (Deltaproteobacteria) and it was nega-
tively correlated with Smithella (Deltaproteobacteria),
Limnobacter (Betaproteobacteria), Stenothermobacter
(Bacteroidetes), an unidentified Erythrobacter (Alphap-
roteobacteria), a member of the Beijerinckiaceae
(Alphaproteobacteria) and an unidentified cyanobacte-
rium (Table 2; Supporting Information Fig. S6).

Discussion

assigned bacterial genera and their rank abundances,

samples collected prior to the bloom (23 July and 6
August) were closely related in composition. The bloom

This study utilized a suite of molecular and physicochemi-
cal analyses in an effort to better understand the
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Table 2. Microbial co-occurrence (network) analysis based on covariance of 16S rRNA OTU groupings for Mildred Island 2012 samples
(n=#6); only significant (p<0.05), strongly positive (r>0.75) and negative (r<—0.75) Microcystis sp. interactions are shown, the false-

discovery rate (g-value) is provided.

OTU 1 OTU 2 (Phylum) rho p-value g-value
Microcystis Pseudanabaena (Cyanobacteria) 0.955 0.003 0.0002
Microcystis Anabaena (Cyanobacteria) 0.893 0.016 0.0010
Microcystis Phenylobacterium (Alphaproteobacteria) 0.857 0.029 0.0015
Microcystis Hyphomonadaceae (Alphaproteobacteria) 0.857 0.029 0.0015
Microcystis Ramlibacter (Betaproteobacteria) 0.857 0.029 0.0015
Microcystis Peredibacter (Deltaproteobacteria) 0.851 0.032 0.0016
Microcystis Limnobacter (Betaproteobacteria) -0.897 0.015 0.0057
Microcystis Erythrobacter (Alphaproteobacteria) —0.892 0.017 0.0057
Microcystis Smithella (Deltaproteobacteria) —0.882 0.020 0.0057
Microcystis Unidentified Cyanobacterium —0.840 0.036 0.0058
Microcystis Stenothermobacter (Flavobacteriia) -0.823 0.044 0.0058
Microcystis Beijerinckiaceae (Alphaproteobacteria) —0.821 0.045 0.0058

ecological implications of Microcystis blooms within the
SFE Delta. Microcystis blooms were prevalent in 2012 at
the flooded island sites (Franks Tract and Mildred Island)
and also in Old River which is near Discovery Bay — an
enclosed marina prone to Microcystis blooms. On the con-
trary, unlike the previous several years when Microcystis
sp. was the most prevalent cyanobacterium (Baxa et al.,
2010), the phytoplankton community was dominated by
Aphanizomenon flos-aquae during the 2011 sampling sea-
son. In an effort to elucidate the environmental conditions
favouring Microcystis growth over other taxa, we compared
all physicochemical data from all sites between the 2 years
and for Mildred Island individually since that was where the
largest Microcystis bloom was observed over the study
period. Unexpectedly, water temperatures were found to
be higher on average in 2011 than during the drought in
2012. Conductivity, dissolved inorganic carbon (DIC) and
silicate (SiO3) were all significantly higher in 2012 when
Microcystis was the dominant cyanobacterium throughout
the system. All three of these metrics are likely a conse-
quence of longer residence times throughout the Delta as

a result of the drought conditions in 2012. During both
study years inorganic nitrogen and phosphate concentra-
tions were well above growth limiting concentrations,
suggesting that water residence time may be the main
environmental driver of Microcystis blooms within the Delta
(Paerl and Otten, 2013; Paerl and Otten, 2016) (Table 3).
Prior to this study, only a few investigations had incorpo-
rated molecular tools in characterizing Delta
cyanobacterial blooms. Baxa et al. (2010) used QPCR to
estimate the abundance and proportion of toxigenic Micro-
cystis throughout the Delta in a 2007 study. They reported
that the percentage of toxigenic (mcyA copies) Microcystis
relative to total Microcystis (16S rRNA copies) ranged from
0% to 27%. Here we estimated the percentage of toxigenic
Microcystis to range from 0% to 84% (1= 26%) based on
single copy microcystin (mcyE) and phycocyanin (cpcA)
genes as opposed to 16S rRNA genes, which based on
the strains of Microcystis sequenced to date occur in dupli-
cate in the genome. Seasonality may influence estimates
of toxigenicity, since the percentage of toxigenic cells rela-
tive to total Microcystis tends to vary over the course of the

Table 3. Relative abundance (percentage of 16S rRNA reads) represented by each bacterial phylum from Mildred Island (2012).

Bacteria (Phylum) 23-Jul 6-Aug 27-Aug 10-Sep 24-Sep 9-Oct
Acidobacteria 0.60 2.07 1.28 1.77 2.63 1.34
Actinobacteria 31.85 14.32 8.83 16.81 13.37 20.06
Bacteroidetes 22.17 33.61 14.85 23.31 29.55 13.28
Chlamydiae 0.00 0.00 0.13 0.00 0.00 0.00
Chlorobi 0.53 0.26 0.36 0.23 0.17 0.44
Chloroflexi 0.09 0.22 0.16 0.70 0.56 0.63
Cyanobacteria 10.98 10.88 40.35 19.86 11.55 17.65
Firmicutes 0.00 0.31 0.21 0.05 0.08 0.15
Gemmatimonadetes 0.05 0.37 0.37 0.43 0.58 0.22
Planctomycetes 0.85 0.25 1.32 1.31 0.78 2.05
Proteobacteria 28.30 33.11 27.03 31.06 34.88 40.73
Verrucomicrobia 2.68 2.80 0.94 2.77 3.91 1.62
Unassigned/other 1.90 1.81 4.21 1.73 1.93 1.81




season, often with higher percentages of toxigenic cells
earlier in the summer with nontoxic variants dominating in
the late fall (Bozarth et al., 2010).

Regarding Microcystis strain diversity within the Delta, a
previous study using Sanger sequenced clone libraries of
cpcBA (n=148 reads) and mcyA (n= 124 reads) gene
sequences identified the presence of three strains
(OTUs) of Microcystis (Moisander et al., 2009). With the
high throughput methods now available, we have
shown that the Delta Microcystis population comprises at
least 10 strains based on 16S-23S rRNA amplicon
sequences. This community includes at least six distinct
microcystin-producing strains. However, the weak relation-
ships between 16S-23S rRNA derived OTUs, mcyB
genotypes and QPCR derived estimates of toxigenicity
suggest little linkage between the 16S-23S rRNA locus
and microcystin potential. Instead, the microcystin operon
appears to be widely distributed across Microcystis line-
ages within the Delta.

On the basis of amino acid adenylation domain binding
pocket signatures, a variety of Microcystis strains in the
Delta appear to be capable of synthesizing the microcystin
variant MC-RR, with MC-LR specific genes also present.
However, because multiple microcystin variants have been
observed from single strains of Microcystis (Puddick et al.,
2014), likely due to a lack of specificity at the McyB1
adenylation domain (Fewer et al.,, 2007), the presence of
congeners other than those predicted cannot be deter-
mined genetically. A previous study found MC-LR to be the
most common variant in the Delta, comprising ~ 54% of
total microcystins, with MC-FR, MC-WR, MC-LA and other
undetermined variants comprising the remainder (Lehman
et al., 2008). Microcystin congeners are important because
different ones carry different public health risks; for exam-
ple, MC-LR is 6.4-fold more toxic than MC-RR and 8.4-fold
more toxic than [Dha’]MC-RR in mice (Chen et al., 2006;
Gupta et al., 2003).

Microcystis and the pelagic organism decline

The concomitant appearance of Microcystis sp. blooms
with the collapse of several fish populations in the SFE
beginning in the early 2000s raised the possibility that cya-
nobacterial blooms may have contributed to their decline.
In order to better understand the physicochemical or bio-
logical drivers of this decline, we sought first to
characterize the ecology and physiology of the Delta
Microcystis-microbial community. If Microcystis blooms
negatively influence fish or zooplankton survival, then
these effects are likely episodic throughout the Delta, since
Microcystis was not prevalent in 2011 and it is generally
absent from certain regions such as the Sacramento River
at Rio Vista and in the Mokelumne River. Further, it is
highly unlikely that Microcystis blooms represent the only

stressor to mobile fishes or the zooplankton that they prey
upon. However, the magnitude and persistence of these
blooms suggests that when present they have the potential
to influence food web structure widely throughout the SFE
Delta, including areas of high salinity, based on the pres-
ence of elevated microcystins in marine bivalve tissue in
San Francisco Bay (Gibble et al.,, 2016). In this study, we
observed a significant reduction in microbial community
diversity around the peak of a Microcystis bloom in Mildred
Island in 2012 when community richness was reduced by
~ 25% and ~ 46% relative to pre- and post-bloom periods
respectively. A variety of mechanisms could contribute to a
decrease in microbial diversity during a bloom, such as: (1)
bloom photosynthesis and respiration may alter water qual-
ity (e.g., high dissolved oxygen or reactive oxygen species,
high pH, low nutrients, etc.) to the detriment of sensitive
taxa; (2) alteration of the community due to mixing or flush-
ing; (3) resource competition or (4) the production of broad
allelopathic compounds by Microcystis sp. could impair the
fitness of other bacterial or eukaryotic taxa.

We considered whether Microcystis blooms could
broadly and indirectly influence microbial structure by alter-
ing the physicochemical properties of the water column.
During cyanobacterial bloom events, the epilimnion often
becomes supersaturated with oxygen and pH levels may
exceed 10 units due to high photosynthetic activity; these
conditions are likely deleterious for certain microbial taxa
(Spietz et al., 2015; Zeglin, 2015). However, the Delta is
shallow and tidally mixed which generally precludes stratifi-
cation and large swings in water chemistry. At Mildred
Island in 2012, dissolved oxygen concentrations ranged
from 7.04 to 7.8 mg L' and pH ranged from 7.46 to 7.81,
both of which are moderate values unlikely to cause a
major loss in microbial biodiversity (Hansen, 2002; Liu
et al., 2015). Additionally, water temperatures were rela-
tively stable, ranging from 20.9°C to 24.3°C (23.1°C at
peak bloom) and dissolved total nitrogen and phosphorus
(DTN:DTP) ratios remained low, ranging from 4.7 to 8.3.
The collapse of the Microcystis bloom was followed by a
43% increase in dissolved total nitrogen (mostly NO;) dur-
ing the following transect. Because the bloom dissipated at
some point during a 12 day span between sampling trips, it
cannot be determined if the increase in DIN was due to
bloom lysis (which would have released predominantly
NH,; and DON) and subsequent nitrification into NO; , or if
the increase in NO; was due to relaxation of biological
nitrogen demand following bloom termination.

Strong tidal flows in the spatially reticulate Delta make
flow patterns complex. The low microbial diversity
observed during the bloom could have been due to advec-
tion or tidal mixing of a different microbial assemblage into
Mildred Island rather than in situ community succession
processes. Hydrodynamic flushing time at Mildred Island
under dry conditions is ~ 8 days (Monsen et al., 2002) and



is mostly a function of tidal flows (Monsen et al., 2002);
under these conditions most of the water drawn through
Mildred lIsland originates from the Sacramento River. If
microbial community structure at Mildred Island was
strongly influenced by that in the Sacramento River, then
microbial assemblages should be similar between Mildred
Island and Rio Vista, and to a lesser extent, Antioch. As
inferred by the 16S-23S rRNA sequencing, the Microcystis
community at both Rio Vista and Antioch consisted entirely
of OTU2 during this period, whereas at Mildred Island
there were never fewer than three strains present and
OTU1 was the dominant Microcystis strain. These results
suggest that flushing rates through Mildred Island were not
so high as to preclude the growth of autochthonous micro-
bial populations and that changes in microbial community
structure were more likely to be driven by internal pro-
cesses than by physical transport.

The increasing relative abundance of a putative Micro-
cystis cyanomyophage leading up to the collapse of the
bloom, but absent thereafter, indicated a role for top—down
control of the bloom as opposed to its physical dispersal.
Viral lysis of the filamentous cyanobacterium Oscillatoria
sp. has been observed to result in a concomitant increase
in microbial species richness, with those bacterial taxa
capable of degrading large, complex carbohydrates, such
as members of the Cytophagales and Actinobacteria,
increasing the most (Van Hannen et al, 1999). In this
study, nutrient concentrations overall remained relatively
stable, although they were elevated in the sample collected
at Mildred Island following bloom collapse. This post-bloom
sample also had the greatest microbial diversity (Fig. 5),
suggesting that the community may have responded posi-
tively to the augmented nutrient pool and presumed
release of dissolved organic carbon into the water column.

In the absence of a biologically plausible environmental
explanation for the reduction in microbial community diver-
sity during the bloom, we considered whether this pattern
may be explained by resource competition. To date, no
consistent relationship between freshwater primary pro-
ductivity gradients and microbial diversity has emerged
from the literature. Some studies have reported there to be
no relationship between diversity and productivity, whereas
others have noted positive or negative relationships, or
peak diversity occurring at intermediate productivity
(Horner-Devine et al.,, 2003). A particularly relevant com-
parison to our study is a recently published time-series
analysis of microbial community structure spanning a
series of cyanobacterial successions in an Australian lake
(Woodhouse et al, 2016). In that study, the authors
reported that the microbial community changed dependent
on the dominant cyanobacterial genus present, but also
that bacterial community diversity (based on Simpson’s
index) was positively correlated with cyanobacterial abun-
dance. These findings are in contrast to the current study,

suggesting that strain-specific interactions, as opposed to
broad effects consistent with all cyanobacterial blooms
(e.g., autochthonous organic carbon production) are
important forces in shaping the microbial taxa that coexist
with cyanobacteria.

Using network analysis we were able to evaluate puta-
tive taxon-specific microbial interactions with Microcystis.
Based on previous studies of the ‘phycosphere’ (Bell and
Mitchell, 1972; Potts 1973), it was expected that heterotro-
phic bacteria would be tightly coupled with Microcystis
distributions. For instance, Parveen et al (2013)
observed that bacteria attached to Microcystis colonies
were depleted in Actinobacteria and enriched in Gammap-
roteobacteria, especially during bloom decline. Louati et al.
(2015) reported Betaproteobacteria to be positively and
Actinobacteria negatively associated with both Microcystis
and Anabaena blooms, while Nitrosomonadales were
associated with Microcystis, and Verrucomicrobia with
Anabaena. Bagatini et al. (2014) likewise observed com-
monalities, differences and growth phase dependencies in
bacterial groups associated with Microcystis or Cylindro-
spermopsis. Bacteria are believed to associate with
phytoplankton in order to access labile organic carbon,
nitrogen or other exuded photosynthates, and in the case
of cyanobacterial blooms, the polysaccharides comprising
the mucilaginous sheath of colonies. In return, photoauto-
trophs could benefit from recycled nutrients, vitamins and
services such as siderophores or antioxidant provision
(c.f., Paerl and Millie, 1996; Amin et al., 2012). Our study
allowed the identification of associations with bacteria at
finer taxonomic scales than earlier reports, including genus
assignments when possible. This revealed both negative
and positive associations with different Alphaproteobacte-
ria, Betaproteobacteria and Deltaproteobacteria. The
broader implications of these interactions are at present
unknown, but the existence of such interactions seen in
our study and in the literature support the contention that
Microcystis blooms are responsible for reshaping at least
part of the microbial community.

Even though there was a sizable reduction in the num-
ber of bacterial OTUs during the bloom, and the relative
contributions of non-cyanobacteria to the overall commu-
nity were decreased during the bloom, there were no
drastic changes in the rank order of bacterial phyla. This
suggested that the decrease in OTUs during the bloom
was counterbalanced by a relative increase in specific taxa
from each phylum, as illustrated by the within-phylum posi-
tive and negative interactions discussed above. Because
size-fractionated particulate organic carbon was not mea-
sured in this study, it is unclear if the decrease in microbial
diversity was accompanied by an overall decrease in bac-
terial biomass, or if the vacated niches were in turn filled
by superior competitors or specialists. OTUs not correlated
with Microcystis, yet increasing the most over the bloom



period (possibly driven by other environmental factors),
included: Myxococcales (d-proteobacteria), Pirellula sp.
(Planctomycetales), Flavobacterium sp. (Bacteroidetes),
Rhodobacteraceae (a-proteobacteria), Planctomyces sp.
(Planctomycetes), Acidimicrobiaceae (Actinobacteria) and
Gemmatimonas sp. (Gemmatimonadetes). At the phylum
level, only Actinobacteria and Bacteroidetes declined in rel-
ative abundance during the bloom, suggesting that these
two groups were more negatively influenced by Microcystis
blooms than other bacterial phyla. While other studies
have observed negative correlations between Actinobacte-
ria and Cyanobacteria (Steffen et al., 2012; Parveen et al.,
2013; Louati et al,, 2015; Woodhouse et al., 2016), they
also reported positive associations between Bacteroidetes
taxa and Cyanobacteria. Out of all OTUs assigned to the
phylum Bacteroidetes, only members of the Flavobacter-
iales were observed to increase during the bloom. This
pattern was also observed in the shotgun metagenomes
where the average coverage depth of contigs annotated as
Flavobacteriaceae doubled during the bloom. Previous
studies have shown Flavobacterium sp. to enhance growth
of Microcystis sp. and that members of this genus are able
to cyanobacterial toxins and other complex organic com-
pounds (Berg et al., 2009).

Implications of identified microcystis secondary
metabolites

Cyanobacteria are well recognized to produce a large vari-
ety of novel bioactive and allelopathic metabolites (Kehr
et al.,, 2011), many of which are believed to exert negative
effects on a range of microbes and plankton (Granéli et al.,
2008). Detailed analysis of the Microcystis genomes recov-
ered from the shotgun metagenomes identified the
presence of at least eight secondary metabolite gene clus-
ters. To our knowledge, there have been no studies that
address how cyanobacterial secondary metabolites may
influence bacterial communities, although there have been
numerous studies on allelopathy between phytoplankton
and zooplankton groups. One such secondary metabolite
worthy of further study is microviridin, as the genes for this
metabolite were present in the greatest relative abundance
out of all Microcystis secondary metabolite pathways iden-
tified in this study. This is probably due to their ubiquity in
all  Microcystis genomes (n=17) that have been
sequenced to date. Not only are microviridin genes seem-
ingly present in all Microcystis genomes, they were also
some of the most highly expressed genes in the aquatic
environment during a metatranscriptomic study of a Micro-
cystis bloom (Penn et al, 2014). This suggests that
microviridin may play a central role in Microcystis physiol-
ogy. The authors of the metatranscriptome study
speculated that microviridin may function as an anti-
grazing compound. The study also revealed that

Microcystis was the principal source for transcripts of
NRPS/PKS gene clusters and that microcystin and aerugi-
nosin were actively expressed throughout the day—night
cycle.

Previous studies investigating the effects of dietary
Microcystis aeruginosa on the dominant zooplankters in the
Delta have indicated that Eurytemora affinis is more nega-
tively influenced by Microcystis than Pseudodiaptomus
forbesi, and that the latter was not as affected by an MC+
M. aeruginosa strain (UTEX2385) as by an MC- M. aerugi-
nosa strain (UTEX2386) (Ger et al., 2010). Therefore,
metabolites other than microcystin are likely toxic to cope-
pods. Cyanobacterial secondary metabolites may thus
indirectly influence POD-impacted fishes, since calanoid
copepods are the key prey of their larvae (Slater and Bax-
ter, 2014). PCR assays targeting Microcystis genes
involved in the biosynthesis of aeruginosin, cyanopeptolin,
micropeptin, microviridin and piricyclamide (aerB, cpnC,
mpnC, mvdB, pirA, respectively), were run on the
UTEX2386 strain used in the feeding experiment (Ger
et al., 2010). The results indicated that UTEX2386, while
not a microcystin producer, has genes involved in cyano-
peptolin, micropeptin  and microviridin  biosynthesis
(Supporting Information Fig. S7). Acknowledging that other
secondary metabolites may also be present, and assuming
that all Microcystis strains produce microviridin, these
results indicate that future studies should investigate the
role of cyanopeptolin and micropeptin on the survival and
fitness of P forbesi and E. affinis. Future studies should
also recognize that there are a number of different cyano-
peptolin variants that may exhibit different toxicological
characteristics (Czarnecki et al., 2006). Cyanopeptolins
have been purified and identified as serine protease inhibi-
tors that interfere with digestion physiology in the
cladocerans Daphnia magna and Moina macrocopa
(Agrawal et al., 2001; von Elert et al., 2004). Similarly, aeru-
ginosins and microviridins have been shown to inhibit
proteases (Welker and von Dohren, 2006), and microviridin
J can induce a lethal molting disruption in Daphnia pulicaria
(Rohrlack et al., 2004). Aside from microcystins, which
seem to produce variable effects on zooplankton consum-
ers, the effects of other secondary metabolites on
zooplankton have been assessed in only a few toxicology
studies, and even fewer studies address the calanoid cope-
pods that are critical components of the Delta food web.

Conclusions

In this study we provide evidence that aquatic microbial
diversity was significantly reduced during a Microcystis
bloom. The effect that this may have on the microbial loop
and the transfer of energy throughout the food web
remains unresolved. In addition to microcystin, we identi-
fied a number of Microcystis secondary metabolites that



have been found to exert allelopathic effects on bacterio-
plankton and/or zooplankton. A better understanding of
how cyanobacterial blooms and their secondary metabo-
lites influence aquatic ecosystems is warranted.
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Fig. S1. Map of study sites in the Delta region of the San
Francisco Estuary: ANT =Antioch, FRK=Franks Tract,
MIL = Mildred island, MOK = Mokelumne River, OLD = Old
River, RIO = Rio Vista (Sacramento River).

Fig. S2. (A) Microcystis sp. bloom at Mildred Island (27-
Aug, 2012); (B) Microcystis ‘flake’ colonial morphology at
40X and 400X magnification; (C) Microcystis ‘torn’ colonial
morphology at 40X and 400X magnification; (D)



Microcystis ‘web’ colonial morphology at 40X and 400X
magnification.

Fig. S3. Bayesian inference of Microcystis phylogenies uti-
lizing 16S-23S rRNA ITS clone libraries from Delta Micro-
cystis sp. colony isolates and 454 deep sequencing (OTUs)
aligned using a GTR model with gamma distributed rate
variation; bootstrap values are indicated at the nodes and
the scale bar represents changes per nucleotide.

Fig. S4. Amino acid profile of mcyB1 adenylation domains
from Sanger sequenced colony isolates. Conserved substi-
tutions indicate the presence of at least six different
microcystin-producing Microcystis genotypes comprising the
SFE population. Analysis of adenylation domain amino acid
binding pockets, denoted by asterisks (*) along the top of
the alignments, predicted that genotypes I, Il, Ill, V and VI
produce MC-RR and genotype IV produces MC-LR.

Fig. S5. Microcystis cell counts conducted on 2012 Mildred
Island samples collected at 0.2 and 3 m depth.

Fig. S6. Network (co-occurrence) analysis of 16S rRNA
amplicon OTUs, only strongly significant (p < 0.05) interac-
tions are displayed; (A) positive interactions (r>0.75); and
(B) negative interactions (r< —0.75); in both figures Micro-
cystis is highlighted in red.

Fig. S7. PCR screening for Microcystis secondary metabo-
lites (aeruginosin, cyanopeptolin, micropeptin, microviridin
and piricyclamide) in the peak-Microcystis bloom sample
collected at Mildred Island (27 Aug, 2012), a microcystin-
negative Microcystis aeruginosa culture (UTEX2386) and a
microcystin-positive  Microcystis ~ aeruginosa  culture
(UTEX2667).

Table S1. Primers and probes used in study and their ther-
mal cycling conditions.

Table S2. Breakdown of cyanobacterial community based
on 454 pyrosequencing of cyanobacteria-specific 16S-23S
rRNA ITS amplicons.

Table S3. Stacklehaus codes for McyB1 and McyC1
amino acid adenylation domains observed in the Delta
Microcystis population. The Groups refer to the colony PCR
sequences and the contigs refer to the metagenome
assembly.

Table S4. Identification of contigs from putative Microcystis
cyanophage with high nucleotide similarity to two closely
related Microcystis cyanophage genomes and their relative
read coverage depth for three Mildred Island samples col-
lected in 2012.



