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Harmful algal blooms (HABs) cause damage to fisheries, aquaculture, and human health around the globe.
However, the impact of HABs on water column microbiomes and biogeochemistry is poorly understood. This
study examined the impacts of consecutive blooms of the ichthyotoxic dinoflagellates Margalefidinium poly-
krikoides and Alexandrium monilatum on the water microbiome in the York River Estuary, Chesapeake Bay, USA.
The samples dominated by single dinoflagellate species and by a mix of the two dinoflagellates had different
microbiome compositions than the ones with low levels of both species. The M. polykrikoides bloom was co-
dominated by Winogradskyella and had increased concentrations of dissolved organic carbon. The
A. monilatum bloom had little impact on the prokaryotic portion of the whole community but was associated with
a specific group of prokaryotes in the particle-attached (>3 pm) fraction including Candidatus Nitrosopumilus,
Candidatus Actinomarina, SAR11 Clade Ia, Candidatus Bealeia, and Rhodobacteraceae HIMB11. Thus, blooms of
these two algal species impacted the estuarine microbiome in different ways, likely leading to shifts in estuarine
carbon and nutrient cycling, with M. polykrikoides potentially having a greater impact on carbon cycling in the
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estuarine ecosystem than A. monilatum.

1. Introduction

Harmful algal blooms (HABs), blooms of algae that produce toxins or
harm the aquatic environment, are increasing in number and impact
worldwide (Heisler et al., 2008; Sellner et al., 2003). Some HABs pose a
public health risk by inducing paralytic, amnesiac, diarrheic, or neuro-
toxic shellfish poisoning in people consuming shellfish containing HAB
toxins. HABs are also of economic concern as they can lead to mass fish
and shellfish mortality or the closure of industry operations due to
human health risks, negatively impacting aquaculture and commercial
fisheries (Kudela and Gobler, 2012). Despite our growing knowledge of
the ecology and causes of harmful algal blooms, which include eutro-
phication and nutrient loading (Heisler et al., 2008; Sellner et al., 2003),
more studies are needed to gain a better understanding of bloom for-
mation, the environmental controls on specific algal species, and how
harmful algal blooms impact other estuarine microorganisms.

Currently, the impact of harmful algal blooms on the microbiome,
defined here as the overall community of prokaryotes and microbial
eukaryotes, of estuaries and rivers is not well understood and has only
been investigated for a small subset of harmful algal species and
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locations. Many free-living, attached, and intracellular prokaryotes
associated with algae, both harmful and non-harmful, are essential to
algal physiology and growth (Buchan et al., 2014; Croft et al., 2005;
Kodama et al., 2006) and aquatic prokaryotes and microbial eukaryotes
are impacted by large blooms of any phytoplankton (Azam et al., 1983),
including those classified as harmful algae (Hattenrath-Lehmann et al.,
2019; Hattenrath-Lehmann and Gobler, 2017; Koch et al., 2014). In
general, algal blooms are hotspots of primary production and produce
large amounts of organic matter, encouraging the growth of heterotro-
phic microbes and the remineralization of that organic matter, leading
to changes in carbon and nutrient biogeochemistry (Azam et al., 1983;
Buchan et al., 2014). HABs are no exception to this rule, but also have
additional interactions with prokaryotic species. Various prokaryotic
species have been found to produce algicidal compounds that impact
HABs and in some cases prokaryotes have been found to aid in the
production of phycotoxins or to produce HAB associated toxins them-
selves (Doucette, 1995). Additionally, many harmful algae, including
dinoflagellates, are mixotrophic, allowing them to consume prokaryotes
or other microbial eukaryotes as food sources (Jeong et al., 2010;
Stoecker et al., 2017).
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Phytoplankton blooms are common throughout many estuaries
across the globe, including in the Chesapeake Bay, USA. The York River
Estuary, the 5th largest tributary to Chesapeake Bay (Reay, 2009), ex-
periences near annual summer blooms of HAB species in the lower
portion of the estuary (Marshall and Egerton, 2009; Reay, 2009). For
more than 50 years, the summer blooms were dominated by the ich-
thyotoxic dinoflagellate Margalefidinium polykrikoides (Gomez et al.,
2017), formerly classified as Cochlodinium polykrikoides (Marshall and
Egerton, 2009). In 2007, a second toxic dinoflagellate Alexandrium
monilatum (Howell) (Balech, 1995), began to bloom after the decline of
the M. polykrikoides bloom, setting up a near-annual cycle of two
consecutive HABs in the late summer and early fall (Marshall and
Egerton, 2009). Both HAB species are thought to be mixotrophic and
have been associated with fish and shellfish kills in the Chesapeake Bay
and elsewhere (Anderson et al., 2012; Harding et al., 2009; Kudela and
Gobler, 2012; May et al., 2010; Mulholland et al., 2009).

Margalefidinium polykrikoides has been studied extensively off the
coast of South Korea where it has devastated fisheries and aquaculture
for decades due to its negative impact on the health of larval fish and
shellfish (Kudela and Gobler, 2012; Lee et al., 2013; Tang and Gobler,
2009), though the North American variants present on the East Coast of
the United States, including in the Chesapeake Bay, have not been as
well studied (Gobler et al., 2012; Mulholland et al., 2009). Previous
studies examining the impact of M. polykrikoides blooms on water col-
umn microbiomes have determined that M. polykrikoides bloom com-
munities are dominated by taxa belonging to the orders
Gammaproteobacteria, Rhodobacteriales, and Flavobacteriales, with one
study in a New York estuary finding that species belonging to the genera
Winogradskyella (Flavobateriales) and Coraliomargarita (Opitutales) were
highly abundant members of bloom microbiomes (Hattenrath-Lehmann
et al., 2019; Koch et al., 2014; Shin et al., 2018).

Alexandrium monilatum, a thecated dinoflagellate which produces the
toxin goniodomin A, forms blooms in the Chesapeake Bay and along the
Florida and Gulf of Mexico coasts leading to fish and shellfish mortalities
(Espina et al., 2016; Hsia et al., 2006; Marshall and Egerton, 2009);
however, it is not as widely studied as other toxic Alexandrium species
like A. tamarense and A. catenella which produce saxitoxins. In fact, the
bacterial assemblage associated with blooms of A. monilatum has not
previously been examined. Previous studies on blooms dominated by
members of the genus Alexandrium, including A. fundyense (now syn-
onymized with A. catenella) and A. tamarense, have found the prokary-
otic communities of Alexandrium blooms to be dominated by taxa in the
orders Flavobacteriales, Rhodobacteriales, and the SAR11 Clade (Hatten-
rath-Lehmann and Gobler, 2017; Jasti et al., 2005; Shin et al., 2018).
One study on an A. fundyense bloom found the dominant prokaryotic
genera to be the NS5 marine group (Flavobacteriales), an uncultured
Rhodobacteriales, and Owenweeksia (Flavobacteriales) (Hattenrath-Leh-
mann and Gobler, 2017).

Despite the previous research examining changes in microbiomes
associated with blooms, few studies have examined consecutive blooms
in the same location (Hattenrath-Lehmann and Gobler, 2017) and only a
few microbiome studies have taken advantage of the large amount of
data provided by advanced metabarcoding sequencing techniques
(Garcés et al., 2007). Furthermore, past studies have not examined the
impact of changes in specific biogeochemical variables associated with
blooms on the microbiome. To address these remaining questions, we
examined a consecutive HAB event in the York River Estuary, starting
with 1) a mixed bloom of M. polykrikoides and A. monilatum, 2) a bloom
of M. polykrikoides, 3) a transition period between blooms of the two
species, and 4) a bloom of A. monilatum. In addition, we compared the
whole community to the particle-attached fraction of the microbiome in
water samples collected from patches with high concentrations or very
low or no concentration of the HAB species. We identified prokaryotic
taxa that are associated with the HAB species in the particle-attached
fraction and determined correlations between the abundances of pro-
karyotic and microbial eukaryotic taxa and the biogeochemical features
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associated with the HAB events in the York River Estuary.
2. Methods
2.1. Field sampling

The York River Estuary receives the majority of its nutrients through
runoff from forested and agricultural land and a smaller proportion from
wastewater treatment plants (Reay, 2009). The lower portion of the
estuary experiences blooms most years, many of which involve HAB
species (Reay, 2009). Water samples were collected four times between
August 1, 2017 and August 22, 2017 during the period of HAB events in
the lower York River Estuary (Fig. 1). During each sampling period,
surface water samples were taken for microbiome analysis, phyto-
plankton cell counts, and nutrient analyses at 6 locations: 3 replicate
in-bloom patches characterized by increased in situ chlorophyll levels
and discoloration of the water and 3 replicate out-of-bloom patches
characterized by lower in situ chlorophyll levels and a lack of discol-
oration in the water. In- and out-of-bloom patches were later confirmed
based on M. polykrikoides and A. monilatum cell counts from qPCR with
an average of 1000 cells mL™! considered an in-bloom patch. YSI
readings were taken at each station to record salinity, temperature, in
situ chlorophyll levels, dissolved oxygen (DO) concentrations, and
turbidity.

Surface water samples for whole microbiome analysis were filtered
immediately through 0.22 um Sterivex filters until 300 mL of water were
filtered or the filter clogged, whichever came first. The filters were then
frozen on dry ice, brought back to the lab, and stored at —80 °C until
processed. Additional water samples were taken in three 120 mL sterile
bottles and were brought back to the lab where 50-100 mL of the
sample, depending on the concentration of chlorophyll noted in the
field, were filtered onto 3 um Isopore™ membrane filters (Millipore
Corp., Darmstadt, Germany) to examine the microbiomes attached to
phytoplankton and particles > 3 pm in size. The filters were stored at
—20 °C until processed. Samples for nutrient analysis, including dis-
solved nitrate/nitrite (NOy), dissolved ammonium (NH4"), dissolved
organic nitrogen (DON), and dissolved organic carbon (DOC) were
brought back to the lab and frozen until analysis after filtration through
0.45 um polyethersulfone (PES) cartridge filters. Ammonium and NOy
concentrations were measured in duplicate using a Lachat QuikChem
FIA+ 8000 (detection limits: 0.2 pyM nitrate and nitrite, 0.36 uM
ammonium) (Liao, 2001; Smith and Bogren, 2001). DON was also run on
the Lachat after combustion using a persulfate reduction method (Kor-
oleff, 1983). DOC samples were analyzed using a Shimadzu TOC-Vcsn
analyzer (Sharp et al., 2004). Samples for dissolved inorganic carbon
(DIC) were placed in Exetainer tubes and spiked with a 10x dilution of
saturated mercuric chloride solution in the field; all DIC samples were
run on an Apollo SciTech AS-C3 DIC analyzer mated with a Licor LI-7000
CO2/H20 analyzer (Neubauer and Anderson, 2003). Samples for active
chlorophyll were collected in the field and filtered on GF/F filters before
being frozen prior to analysis; chlorophyll was extracted with a
DMSO/acetone solution and run on a Turner 10-AU fluorometer
(Anderson et al., 2003).

2.2. Microbiome analysis

DNA was extracted from the 0.22 ym and 3 um filters using the
QIAamp DNA Stool Kit (Qiagen) following the manufacturer’s protocol
modified to increase cell lysis with a 95°C incubation step and the use of
an additional 50 pL of Proteinase K. Extracted DNA from both filters was
amplified using the primers 515F-Y and 926R (Parada et al., 2016),
which are designed to amplify both 16S and 18S rRNA gene fragments,
allowing both prokaryotic and eukaryotic microbes in the collected
samples to be examined. The PCR program included a 95°C step for 3
min followed by 30 cycles of 95°C for 30 s, 55°C for 1 min and 72°C for 1
min with a final 5 min step at 72°C. All PCR reactions consisted of 12.5
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Fig. 1. A map of sampling stations in the lower York River during the 2017 harmful algal bloom cycle. In-bloom (circle) and out-of-bloom (square) patches are
designated by shape; bloom conditions, mix of M. polykrikoides and A. monilatum (MIX, red), M. polykrikoides dominated bloom (MARG, green), transition between
blooms (TRAN, blue), and A. monilatum dominated bloom (ALEX, purple), are represented by different colors. One ALEX in-bloom station was located at the same

location as a MIX in-bloom station and is hidden from view on the map.

uL of GoTaq Master Mix (Promega), 1 uL of each primer (10 mM), and 1
ng of DNA with the rest of the 25 pL solution made up of water.
Amplified genes were indexed using a Nextera XT index primer kit and
cleaned using a Mag-Bind Total Pure NGS Kit (Omega Bio-Tek) following
manufacturer protocols before being sequenced on an Illumina MiSeq.
All sequences can be found in the NCBI GenBank under BioProject
number PRINA731462.

The cell numbers of the targeted HAB species present in the samples
were determined with TagMan quantitative PCR (qPCR) assays using
DNA extracted from the 3 um filters following the protocols described in
Vandersea et al. (2017) and Wolny et al. (2020) for A. monilatum and
M. polykrikoides, respectively. Samples were run in triplicate and gene
concentrations were calculated based on standard curves extracted from
samples with known cell counts obtained from in vitro cultures assumed
to be growing asexually that are maintained at the Virginia Institute of
Marine Science (VIMS). Since qPCR assays measure gene counts, and
since the number of target genes per genome is not currently known for
M. polykrikoides or A. monilatum, the qPCR results are calculated as
counts per genome. The standards used to calculate gPCR genome copy
numbers have one genome per cell, so the number of genomes mL ™! can
be used as an equivalent to the number of cells mL™".

All bioinformatic and statistical analyses were performed using R
version 4.0.3 (R Core Team, 2018) and figures were made using ggplot2
(Wickham, 2005). Microbial rRNA sequences, excluding chloroplast and
mitochondrial sequences, that passed quality control and chimera
checks were trimmed and identified using SILVA version 132 (Yilmaz
et al., 2014) and the DADA2 package (Callahan et al., 2016). Amplicon
sequence variants (ASVs) obtained from DADA2 that were not present in
at least three samples, representing the three replicate samples from
each patch and bloom condition, were not included in the analysis.
Microbial community data were analyzed using the phyloseq package
(McMurdie and Holmes, 2013) including principal component analyses
(PCoA) and heatmap analyses. Replicates were combined for the heat-
map analysis using the phylosmith package (Smith, 2019).

Permutational multivariate analysis of variance (PERMANOVA) tests
were run on data that was homogeneously dispersed, based on the
betadispr function in the vegan package (Oksanen et al., 2018), using
the adonis function in vegan and a Bray-Curtis distance matrix calcu-
lated with phyloseq to compare variation in microbiome structure across
different patch and bloom conditions. Spearman correlations between
the relative abundance of taxa and concentrations of NOy, NH4", DON,
DIC, and DOC were calculated using the microbiomeSeq package (Sse-
kagiri et al., 2017) with p-values adjusted for multiple comparisons
following the Benjamin and Hochberg method; correlations were
considered significant with an adjusted p-value < 0.05.

3. Results
3.1. Bloom environmental conditions

Samples from in-bloom patches and out-of-bloom patches were
collected during the 2017 HAB cycle in the lower portion of the York
River (Figure 1). During the first week of the bloom cycle, cells of both
harmful algal species, Margalefidinium polykrikoides and Alexandrium
monilatum, were present in the system. During this week, the in-bloom
average of M. polykrikoides was 13,177 (+ 5514, standard error) and
of A. monilatum was 1518 (£ 897) cells mL’l, while the out-of-bloom
samples had less than 30 cells mL ! of either species (Table 1). This
first bloom week was designated as a mixed bloom (MIX) due to the
presence of both species at a concentration above bloom levels (>1000
cells mL™! in in-bloom patches on average). The second week of the
bloom cycle was dominated by M. polykrikoides with in-bloom cell
counts averaging 37,200 (+6604) while A. monilatum cell counts were
an average of 89 (+17) in the in-bloom samples; this week was desig-
nated as an M. polykrikoides bloom (MARG) due to the high cell counts of
M. polykrikoides. In the third week of the bloom cycle, M. polykrikoides
was on average 1 cell mL™! and A. monilatum was on average 1060
(£541) cells mL~! in in-bloom samples; this week was designated a
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Table 1

Environmental characteristics of surface water collected in and out of harmful algal bloom patches in August 2017 in the York River. Bloom describes the bloom
condition (MIX: mix of M. polykrikoides and A. monilatum; MARG: bloom dominated by M. polykrikoides; TRAN: transition between blooms; ALEX: bloom dominated by
A. monilatum) at the time of collection. Patch refers to in-bloom (IN) versus out-of-bloom (OUT) samples. All variables are averages of three replicates (standard error)
including: a count of Margalefidinium polykrikoides cells determined by qPCR (Marge Count), a count of Alexandrium monilatum cells determined by qPCR (Alex Count),
active chlorophyll a extracted from filtered water (Active chl a), water temperature (Temp), dissolved inorganic nitrogen concentrations including nitrate/nitrite

(NO,) and ammonium (NH,), dissolved organic nitrogen (DON), dissolved inorganic carbon (DIC), and dissolved organic carbon (DOC).

Date Bloom Patch  Marge count Alex count (cells/  Active chl a Temp Salinity NO, NH, DON DIC DOC (uM)
(cells/mL) mL) (ug/L) 0 (uM) (M) M) (mM)

8/1/ MIX IN 13,177 (5514) 1518 (897) 109.6 (39.8) 27.4 22.1 1.1 1.3 85.2 1.3 1182.7
17 (0.3) 0.1) 0.7) 0.7) (36.5) 0.1) (427.6)

8/1/ MIX ouT 22 (11) 15 (1) 10.4 (2.5) 27.3 22.2 0.3 0.3 16.4 1.6 231.5 (9.0)
17 (0.2) (0.0) (0.0) 0.1) (1.0) 0.0)

8/9/ MARG IN 37,200 (6604) 89 (17) 247.9 (27.0) 26.9 21.6 0.3 0.3 46.2 1.6 750.9 (62.2)
17 0.2) 0.1) (0.0) 0.1) (5.0) (0.0)

8/9/ MARG  OUT 1(0) 10 (8) 9.0 (1.7) 26.2 21.2 0.3 0.1 23.2 1.7 317.5 (8.3)
17 0.2) 0.2) (0.0) (0.1) (0.7) (0.0)

8/16/ TRAN IN 1(0) 1060 (541) 20.7 (5.7) 27.6 21.1 29 1.7 25.2 1.6 360.9 (2.8)
17 0.2) (0.1) 0.9 (0.6) (0.9) (0.0)

8/16/ TRAN ouT 1(0) 1) 6.8 (0.2) 27.7 20.7 0.6 0.2 22.4 1.6 302.4 (27.7)
17 0.1) (0.1) 0.1) (0.0) (0.1) (0.0)

8/22/ ALEX IN 1(0) 58,105 (22,143) 171.7 (17.6) 29.0 20.7 1.1 0.4 29.8 1.5 419.1 (36.3)
17 0.2) (0.1) 0.3) (0.0) (3.5) (0.0)

8/22/ ALEX ouT 0 (0) 181 (166) 10.7 (2.5) 28.4 20.4 0.7 0.3 22.1 1.6 317.0 (40.0)
17 (0.3) (0.1) 0.2) (0.0) (1.6) (0.0)

transition week (TRAN) as the HAB was transitioning from an
M. polykrikoides dominated to an A. monilatum dominated bloom. By the
fourth sampling period, A. monilatum was on average 58,105 (+22,143)
cells mL~! in the in-bloom samples (Table 1) and, as such, was desig-
nated as an A. monilatum bloom (ALEX). Relative abundances of
M. polykrikoides and A. monilatum, based on 18S sequencing in the
particle-attached fraction, had positive, significant linear relationships
with the qPCR-based cell counts (Supplemental Figure 1).

Temperature and salinity remained consistent at in- and out-of-
bloom patches for each bloom condition and varied little across the
entire bloom cycle in the lower York River (Table 1). Active chlorophyll
was higher in in-bloom patches than in out-of-bloom patches for every
week of the bloom cycle, though to a lesser degree in TRAN. The highest
active chlorophyll was found during MARG (Table 1). The concentra-
tions of NOy, NH4", and DON were generally lower in out-of-bloom
patches, though to a small degree in most weeks (Table 1). The con-
centrations of NOy and NH4" were highest in TRAN in the in-bloom
samples, and DON concentrations were highest in MIX in-bloom sam-
ples, followed by the MARG in-bloom samples (Table 1). DIC concen-
trations were fairly consistent across sampling periods, with the
exception of the in-bloom MIX samples; in all weeks but TRAN, DIC
concentrations were slightly lower in the in-bloom samples (Table 1).
DOC concentrations were higher in in-bloom samples than in out-of-
bloom samples, especially during MIX and MARG (Table 1).

3.2. Changes in the estuarine microbiome

Sequencing was performed on 16S and 18S rRNA gene fragments

Table 2

amplified from DNA on the 0.22 pm and 3 pm filters; the DNA extracted
from the 0.22 pm filters was used to examine the whole microbiome
while the 3 um filter was used to examine the particle-attached fraction
which included the algae, any particles (> 3 um) in the system, and the
prokaryotes attached to the algae or any other particles. Alpha diversity
in the whole community was lower in in-bloom samples compared to
out-of-bloom samples for all weeks except for TRAN where there was no
difference in alpha diversity (Table 2).

Beta diversity of the microbiome changed depending on both bloom
condition (MIX, MARG, TRAN, or ALEX) and patch (in-bloom or out-of-
bloom samples) (Fig. 2). Patterns were the same in the whole commu-
nity and the particle-attached fraction when considering prokaryotes
and eukaryotes together. All out-of-bloom samples clustered with the
TRAN in-bloom samples while in-bloom samples from MIX, MARG, and
ALEX separated out from the out-of-bloom cluster and from each other
(Fig. 2A & 2C). In-bloom samples from MIX, which contained both
M. polykrikoides and A. monilatum, fell between the clustered in-bloom
samples from MARG and ALEX (Fig. 2A & 2C). A PERMANOVA test
(F = 2.3133, p = 0.004) confirmed that bloom condition (MIX, MARG,
ALEX, and TRAN) was a significant factor driving the difference in
prokaryotic and eukaryotic beta diversity in the whole community;
however, the effect of patch (in-bloom vs. out-of-bloom) on the whole
community could not be tested using a PERMANOVA, nor could the
effect of factors on prokaryotic and eukaryotic beta diversity in the
particle-attached fraction, due to a lack of homogeneously dispersed
data.

When only the prokaryotic members of the microbiome were
considered, the patterns in beta diversity differed between the whole

Alpha diversity indices describing evenness and richness of the whole microbial communities (0.22 pm filter) during each bloom condition (MIX: mix of
M. polykrikoides and A. monilatum; MARG: bloom dominated by M. polykrikoides; TRAN: transition between blooms; ALEX: bloom dominated by A. monilatum) that
occurred in the York River in August 2017. Patch refers to in-bloom (IN) versus out-of-bloom (OUT) patches. All values are averages of three replicates (standard error).

Date Bloom Patch Chaol ACE Shannon diversity index Inverse simpson index
8/1/17 MIX IN 159.1 (47.9) 160.1 (48.9) 3.0 (0.3) 7.0 (1.3)

8/1/17 MIX ouT 243.1 (49.3) 244.3 (51.8) 3.8(0.1) 15.3 (0.8)

8/9/17 MARG IN 150.8 (25.4) 151.1 (25.5) 3.7 (0.2) 18.3 (2.4)

8/9/17 MARG ouT 217.4 (6.1) 217.0 (7.6) 4.1 (0.0) 24.1 (0.6)

8/16/17 TRAN IN 353.4 (157.1) 347.9 (150.3) 4.2 (0.2) 24.9 (1.2)

8/16/17 TRAN ouT 301.7 (49.5) 303.5 (51.9) 4.1 (0.1) 22.8 (0.5)

8/22/17 ALEX IN 179.9 (12.7) 176.7 (14.9) 3.0 (0.2) 6.5 (1.4)

8/22/17 ALEX ouT 269.7 (46.4) 267.9 (43.4) 4.1(0.1) 22.2(2.7)
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Fig. 2. Principal component analysis showing all samples collected during the 2017 harmful algal bloom cycle including (A) the whole community (0.22 um filter)
including prokaryotes and eukaryotes, (B) the whole community (0.22 um filter) including only prokaryotes, (C) the particle-attached fraction (>3 pm) including
prokaryotes and eukaryotes, and (D) the particle-attached fraction (>3 um) including only prokaryotes. In-bloom (In) and out-of-bloom (Out) patches are designated
by shape; bloom conditions, mix of M. polykrikoides and A. monilatum (MIX), M. polykrikoides dominated bloom (MARG), transition between blooms (TRAN), and

A. monilatum dominated bloom (ALEX), are represented by different colors.

community and the particle-attached fraction (Fig. 2B & 2D). In the
whole community, there were three distinct clusters. MARG in-bloom
samples, and one out-of-bloom sample, formed one cluster; the second
cluster contained all MIX (in- and out-of-bloom) samples, and the last
cluster contained all samples from ALEX and TRAN bloom weeks along
with two of the MARG out-of-bloom samples (Fig. 2B). A PERMANOVA
test comparing bloom conditions (MIX, MARG, ALEX, TRAN) and patch
(in-bloom vs. out-of-bloom) confirmed that both bloom condition (F =
2.4942, p = 0.003) and patch (F = 5.5722, p = 0.001) were significant
factors contributing to the difference in beta diversity observed in the
prokaryotic communities in the whole community samples.

Unlike in the whole community, when considering the prokaryotes
in the particle-attached fraction, the ALEX and MIX in-bloom samples
clustered together away from the out-of-bloom and TRAN samples
(Fig. 2D). The MARG in-bloom samples formed a third cluster separated
from the rest of the prokaryotic communities (Fig. 2D). Therefore,
prokaryotes associated with particles, and with the algal species them-
selves, responded differently than the overall prokaryotic community,
especially during MIX and ALEX. Prokaryotic beta diversity in the
particle-attached fraction was not homogeneously distributed, so no
PERMANOVA test could be performed.

The blooming species of dinoflagellate, either M. polykrikoides or
A. monilatum, dominated the microbiome for MIX and ALEX in-bloom
samples in both the whole community and the particle-attached

fraction (Fig. 3). All other samples were dominated by prokaryotic taxa
(Supplementary Figures 2 and 3). Members of the SAR11 clade Ia,
though present in all whole community samples, were only present in
the particle-attached fraction in ALEX in-bloom samples and one MIX in-
bloom sample and were the dominant prokaryotic taxa in the ALEX in-
bloom samples (Fig. 3). Margalefidinium polykrikoides was one of the
dominating taxa in the MARG in-bloom samples in both the whole
community and the particle-attached fraction. MARG in-bloom samples
were co-dominated by the bacterial genus Windogradskyella (Fla-
vobacteriales) and, in one case, the bacterial genus Coraliomargarita
(Opitutales) in the whole community and by members of the dinofla-
gellate genus Gymnodinium in the particle-attached fraction (Fig. 3).
Winogradskyella was the dominant prokaryote in the particle-attached
fraction of MARG in-bloom samples, though the prokaryotic commu-
nity made up a small percentage of the overall abundance of microbial
organisms in those samples (Supplementary Figure 3). All out-of-bloom
and TRAN in-bloom samples were dominated by Cyanobium and Syn-
echococcus (Synechococcales) in both the whole community and in the
particle-attached fraction (Fig. 3).

3.3. Particle-attached prokaryotes

Differences between observed patterns in prokaryotic beta diversity
in the particle-attached fraction and the whole community, especially
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by A. monilatum).

during the A. monilatum bloom, show that the algae themselves, or
particles or aggregates present in the water column, have a different
microbiome structure than the overall microbiome in the estuarine
water column. In order to identify the prokaryotic taxa with an
increased relative abundance in the particle-attached fraction when
high concentrations of M. polykrikoides or A. monilatum were present a
heatmap, with triplicates averaged together, was used to visualize the
relative abundance of prokaryotes associated with the different bloom
conditions and patches (Fig. 4). One ALEX in-bloom particle-attached
sample was highly dominated by A. monilatum, which made up almost
80% of the sequences. Because the prokaryotic sequences made up less
than 25% of the total number of sequences in this sample it was removed
from the heatmap analysis of the prokaryotic community.

The heatmap analysis showed that several prokaryotic taxa had
increased relative abundance in the in-bloom samples during MIX,
MARG, and ALEX, when high cell counts of the target dinoflagellate
species were present. MARG in-bloom samples were associated with the
bacterial genera Winogradskyella (Flavobacteriales) and Coraliomargarita
(Opitutales), as seen in the whole community, though those genera were
not present in ALEX in-bloom samples in the particle-attached fraction
(Fig. 4). ALEX in-bloom samples were associated with a unique group of
genera that were only present in a high abundance in the particle-
attached fraction in the ALEX in-bloom and, to a lesser degree, the
MIX in-bloom samples where A. monilatum cells were also present. These
genera include Candidatus Nitrosopumilus, Candidatus Actinomarina,
SARI11 Clade Ia, Candidatus Bealeia, and Rhodobacteraceae HIMB11 and
appear to be strongly, positively associated with A. monilatum, though
further research will need to be performed to confirm the nature of the
association (Fig. 4).

3.4. Correlations between microbial taxa and environmental
characteristics

Spearman correlations, combining in- and out-of-bloom samples,

were used to determine which of the top 25 most abundant genera, those
with greater than 10% relative abundance in the whole community,
were associated with the concentrations of DOC, DIC, DON, NOy, and
NH," during the different bloom conditions (Fig. 5). Margalefidinium,
Gymnodinium, and Alexandrium were the only genera to have a negative
correlation with DIC during the MIX bloom week. Instead, those genera
were positively correlated with DOC, DON, and inorganic nitrogen
species (Fig. 5). Prokaryotic genera were positively correlated with DIC,
especially during the MIX and ALEX bloom weeks. Many heterotrophic
genera, including Winogradskyella, Puniceicoccaceae Verruc 01, Fla-
vobacteriaceae marine group NS5, and Coraliomargarita, were positively
correlated with DOC and DON during MARG and TRAN weeks, though
many of those same genera were negatively correlated with DOC and
DON during the MIX bloom condition (Fig. 5). Two genera of ammo-
nium oxidizing prokaryotes, Nitrosomonadaceae 1S44 and Candidatus
Nitrosopumilus, were positively correlated with NH4" and NOy during
the TRAN bloom condition, though were negatively, and in the case of
Nitrosomonadaceae 1S44 significantly, correlated with NH4" and NOy
during the MIX bloom condition (Fig. 5).

4. Discussion

The blooms dominated by M. polykrikoides and A. monilatum changed
the overall microbiome present in the surface water of the York River
Estuary. Four distinct microbiome compositions were observed during
the 2017 York River HAB cycle, one when no large dinoflagellate bloom
was present (i.e., during TRAN and in the out-of-bloom samples), one
when M. polykrikoides was dominant, one when A. monilatum was
dominant, and one when the bloom was dominated by a mix of
M. polykrikoides and A. monilatum. Blooms of the two different species
led to a switch from prokaryotic dominated primary producers, pri-
marily Cyanobium and Synechococcus (Synechococcales), to eukaryotic
primary producers dominated by dinoflagellate species in the in-bloom
samples. A decrease in Cyanobacteria during M. polykrikoides blooms has
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M. polykrikoides; TRAN: transition between blooms; ALEX: bloom dominated by A. monilatum).

been seen previously in other estuaries (Koch et al., 2014). Cyanobium
and Synechococcus were also present in the particle-attached fraction
despite being too small for the 3 um filter to capture if they were
free-living single-cells, though their abundance decreased in the
particle-attached fraction in MARG and ALEX in-bloom samples. Cya-
nobacteria have been observed previously in particle-attached fractions
in association with M. polykrikoides blooms which could imply attach-
ment of various Cyanobacteria to the algal cells, the consumption of
different Cyanobacteria by the mixotrophic dinoflagellate species, or
conglomeration of the Cyanobacteria with each other (Hattenrath-Leh-
mann et al., 2019; Jeong et al., 2010). All in-bloom samples during
bloom weeks (excluding TRAN) also had a decreased alpha diversity, a
trend that has been previously reported in studies of HAB associated
microbiomes (Hattenrath-Lehmann et al., 2019). However, blooms of
M. polykrikoides and A. monilatum, and the mix of the two algal species,
resulted in different microbiomes and appeared to drive community
changes in different ways.

Prokaryotic communities in the MARG in-bloom samples were
different from out-of-bloom samples as well as from the in-bloom sam-
ples during MIX and ALEX in both the whole community and the
particle-attached fraction. The changes in prokaryotic communities
during the MARG bloom appear to be linked to DOC and DON produced
by M. polykrikoides. During MIX and MARG, the highest concentrations
of DOC and DON were observed in the in-bloom samples, despite having
lower concentrations of algae than ALEX in-bloom samples. In addition,
bacterial taxa with increased abundances in the whole community

during MARG, the genera Winogradskyella and Coraliomargarita, had
positive correlations with DOC and DON during MARG and TRAN. Both
genera were associated with in-bloom samples during MARG in the
particle-attached fraction. The increase in taxa belonging to the het-
erotrophic order Flavobacteriales during blooms of M. polykrikoides and
other harmful algal species has been seen previously (Hattenrath-Leh-
mann et al., 2019; Hattenrath-Lehmann and Gobler, 2017; Koch et al.,
2014) and Winogradskyella has been found to be associated with
non-harmful and harmful phytoplankton blooms, including those of
M. polykrikoides, in the past (Alejandre-Colomo et al., 2021; Hatten-
rath-Lehmann et al., 2019). The genus Coraliomargarita has also been
previously observed to have positive associations with M. polykrikoides
blooms (Hattenrath-Lehmann et al., 2019).

Heterotrophic bacteria remineralize the excess DOC and DON pro-
duced by the large concentration of algae (Azam et al., 1983), and
heterotrophic bacteria, especially those belonging to the orders Fla-
vobacteriales and Rhodobacterales have often been observed to increase in
response to algal blooms (Buchan et al., 2014). The higher concentration
of DOC and DON in in-bloom samples when M. polykrikoides was pre-
sent, despite the lower cell count in the M. polykrikoides bloom, com-
bined with the increase in heterotrophic bacteria in MIX and MARG
in-bloom samples, implies that M. polykrikoides releases more DOC
and DON than A. monilatum. M. polykrikoides is an athecated dinofla-
gellate and lyses more easily than the thecated A. monilatum (data not
shown), likely leading to more cell lysis in the water column and
increasing the release of DOC and DON into surface water. Another



S.G. Fortin et al.

Winogradskyella -
Thioglobaceae_SUP035_cluster-
Synechocystis_PCC.6803 -
Synechococcus_CC9902 -
SAR11_Clade_la-
Rhodobacteraceae_HIMB11-
Puniceicoccaceae_Verruc_01-
Phycisphaeraceae_CL500_3-
Pedosphaeraceae_SCGC_AAA164_E04-
Nitrosomonadaceae_[S44 -
Methylophilaceae_OM43_clade -
Margalefidinium -

Litoricola -
Halieaceae_OM60_NORS5 -
Gymnodinium -
Flavobacteriaceae_NS5_marine_group -
Cyanobium_PCC.6307 -
Coraliomargarita -
Candidatus_Puniceispirillum -
Candidatus_Nitrosopumilus =
Candidatus_Actinomarina -
Balneola -

Ascidiaceihabitans -
Alexandrium -

Genus

L

Alcanivorax -

MIX -
WARG -
TRAN -

DOC

Harmful Algae 114 (2022) 102216

DON

Spearman
Correlation

. 1.0

05
0.0

Fig. 5. Spearman correlation heatmap representing the correlation between the relative abundance of the top 25 microbial genera (all >10% relative abundance)
and concentrations of dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), dissolved organic nitrogen (DON), ammonium (NH,), and nitrate/nitrite
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dominated by M. polykrikoides; TRAN: transition between blooms; ALEX: bloom dominated by A. monilatum). Stars represent significance using adjusted p-values
from multiple comparisons of spearman correlations (* is p < 0.05, ** is p < 0.01).

explanation for the lower concentrations of DOC and DON during ALEX
is that the A. monilatum cells could be taking up and using the DOC and
DON produced by M. polykrikoides and other cells. Many heterotrophic
bacteria likely used the algal produced DOC and DON as carbon and
nitrogen sources for growth and survival as has been seen in other
blooms, including previous A. monilatum blooms in the York River
(Buchan et al., 2014; Han et al., 2021; Killberg-Thoreson et al., 2021).
Further studies should be conducted to determine the impact of algal
produced DOC and DON on York River dinoflagellate blooms.

Unlike the M. polykrikoides bloom which altered the prokaryotic
portion of the York River microbiome in both the whole community and
the particle-attached fraction, the A. monilatum bloom did not impact
the prokaryotes in the whole community, but instead had a strong
impact on the prokaryotic community in the particle-attached fraction.
This is the first report of microbiomes present in an A. monilatum bloom,
though previous studies on other Alexandrium species including
A. minutum, A. tamarense, and A. catenella, have been performed using a
variety of molecular tools (Garcés et al., 2007). The previous studies
have seen increases in the relative abundance of prokaryotic taxa in the
orders Rhodobacterales, SAR11, Altermonadaceae, Oceanospirillales, and
Flavobacteriales, specifically the NS5 marine group and Owenweeksia,
during Alexandrium sp. blooms (Garcés et al., 2007; Hattenrath-Leh-
mann et al., 2019; Hattenrath-Lehmann and Gobler, 2017; Jasti et al.,
2005). Since ALEX did not have a different prokaryotic community
structure in the whole community, there was not a large overall increase
of any heterotrophic prokaryotes during the A. monilatum bloom.
Instead, A. monilatum appears to selectively drive prokaryotic associa-
tions in the particle-attached fraction of the microbiomes, with both the
MIX in-bloom and ALEX in-bloom samples grouping together in the
particle-attached fraction despite clustering separately in the whole
community.

There were several specific positive associations seen in the particle-
attached fraction that were only present for ALEX and, to a lesser degree,
MIX in-bloom samples where A. monilatum was present. Associations of
other species in the Alexandrium genus with Alphaproteobacteria in
general and the SAR11 clade in particular have been previously reported
(Garcés et al., 2007; Hattenrath-Lehmann and Gobler, 2017; Jasti et al.,
2005; Shin et al., 2018) so the association of SAR11 Clade Ia with
A. monilatum is no surprise. Unlike previous studies, no evidence of an
association between A. monilatum and any Flavobacteriales taxa was
found. Associations between Alexandrium species and the ammonium
oxidizing archaea Candidatus Nitrosopumilus have not been previously
reported, though this could be due to the methods used in previous
studies, many of which looked for specific bacterial lineages predicted to
be associated with algal blooms (Garcés et al., 2007). The relative
abundance of Candidatus Nitrosopumilus was correlated with NH;" and
NOy concentrations during TRAN and ALEX bloom conditions. Candi-
datus Nitrosopumilus could have played an important role in regulating
the speciation of inorganic nitrogen and the availability of NOy and
NH,4", while the A. monilatum bloom was developing, though more
research would need to be performed to determine if this is the case. The
close association between A. monilatum and the above-mentioned taxa
could indicate that these prokaryotes perform important roles in
A. monilatum’s lifecycle and physiology or that these prokaryotes are
better able to use extracellular material produced by A. monilatum; both
possibilities require further research to better understand A. monilatum
and its bloom forming tendencies but were outside the scope of this
study.

Both M. polykrikoides and A. monilatum are harmful algal species due
to their toxic effect on other organisms (Anderson et al., 2012; Harding
et al., 2009; Kudela and Gobler, 2012; May et al., 2010; Mulholland
et al., 2009). While A. monilatum has a known toxin (goniodomin A)
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(Espina et al., 2016), which has been observed in the York River during
previous blooms of A. monilatum (Harris et al., 2020), a toxin has not
been identified for M. polykrikoides. The observed changes in micro-
biome associated with blooms of these species could be due, in part, to
their toxic nature. The selective nature of A. monilatum, in regard to its
closely associated group of prokaryotes, could be due to the ability of
those specific prokaryotes to survive gondiodomin A exposure while
other prokaryotes are harmed or killed by exposure to A. monilatum. This
study, however, was not designed to investigate the impact of algal
toxins on microbiomes, but instead to investigate the overall impact of
the blooms of these organisms on the estuarine microbiome. Therefore,
further research would need to be performed to determine if the harmful
or toxic nature of M. polykrikoides or A. monilatum has a distinct effect on
the microbiome.

When considering the overall impact of HABs on estuarine systems, it
is not only the effect of toxins produced by the HABs that can impact the
microbiome, but also the effect of the localized increase in primary
production. The introduction of high concentrations of organic matter to
the estuarine system is expected to encourage the growth of heterotro-
phic bacteria (Azam et al., 1983; Buchan et al., 2014). This was indeed
the case with the bloom dominated by M. polykrikoides, but not for the
bloom dominated by A. monilatum. The disparity in microbiome re-
sponses between these different species appears to be linked to the
amount of DOC and DON produced by the species and the responses of
prokaryotes to that algal produced DOC and DON. Hypoxia is often
linked to the production of biomass and organic matter from algal
blooms as the heterotrophic bacteria remineralize the organic matter
and use up the available oxygen in the estuarine water column (Paerl
et al., 1998). Since the M. polykrikoides bloom produced a greater
amount of DOC and DON, despite having a lower cell count, and was
closely tied to the increase in heterotrophic bacteria, this indicates that
blooms of this species are more likely to impact overall estuarine carbon
cycling and may have a greater likelihood of leading to hypoxic or
anoxic events than blooms of A. monilatum. Furthermore, this study
shows that blooms of different algal species can affect the microbiome of
a system in different ways, likely changing the impact of these blooms on
the estuarine carbon and nitrogen cycling processes associated with the
estuarine microbiome.

5. Conclusions

This study was not only the first to examine the microbiome of
blooms dominated by the harmful alga A. monilatum, but also one of the
few studies to identify changes in estuarine microbiomes associated with
consecutive algal blooms. By examining both algal blooms, and the
transition period between the blooms, this study was able to observe
differential changes in the microbiomes between the two blooms and
observe the changes in prokaryotic community response to the presence
or absence of blooming organisms.

Overall, the two blooms of dinoflagellates led to changes in the
estuarine microbiome, impacting both eukaryotic and prokaryotic mi-
croorganisms. The bloom dominated by M. polykrikoides was charac-
terized by increased DOC and DON concentrations and a large increase
in the relative abundance of heterotrophic prokaryotes, specifically
Winogradskyella. The larger bloom dominated by A. monilatum, on the
other hand, had almost no impact on the overall prokaryotic community
but instead was closely associated group of prokaryotes in the particle-
attached fraction including Candidatus Nitrosopumilus, Candidatus
Actinomarina, SAR11 Clade Ia, Candidatus Bealeia, and Rhodobacter-
aceae sp. HIMB11. This study illustrates the impact large algal blooms
can have on the estuarine ecosystem, while emphasizing the need to
examine blooms of different algal species individually and to consider
the impact of changing estuarine biogeochemistry related to large algal
blooms on the overall microbiome and biogeochemical cycling of the
estuarine water column.
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