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Abstract: Biotic interactions dominate plankton communities, yet the microbial consortia 13 

associated with harmful algal blooms (HABs) have not been well-described.  Here, high-14 

throughput amplicon sequencing of ribosomal genes was used to quantify the dynamics of 15 

bacterial (16S) and phytoplankton assemblages (18S) associated with blooms and cultures of two 16 

harmful algae, Alexandrium fundyense and Dinophysis acuminata.  Experiments were performed 17 

to assess changes in natural bacterial and phytoplankton communities in response to the filtrate 18 

from cultures of these two harmful algae.  Analysis of prokaryotic sequences from ecosystems, 19 

experiments, and cultures revealed statistically unique bacterial associations with each HAB.  20 

The dinoflagellate, Alexandrium, was strongly associated with multiple genera of Flavobacteria 21 

including Owenweeksia spp., Maribacter spp., and individuals within the NS5 marine group.  22 

While Flavobacteria also dominated Dinophysis-associated communities, the relative abundance 23 

of Alteromonadales bacteria strongly co-varied with Dinophysis abundances during blooms and 24 

Ulvibacter spp. (Flavobacteriales) and Arenicella spp. (Gammaproteobacteria) were associated 25 

with cells in culture.  Eukaryotic sequencing facilitated the discovery of the endosymbiotic, 26 

parasitic dinoflagellate, Amoebophrya spp., that had not been regionally described but 27 

represented up to 17% of sequences during Alexandrium blooms.  The presence of Alexandrium 28 

in field samples and in experiments significantly altered the relative abundances of bacterial and 29 

phytoplankton by both suppressing and promoting different taxa, while this effect was weaker in 30 

Dinophysis.  Experiments specifically revealed a negative feedback loop during blooms whereby 31 

Alexandrium filtrate promoted the abundance of the parasite, Amoebophrya spp.  Collectively, 32 

this study demonstrates that HABs formed by Alexandrium and Dinophysis harbor unique 33 

prokaryotic and eukaryotic microbiomes that are likely to, in turn, influence the dynamics of 34 

these HABs. 35 
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 Introduction 37 

 The spatial and temporal expansion of harmful algal blooms (HABs) is a globally 38 

recognized phenomenon (Hallegraeff, 1993; Glibert et al., 2005).  HABs associated with human 39 

health syndromes, for example, paralytic shellfish poisoning (PSP) and diarrhetic shellfish 40 

poisoning (DSP), are a growing human health and economic concern in many coastal regions 41 

(Anderson et al., 2008; Anderson et al., 2012).  These dinoflagellate-related HABs can be 42 

associated with substantial economic losses due to the closure of shellfish beds containing toxic 43 

shellfish (Hoagland et al., 2002; Koukaras and Nikolaidis, 2004; Jin and Hoagland, 2008; Jin et 44 

al., 2008).  Beyond economic effects, there is evidence that Alexandrium can cause significant 45 

alterations in estuarine plankton communities which may ultimately alter food webs, fisheries, 46 

and biogeochemical cycling (Weissbach et al., 2010; Hattenrath-Lehmann and Gobler, 2011; 47 

Weissbach et al., 2011; Weissbach et al., 2012; Hattenrath-Lehmann et al., 2015b).  In New 48 

York, the PSP- and DSP-producing dinoflagellates, Alexandrium and Dinophysis, respectively, 49 

occur in succession (Hattenrath-Lehmann et al., 2013) and provide a unique opportunity to study 50 

potential shifts in plankton community composition over the course of successive toxin-51 

producing blooms, which currently remains unknown. 52 

Interactions among plankton assemblages play a central role in food web productivity, 53 

elemental cycling, and ecosystem function (Daly and Smith, 1993; Falkowski et al., 2008; 54 

Sunagawa et al., 2015; D’Alelio et al., 2016).  Among phytoplankton, harmful algae utilize an 55 

array of ecological strategies to form blooms including the production of allelopathic chemicals 56 

and nutritional strategies such as mixotrophy that allow them to outcompete co-occurring 57 

phytoplankton (Smayda, 1997; Smayda, 2002; Glibert and Legrand, 2006).  Further, bacteria are 58 

known to influence and be influenced by phytoplankton (Lima-Mendez et al., 2015; Ramanan et 59 
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al., 2016).  Bacteria can affect harmful algal bloom formation, maintenance and termination by 60 

lysing harmful algae (Su et al., 2011; Inaba et al., 2013; Li et al., 2015b), inducing (Adachi et al., 61 

1999; Adachi et al., 2003; Mayali et al., 2007) or preventing cyst formation (Adachi et al., 2002), 62 

altering physiology (Jauzein et al., 2015), and through symbiotic relationships (Croft et al., 2005; 63 

Kazamia et al., 2012).  There is also evidence that bacteria degrade HAB toxins (Manage et al., 64 

2009; Shetty et al., 2010) and influence toxin production (Albinsson et al., 2014; Lelong et al., 65 

2014) in a variety of HAB species and some studies have documented bacterial modification of 66 

gene expression in HABs (Moustafa et al., 2010; Kazamia et al., 2012).  67 

During HABs, the ability of a singular algal species to gain dominance is dependent upon 68 

physical, chemical and complex biological interactions within the planktonic community.  To 69 

gain insight regarding the factors facilitating HABs, an assessment of the whole planktonic 70 

community is highly desirable as it provides information regarding competitive interactions 71 

among the HABs and plankton species as well as identifies indicator species that may precede or 72 

succeed the bloom species.  High-throughput sequencing is an ideal tool for such an assessment 73 

as it can better identify rare, less abundant species and picoplankton compared to traditional light 74 

microscopy (Xiao et al., 2014).  To date, only a few studies have utilized high-throughput 75 

sequencing to provide a detailed assessment of bacterial communities associated with HABs 76 

(Sison-Mangus et al., 2014; Li et al., 2015a; Yang et al., 2015), none of which has targeted the 77 

PSP- or DSP- producing dinoflagellates, Alexandrium and Dinophysis, respectively.  In addition, 78 

none of these studies has used experimental approaches to understand the factors driving changes 79 

in planktonic communities associated with HABs, and the bacterial assemblages associated with 80 

the DSP-producing dinoflagellate, Dinophysis, have yet to be described.   81 
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Here, high-throughput amplicon sequencing was used to assess bacterial (16S) and 82 

phytoplankton assemblages (18S) associated with the harmful algae, Alexandrium fundyense and 83 

Dinophysis acuminata, during successive toxic blooms in Northport Bay, NY, USA.  To gain 84 

insight regarding factors driving succession, experiments were performed assessing plankton 85 

community responses to filtrate from cultures of these two harmful algae.  Finally, size 86 

fractionation was used to describe and compare free-living and potential epiphytic or 87 

intracellular bacterial assemblages in both blooms as well as cultures of Alexandrium and 88 

Dinophysis.  Collectively, this study reveals a novel data set describing the unique microbiomes 89 

associated with each of these HABs, as well as the mechanism by which Alexandrium shapes its 90 

microbiome. 91 

Materials and Methods 92 

Study site sampling 93 

Field samples were collected on a weekly basis from April through July during 2011 from 94 

a site in Northport Harbor, New York (40.8916◦N, 73.3572◦W; site 2, Hattenrath et al., 2010), 95 

which is a shallow (2 - 4 m), well mixed, eutrophic system within the southeastern portion of the 96 

Northport-Huntington Bay complex, located on the southern shore of Long Island Sound.  During 97 

2011, the Alexandrium bloom led to the closure of >7,000 acres of shellfish beds in Northport and 98 

Huntington Bays due to the presence of saxitoxin-contaminated shellfish.  Further, while no 99 

closures were implemented, DSP toxins were found in shellfish throughout Northport Bay due to 100 

the presence of the okadaic acid-producing Dinophysis bloom (Hattenrath-Lehmann et al., 2013).  101 

Whole water samples were preserved in Lugol’s iodine.  Aliquots were settled in counting 102 

chambers and plankton were identified and enumerated using an inverted light microscope (Hasle, 103 

1978).  Cells larger than 10 µm were identified to at least genus level and grouped as autotrophic 104 
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nanoflagellates, dinoflagellates, and diatoms.  Densities of Dinophysis were enumerated using a 1 105 

mL Sedgewick-Rafter slide under a compound microscope using concentrated water samples 106 

preserved in Lugol’s iodine as described in Hattenrath-Lehmann et al. (2013).  Densities of 107 

Alexandrium fundyense were enumerated using a molecular probe developed by Anderson et al. 108 

(2005) and described in Hattenrath et al. (2010).  Briefly, aliquots of phytoplankton concentrates 109 

(formalin and then methanol preserved) were hybridized with an oligonucleotide probe specific 110 

for the NA1 North American ribotype Alexandrium fundyense/catenella/tamarense (this particular 111 

ribotype of the Alexandrium tamarense species complex has recently been revised to A. fundyense 112 

(John et al., 2014)) with Cy3 dye conjugated to the 5’ terminus (5’-/5Cy3/AGT GCA ACA CTC 113 

CCA CCA-3’). Cells were enumerated using a Nikon epifluorescence microscope with a Cy3™ 114 

filter set (Anderson et al., 2005). 115 

For molecular analysis, whole seawater from Northport Harbor was filtered onto a 0.2µm 116 

polycarbonate filter and immediately frozen at -80◦C.  Additionally, in the field a 2L concentrated 117 

sample was created by filtering successively through a 200µm and 20µm mesh filter, backwashing 118 

onto a 20µm polycarbonate filter and immediately flash frozen in liquid nitrogen and stored at -119 

80◦C.  Select sample dates were used to compare phytoplankton and bacterial assemblages in the 120 

0.2 and 20 µm size fractions at the peaks of both the Alexandrium (9 May) and Dinophysis (27 121 

June) blooms to compare free-living and particle-associated bacterial assemblages. 122 

Cultures and culturing conditions 123 

Locally isolated cultures, Alexandrium fundyense (NPB8; Northport Bay, NY) and 124 

Dinophysis acuminata (Meetinghouse Creek, NY) were used for this study (Hattenrath-Lehmann 125 

and Gobler, 2011; Hattenrath-Lehmann and Gobler, 2015).  Algal cultures were grown in sterile 126 

f/2 medium (Guillard and Ryther, 1962) with a salinity of 25 PSU, made with autoclaved and 0.2 127 
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μm-filtered aged coastal Atlantic Ocean water (40.79698N, 72.46068W), at 18°C in an incubator 128 

with a 12:12 h light:dark cycle, illuminated by a bank of fluorescent lights that provided a light 129 

intensity of ~100 µmol quanta m-2 s-1 to cultures.  Given the previous documentation of negative 130 

effects of antibiotics on Dinophysis cultures (Hattenrath-Lehmann and Gobler, 2015), antibiotics 131 

(stock solution, Thermo Scientific HyClone Penicillin (10,000U/mL) Streptomycin 132 

(10,000µg/mL) in 0.85% NaCl) were only added to Alexandrium cultures at a final concentration 133 

of 1% by volume to discourage microbial contamination.  The mixotrophic, Dinophysis acuminata 134 

culture was maintained by using a three-step culturing process (Park et al., 2006) as described in 135 

Hattenrath-Lehmann and Gobler (2015). For experiments (see Filtrate experiments), Dinophysis 136 

cultures were fed M. rubrum at a ~1:1 ratio four times during a two-week period (every three to 137 

four days) prior to the start of the experiment to ensure that cells were healthy and in exponential 138 

growth phase.  To compare bacterial assemblages in cultures to those found in a natural 139 

phytoplankton community, aliquots of cultures were filtered onto 0.2µm (whole bacterial 140 

assemblage) and 20µm polycarbonate (to capture potentially epiphytic and cell-associated 141 

bacteria) filters and immediately frozen at -80◦C.  The bacteria captured on the 0.2 µm but not 20 142 

µm filter were considered free-living bacterial assemblages, whereas those on the 20 µm filter only 143 

were considered attached, epiphytic, or intracellular.  144 

Filtrate Experiments 145 

Experiments were performed to assess the natural plankton community’s response to the 146 

addition of environmentally relevant densities of Alexandrium and Dinophysis.  While the 147 

allelopathic effects of Alexandrium on natural phytoplankton (Fistarol et al., 2004; Tillmann et al., 148 

2009; Hattenrath-Lehmann and Gobler, 2011) and bacterial communities (Weissbach et al., 2010) 149 

have been examined, the allelochemical potential of Dinophysis is currently unknown.  Filtrate 150 
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(0.2µm) was used for experiments (AlexADD and DinoADD= Alexandrium and Dinophysis 151 

addition experiments, respectively) to eliminate the introduction of bacteria into experimental 152 

treatments (Hattenrath-Lehmann and Gobler, 2011).  During 2014, filtrate experiments were 153 

conducted with triplicate, 330ml bottles half-filled with unamended water from Northport Bay, 154 

NY, and half-filled with two types of filtrate (0.2µm) as follows: a control was established whereby 155 

half of the bottle was filled with 0.2µm filtered seawater, and for the treatment, half of the bottle 156 

was 0.2µm filtered Alexandrium (1,320 cells mL-1 prior to filtration; 14 May) or Dinophysis (600 157 

cells mL-1 prior to filtration; 18 June) culture.  Both Northport Bay water and cell-free Alexandrium 158 

and Dinophysis medium was obtained by gentle filtration (<5psi) through a sterile 0.2 µm 159 

Millipore Steritop filter.  To ensure that the effects seen by the addition of Alexandrium or 160 

Dinophysis filtrate were due to allelochemicals and not nutrients, saturating concentrations of N 161 

(88µM), P (3.6µM), and Si (88µM) as well as vitamins and trace metals (both at f/2 concentrations) 162 

were added to all bottles.  All experimental bottles were incubated at ambient light and temperature 163 

for 48 h in Shinnecock Bay at the Stony Brook Southampton Marine Science Center (Gobler et al., 164 

2004).  At the end of the incubation, contents of each experimental bottle was filtered onto 0.2 µm 165 

polycarbonate filters that was then preserved as above for molecular analysis, and sequenced as 166 

individual biological replicates in triplicate.  167 

DNA extraction, Illumina Sequencing and Analysis 168 

To extract nucleic acids, 1 mL of cetyltrimethyl ammonium bromide (CTAB) buffer with 169 

fresh beta-mercaptonethanol was added to the 0.2µm and 20µm polycarbonate filters, vortexed, 170 

heated to 50°C for 20 minutes, and frozen at -80°C until processing. Genomic DNA extraction 171 

was performed using the CTAB method (Dempster et al., 1999).  Following extraction, double-172 

stranded DNA was quantified on a Qubit® fluorometer using a dsDNA BR Assay kit.  Samples 173 
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were normalized to an equal quantity of DNA for sequencing and were sent to Molecular 174 

Research Labs (Shallowater, Texas, USA) for amplicon sequencing.  The 16S rRNA gene V4 175 

variable region (~300bp) was amplified using bacterial primers A519F: 5´CAG CMG CCG CGG 176 

TAA and 802R: 5´TAC NVG GGT ATC TAA TCC (Klindworth et al., 2013).  The V7/V8 177 

region of the 18S rRNA gene (~450bp) was amplified using primers 1183F: 5´AAT TTG ACT 178 

CAA CAC GGG and 1631aR: 5´TAC AAA GGG CAG GGA CG (Hadziavdic et al., 2014).  For 179 

each sample, an identifying barcode was placed on the forward primer and a 30 cycle PCR using 180 

the HotStarTaq Plus Master Mix Kit (Qiagen, USA) was performed.  The following PCR 181 

conditions were used: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 53°C 182 

for 40 seconds and 72°C for 1 minute, and a final elongation step at 72°C for 5 minutes.  183 

Successful amplification was determined by visualizing PCR products using a 2% agarose gel. 184 

Samples (27 for 18S and 31 for 16s, Table S1 and S2, respectively) were pooled together for 185 

each respective primer region in equal proportions based on their molecular weight and DNA 186 

concentrations. Pooled samples were then purified using calibrated Ampure XP beads and 187 

subsequently used to prepare a DNA library by following Illumina TruSeq DNA library.  Paired-188 

end (2x300) sequencing was performed on an Illumina MiSeq following the manufacturer’s 189 

guidelines.  Sequence data was processed using the Quantitative Insights Into Microbial Ecology 190 

v1.9.1 pipeline (QIIME, http://qiime.org; Caporaso et al., 2010b).  Raw sequences were depleted 191 

of barcodes, paired-end reads joined, depleted of primers, demultiplexed, and quality filtered 192 

using the default parameters in QIIME.  The resulting quality filtered sequences were then 193 

clustered into operational taxonomic units (OTUs) at 97% similarity with UCLUST (Edgar, 194 

2010) using the open reference clustering protocol and SILVA release v119 (http://www.arb-195 

silva.de/) as the reference set.  The representative sequence set was aligned using PyNAST 196 
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(Caporaso et al., 2010a) and taxonomically classified using UCLUST (Edgar, 2010).  For 18S 197 

specifically, all non-algal OTUs were not considered in order to focus specifically on algal 198 

assemblages.  Since species specificity with the QIIME pipeline was typically not possible, 199 

representative sequences for the most abundant OTUs were extracted and species specificity 200 

(percent identity) was determined using BLAST.  In some cases, algal species were not identified 201 

(i.e. Thalassiosira spp.) due to multiple species having 100% identity with sequences.  Similarly, 202 

for 16S, since our focus was on prokaryotes, all chloroplast and mitochondria (Table S2) related 203 

sequences were removed from OTU tables and not further considered in analyses.  204 

For the V7/V8 region of the 18S rDNA, the 27 samples generated 2,847,120 paired end 205 

reads with an amplicon size of ~450bp.  After quality filtering and joining reads a total of 206 

2,035,933 reads clustered at 97% identity into 24,004 OTUs. Overall, algae represented 35 to 207 

98% of total reads (prior to removal of non-algal OTUs) with an average of 86% for all 27 208 

samples (Table S1).  For the 519F/802R region of 16S rDNA, the 31 samples generated 209 

4,458,146 paired end reads with an amplicon size of ~300bp.  After quality filtering and joining 210 

reads a total of 3,676,342 reads clustered at 97% identity into 47,760 OTUs (Table S2).  The 211 

921,186 and 45,876 reads assigned as chloroplasts and mitochondria, respectively, were removed 212 

from the dataset and not considered in analyses (Table S2). 213 

Statistical Analysis 214 

Multivariate statistical analyses were conducted using PAST v3.11 (Hammer et al., 215 

2001).  Specifically, a similarity percentage (SIMPER) using Bray-Curtis metrics was conducted 216 

to determine the taxa responsible for differences in relative abundances between groups and 217 

principal component analyses (PCA) were also conducted to determine the groups of variables 218 

that behaved in a similar manner.  Non-metric multidimensional scaling (NMDS) using a Bray-219 
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Curtis metric was conducted in RStudio (vegan package, metaMDS) to assess the similarity of 220 

bacterial community composition among all samples.  Student t-tests were used to compare 221 

arcsine square root transformed data of relative abundance data sets using Sigma Plot 11.0. If 222 

data failed normality, non-parametric, Mann-Whitney U-tests were used for such comparisons.   223 

Results 224 

Phytoplankton and bacterial assemblages of Northport Bay 225 

During spring 2011, Alexandrium fundyense was present in Northport Harbor from late 226 

March through late May, with peak densities occurring on 9 May (25,300 cells L-1) and a smaller 227 

secondary peak (6,600 cells L-1) on 16 May (Fig. 1A).  A Dinophysis acuminata bloom 228 

succeeded the Alexandrium bloom with maximal densities occurring on 27 June (1.3 million cells 229 

L-1) with cells present from late April through September (Fig. 1A).  Mean (±SD) temperature 230 

and surface salinities were 15.8±1.4◦C and 23.9±0.4 during the peak of the Alexandrium bloom 231 

(3 – 16 May), and 22.8±1.4◦C and 23.4±0.3 during the peak of the Dinophysis bloom (21 June -6 232 

July).  Mean (±SD) nitrate, ammonium, phosphate and silicate concentrations were 14.4±6.3µM, 233 

2.2±2.1µM, 0.9±0.4µM and 26.6±8.2µM during the peak of the Alexandrium bloom, and 234 

7.4±7.3µM, 0.7±0.6µM, 0.8±0.7µM and 37.1±18.5µM during the peak of the Dinophysis bloom.  235 

Water column temperature was the only physio-chemical parameter that differed between the 236 

blooms being significantly higher during the peak of the Dinophysis bloom (t-test; p<0.001).  237 

Over the course of the time series, phytoplankton community sequence diversity changed 238 

dramatically (Fig. 1B, C).  In late April, Bacillariophyceae (diatoms) represented 64% of the 239 

algal, V7/V8 sequences (Fig. 1B) being comprised mostly of Skeletonema spp. (29%) and 240 

Rhizosolenia setigera (22%; Fig. 1C).  During the peak of the Alexandrium bloom (3 – 16 May; 241 

Fig. 1A), the community shifted to one dominated by the class Dinophyceae (dinoflagellates; 21-242 
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78%) and Litostomatea (Mesodinium rubrum was the only member present within this class; 2-243 

69%; Fig. 1B).  During the Alexandrium bloom, the dinoflagellate community was a mixed 244 

assemblage dominated by Heterocapsa rotundata (1-9%), Heterocapsa triquetra (1-21%), 245 

Amoebophrya spp. (1-17%) and Alexandrium (1 - 3%; Fig. 1C).  During the demise of the 246 

Alexandrium (1 June) bloom, the algal community briefly shifted back to a diatom-dominated 247 

community (58-75%) comprised mostly of Thalassiosira spp. (28-46%) and Skeletonema spp. 248 

(13-20%) before reverting back to a dinoflagellate-dominated (30-90%) community during the 249 

peak of the Dinophysis bloom (21 June- 6 July; Fig. 1) and beyond.  In contrast to Alexandrium, 250 

during the peak of the Dinophysis bloom, Dinophysis represented the majority of algal sequences 251 

(24-70%; Fig. 1).  At the phyla level, a similarity percentages analysis (SIMPER) identified 252 

Litostomatea (38%), Dinophyceae (30%) and Bacillariophyceae (27%) as the primary drivers 253 

(cumulative=95%; average dissimilarity=53.66) of differences between the peak Alexandrium 254 

and peak Dinophysis communities (Fig. 1).  At the genus-species level, Dinophysis acuminata 255 

(29%), Mesodinium rubrum (26%), Skeletonema spp. (14%) and Amoebophrya spp. (6%) 256 

accounted for 75% of the differences seen between the two bloom communities (SIMPER, 257 

average dissimilarity=77.78; Fig. 1).   258 

Over the course of both blooms the phyla Bacteroidetes (24-37%) and Proteobacteria (41-259 

60%) were the dominant contributors to the bacterial community (Fig. 2B).  Within the phyla 260 

Bacteroidetes, the order Flavobacteriales comprised 20-32% of 519F/802R sequences (Fig. 2C) 261 

and within the phyla Proteobacteria, Rhodobacterales (9-15%), Rickettsiales (1-8%) and SAR11 262 

clade (2-11%) of the Class Alphaproteobacteria, and Alteromonadales (3-8%) and 263 

Oceanospirillales (4-10%) of the Class Gammaproteobacteria dominated (Fig. 2C).  At the phyla 264 

level, a similarity percentages (SIMPER) analysis identified ‘Unassigned’ (43%), Proteobacteria 265 
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(31%) and Bacteroidetes (17%) as the primary drivers (cumulative=91%; average 266 

dissimilarity=21.57) of differences between the peak Alexandrium and peak Dinophysis bacterial 267 

communities (Fig. 2).  During the peak of the Alexandrium bloom, the relative abundances of 268 

Proteobacteria and Bacteroidetes were significantly (t-test, p<0.01) greater than during the 269 

Dinophysis bloom, while the relative abundances of ‘Unassigned’ sequences were significantly 270 

(t-test, p<0.001) lower (Fig. 2B).  At the order level, ‘Unassigned’ (41%), Flavobacteriales 271 

(18%) and SAR11 clade (13%) account for 72% of the differences seen between the two bloom 272 

communities (SIMPER, average dissimilarity=22.36; Fig. 2C).  The relative abundances of 273 

Flavobacteriales and the SAR11 clade were significantly (t-test, p<0.01) greater during the 274 

Alexandrium bloom compared to during the Dinophysis bloom (Fig. 2C).  At the genus level, the 275 

NS5 marine group (11%) and an uncultured bacterium (Rhodobacteracea; 11%) were the 276 

dominant sequences during the peak of the Alexandrium bloom while the peak of the Dinophysis 277 

bloom was dominated by ‘Unassigned’ sequences (21%; Table 1).  278 

Phytoplankton and bacterial assemblages differed across size fractions (0.2µm vs. 20µm) 279 

during the peak of the Alexandrium (9 May) and Dinophysis (27 June) blooms (Fig. 3).  Among 280 

phytoplankton, while Litostomatea (=Mesodinium; 69%) and Dinophyceae (21%) dominated the 281 

0.2µm size fraction, Dinophyceae (82%) dominated the 20µm fraction at the peak of the 282 

Alexandrium bloom (9 May; Fig. 3A).  At the genus/species level, Mesodinium rubrum (69%) 283 

and Amoebophrya spp. (14%) dominated the whole community while Alexandrium fundyense 284 

and Amoebophrya spp. comprised 23 and 41% of the 20µm size fraction, respectively (Fig. 3B).  285 

The relative abundances of Proteobacteria and Bacteroidetes shifted from 59 to 76%, and 34 to 286 

14% in the 0.2 and 20 µm size fractions, respectively (Fig. 3C).  At the order-level, the major 287 

drivers of differences (SIMPER) between the size fractions were the Flavobacteriales, 288 
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Rhodobacterales and ‘other’ bacteria which shifted from 32 to 11%, 15 to 6% and 19 to 58%, in 289 

the 0.2 and 20 µm size fractions, respectively (Fig. 3D).  At the genus level, the NS5 marine 290 

group (Flavobacteriales) dominated 0.2µm size fraction while the Perlucidibaca 291 

(Gammaproteobacteria, Moraxellaceae) dominated the 20µm size fraction (Table 1).  The peak 292 

of the Dinophysis bloom (27 June) was dominated by Dinophyceae (>90%), specifically 293 

Dinophysis acuminata (>70%), in both the 0.2 and 20 µm size fractions (Fig. 3A, B).  The 294 

relative abundances of Proteobacteria and Bacteroidetes shifted from 44 to 53%, and 28 to 17% 295 

in the 0.2 and 20 µm size fractions, respectively (Fig. 3C).  At the order-level, the major drivers 296 

of differences (SIMPER) between the size fractions were the Rickettsiales, Flavobacteriales, and 297 

Rhodobacterales which shifted from 3 to 13%, 22 to 13% and 15 to 7%, in the 0.2 and 20 µm 298 

size fractions, respectively (Fig. 3D).   299 

Filtrate experiments using natural communities 300 

The addition of Alexandrium filtrate significantly altered both bacterial and 301 

phytoplankton assemblages of Northport Bay (Fig. 4).  Specifically, for bacterial sequences, the 302 

addition of Alexandrium filtrate yielded a community in which the relative abundances of 303 

Bacteroidetes were significantly (t-test, p<0.001) greater, while Proteobacteria, Cyanobacteria, 304 

‘other’ bacteria and ‘Unassigned’ relative abundances were significantly (t-test, p<0.01) lower 305 

compared to the control (Fig. 4).  At the order level, the addition of Alexandrium filtrate caused 306 

the relative abundances of Flavobacteriales to significantly (t-test, p<0.001) increase, while 307 

Rhodobacterales, Rickettsiales, the SAR11 clade, Alteromonadales, Oceanospirillales, ‘other’ 308 

bacteria, and ‘Unassigned’ relative abundances all significantly decreased (t-test, p<0.05) 309 

compared to controls (Fig. 4).  The addition of Alexandrium filtrate significantly (t-test, p<0.05) 310 

decreased an ‘uncultured bacterium’ from the Rhodobacterales while significantly (t-test, 311 
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p<0.05) increasing the relative abundances of Owenweeksia spp. and the NS5 marine group.   312 

The Alexandrium filtrate treatment was dominated by sequences of the NS5 marine group and 313 

Owenweeksia spp, both from the Flavobacteriales, while ‘Unassigned’ and an ‘uncultured 314 

bacterium’ from the Rhodobacterales dominated the control (Table 1).  In regards to algal 315 

sequences, the addition of Alexandrium filtrate significantly (t-test, p<0.001) increased relative 316 

abundances of Dinophyceae and Dictyochophyceae but significantly (t-test, p<0.05) decreased 317 

relative abundances of Litostomatea (Mesodinium) and ‘other’ phytoplankton (Fig. 4).  The 318 

addition of Alexandrium filtrate led to a significant increase in the relative abundances of 319 

Amoebophrya spp., Dictyochophyceae, ‘other Dinophyceae’ and Gyrodinium spp. (t-test, 320 

p<0.05), while Mesodinium rubrum and ‘other algae’ relative abundances significantly decreased 321 

(t-test, p<0.05; Fig. 4).  The addition of Dinophysis filtrate caused no significant changes in the 322 

relative abundances among bacterial or phytoplankton sequences at any level of classification. 323 

Bacterial assemblages associated with cultures 324 

The relative abundances of bacterial sequences differed between size fractions in both 325 

Alexandrium and Dinophysis cultures (Fig. 5).  In Alexandrium cultures, Bacteroidetes and 326 

Proteobacteria were the most abundant, with relative abundances of Bacteroidetes being 85% in 327 

the 0.2µm size fraction and 65% in the 20µm size fraction and Proteobacteria being 13 and 32% 328 

in these two fractions, respectively (Fig. 5A).  At the order-level, Flavobacteriales dominated 329 

both size fractions, with relative abundances of 82 and 63% in the 0.2 and 20µm size fractions, 330 

respectively (Fig. 5B).  The dominant bacterial genus in Alexandrium cultures was Maribacter 331 

spp. (Order Flavobacteriales) with relative abundances of 65% and 50% in the 0.2 and 20µm size 332 

fractions (Table 1).  In Dinophysis cultures, Proteobacteria and Bacteroidetes were also the most 333 

abundant sequences present, with relative abundances of 76 and 59%, and 11 and 35% in the 0.2 334 
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and 20µm size fractions, respectively (Fig. 5A).  At the order-level, Rhodobacterales and 335 

Flavobacteriales were the dominant sequences in Dinophysis cultures, with relative abundances 336 

of 39 and 17%, and 7 and 31% in the 0.2 and 20µm size fractions, respectively (Fig. 5B).  Genus 337 

specific information demonstrates that Arenicella spp. (Gammaproteobacteria; 22%) and 338 

Ulvibacter spp. (Flavobacteriales; 23%) dominated the 0.2 and 20 µm size fractions of 339 

Dinophysis cultures, respectively (Table 1).  340 

Discussion 341 

 Interactions among plankton shape the succession of communities and broadly influence 342 

food web dynamics.  Bacteria play a central role in marine food webs and engage in complex 343 

interactions with phytoplankton (Falkowski et al., 2008; de Vargas et al., 2015; Lima-Mendez et 344 

al., 2015; Sunagawa et al., 2015; Ramanan et al., 2016).  An important first step in describing 345 

phytoplankton-bacterial interactions and associations is identifying the covariance of members 346 

within these assemblages.  Traditional microscopy, however, often underestimates phytoplankton 347 

species diversity (Xiao et al., 2014) and dated methodologies such as terminal restriction 348 

fragment length polymorphisms (TRFLP) and denaturing gradient gel electrophoresis (DGGE) 349 

fail to completely and/or accurately describe bacterial community composition (Zhang et al., 350 

2007; Koch et al., 2014; Samarajeewa et al., 2015).  In contrast, the use of high-throughput 351 

amplicon sequencing during this study allowed for a precise assessment of bacterial (16S) and 352 

phytoplankton assemblages (18S) associated with blooms of two harmful algal species, 353 

Alexandrium fundyense and Dinophysis acuminata.  Prokaryotic sequences in field, 354 

experimental, and culture samples revealed unique bacterial consortia associated with 355 

Alexandrium and Dinophysis.  Further, the use of 18S sequencing revealed less abundant as well 356 

as difficult to identify species, such as the parasitic dinoflagellate, Amoebophrya spp.  357 
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Collectively, these findings describe the precise microbiome associated with these HABs and the 358 

extent to which they are shaped by these HABs. 359 

 The amplicon sequencing of the V7/V8 region of 18S rDNA during this study provided a 360 

series of novel insights that microscopy could not have facilitated.  For example, sequencing  361 

revealed the presence of picoplankton (i.e. Picomonas spp.), algae that do not preserve well for 362 

microscopy (i.e. Heterosigma akashiwo; Chang et al., 1990), and the dominance of the parasitic 363 

dinoflagellate, Amoebophrya spp.  The dinoflagellate, Amoebophrya is ~5µm in its free-living 364 

infectious dinospore form, intracellular in its trophont form, and short-lived in its free-swimming 365 

vermiform stage (Park et al., 2013; Velo-Suárez et al., 2013).  Globally, Amoebophrya spp. is 366 

known to cause the demise of Alexandrium fundyense blooms (Taylor, 1968; Velo-Suárez et al., 367 

2013; Brosnahan et al., 2015), but has never been observed in association with Alexandrium 368 

blooms in the mid-Atlantic region of the US, despite decades of Alexandrium studies in this 369 

region (Schrey et al., 1984; Colin and Dam, 2002; Hattenrath et al., 2010; Hattenrath-Lehmann 370 

and Gobler, 2011; Hattenrath-Lehmann et al., 2015b; Zhuang et al., 2015).  In the present study, 371 

however, Amoebophrya was found to be universally present and, at times, highly abundant in 372 

field samples, accounting for up to 17% of 18S sequences.  It was not, however, observed 373 

microscopically.  Considering the higher relative abundance (1-17%) of Amoebophrya during the 374 

peak of the Alexandrium bloom and its greater dominance (41%; Fig. 3) in the >20µm size 375 

fraction relative to the 0.2µm fraction, it is likely that Alexandrium was its target host (Velo-376 

Suárez et al., 2013).  Given the presence of Heterocapsa triquetra during the peak and demise of 377 

the Alexandrium bloom and the presence of Amoebophrya after the demise of the Alexandrium 378 

bloom, and the inability of dinospores to survive >10 days in the water column (Coats and Park, 379 

2002), H. triquetra may have been a secondary host.  Alternatively, there may have been 380 
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different strains of Amoebophrya infecting each of these dinoflagellates given host-specificity for 381 

this parasite is known to be at the species or strain level (Coats et al., 1996; Coats and Park, 382 

2002; Park et al., 2013).  The discovery of Amoebophrya spp. in this region is ecologically 383 

relevant given the its role in the occurrence, duration, and termination of these toxic HABs 384 

(Velo-Suárez et al., 2013; Brosnahan et al., 2015; Ralston et al., 2015) and was facilitated 385 

specifically by the high-throughput sequencing approached used here.  386 

Many species of the Alexandrium are known to be allelopathic (Tillmann et al., 2009).  387 

During this study, consistent with prior studies in this system (Hattenrath-Lehmann and Gobler, 388 

2011; Hattenrath-Lehmann et al., 2015b), a clear allelopathic signal was observed in the field as 389 

during the peak of the Alexandrium bloom diatoms levels significantly decreased compared to 390 

before and after the Alexandrium bloom.  In addition, Alexandrium filtrate, presumably enriched 391 

in allelochemicals (Fistarol et al., 2004; Tillmann et al., 2009; Hattenrath-Lehmann and Gobler, 392 

2011), significantly decreased the relative abundance of ‘other algae’ and Mesodinium rubrum 393 

but significantly enhanced the relative abundances of Amoebophrya spp. and Gyrodinium spp.  394 

Consistent with this, prior studies of the same Alexandrium species using microscopy 395 

demonstrated it was capable of enhancing dinoflagellate densities while allelopathically 396 

depressing diatom and nanoflagellate abundances (Hattenrath-Lehmann and Gobler, 2011) as 397 

well as Mesodinium densities (Fistarol et al., 2004).  The higher relative abundance of 398 

Amoebophrya spp. in response to Alexandrium allelochemicals has not been previously reported, 399 

but may represent a host-parasite cellular signaling mechanism (Yoshino et al., 2001; Hemphill 400 

et al., 2006; Ressurreição et al., 2016).  In an ecosystem setting, this would create a negative 401 

feedback loop during Alexandrium blooms whereby increasing Alexandrium densities and 402 

allelochemicals may ultimately promote infections by Amoebophrya spp. and lead to bloom 403 
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demise.  This hypothesis is consistent with observations in the Northeast US (i.e. New England) 404 

where Amoebophrya spp. plays a prominent role in the demise of Alexandrium blooms (Velo-405 

Suárez et al., 2013; Brosnahan et al., 2015; Ralston et al., 2015).  While the effects of 406 

Alexandrium on planktonic organisms vary, it is clear that Alexandrium can shape phytoplankton 407 

communities via inhibiting or promoting the growth of other algae.   408 

   While the sequencing of 18S rDNA facilitated a series of new discoveries during this 409 

study, some differences between sequencing analyses and microscopy were detected (Fig. S1).  410 

In some cases, sequencing was not species-specific (e.g. Thalassiosira spp., Prorocentrum spp.) 411 

while in other cases, for certain taxa (Euglenoids), genes were not amplified during sequencing 412 

but species were quantifiable via microscopy (Fig. S1).  These issues are likely, in part, due to 413 

informatic shortcomings as the current eukaryotic SILVA database does not contain sequences 414 

for some genera or species (i.e. Prorocentrum gracile, Eutreptiella spp.) that were identified via 415 

light microscopy in our samples.  These issues could also be related to the primers used in this 416 

study as even ‘universal’ primers do not amplify all taxa (Hadziavdic et al., 2014) with 417 

additional primer sets and regions of interest (e.g. ITS, cox1, rbcL regions) needed to attain 418 

species-specificity within particular genera (e.g. Raho et al., 2008; Hamsher et al., 2013; 419 

Fernandes et al., 2014; Wallace and Gobler, 2015).  Further, it is possible that differences 420 

between sequencing and microscopy could arise from species specific differences in copies of 421 

rDNA (Zhu et al., 2005; Godhe et al., 2008).  Of specific concern is the high copy numbers of 422 

rDNA in eukaryotes with larger genomes (Prokopowich et al., 2003) such as that commonly seen 423 

in dinoflagellates (Zhu et al., 2005).   We attempted to circumvent this potential issue, however, 424 

by using relative abundances in effort to normalize for these differences.  Further, we note that, 425 

beyond the close correspondence between OTUs and microscopically quantified dinoflagellates 426 
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of interest the ability to observe the Alexandrium allelopathic signal (as mentioned above) in the 427 

dynamics of field populations gives us confidence in our approach indicating that high or 428 

variable copy numbers of dinoflagellates did not obfuscate environmentally important trends 429 

such as allelopathy.  The increased diversity and, in some cases, lack of species specificity with 430 

sequencing compared to microscopy was also demonstrated by Xiao et al. (2014), who therefore 431 

recommended using dual amplicon sequencing and microscopy approaches for maximal 432 

detection and identification.            433 

In a manner consistent with prior studies of HABs including Cochlodinium polykrikoides, 434 

Alexandrium spp., Pseudonitzschia spp., and Akashiwo sanguinea (Wichels et al., 2004; Jasti et 435 

al., 2005; Kaczmarska et al., 2005; Garces et al., 2007; Hasegawa et al., 2007; Sison-Mangus et 436 

al., 2014; Park et al., 2015; Yang et al., 2015), bacterial populations associated with Alexandrium 437 

and Dinophysis cultures, field samples, and experiments were dominated by Proteobacteria 438 

(alpha- and gammaproteobacteria) and Bacteroidetes (Flavobacteria).  A principal component 439 

analysis (PCA) comparing Alexandrium and Dinophysis abundances with the relative 440 

abundances of bacterial (16S) sequences revealed that both HABs were associated with specific 441 

bacterial groups.  At the order-level, 73% of the data set was explained by three principal 442 

components.  The first principal component (PC 1) explained 40% of the variance and was 443 

comprised of Alexandrium densities, Flavobacteriales, the SAR11 clade (alphaproteobacteria) 444 

and Oceanospirillales (gammaproteobacteria; Table 2).  PC2 explained an additional 19% of the 445 

variance with Dinophysis abundances and Alteromonadales (gammaproteobacteria) co-varying 446 

together and being inversely correlated to Rickettsiales (alphaproteobacteria; Table 2).  Finally, 447 

in PC3 ‘other bacteria’ and Rhodobacterales (alphaproteobacteria) co-varied together and were 448 
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inversely correlated to ‘unassigned bacteria’ and explained an additional 14% of the variance 449 

(Table 2).   450 

While both Alexandrium and Dinophysis cultures and field populations were dominated 451 

by Proteobacteria (alpha- and gammaproteobacteria) and Bacteroidetes (Flavobacteria), these 452 

HABs had distinct microbiomes.  Consistent with PC1 of the PCA, the relative abundances of 453 

Flavobacteriales and the SAR11 clade were significantly greater during the Alexandrium bloom 454 

compared to during the Dinophysis bloom, and in cultures of Alexandrium, Flavobacteriales (Fig.  455 

5) represented the majority of sequences (>63%) of both size fractions indicating that they were 456 

primarily epiphytic and/or intracellular associated.  At the genus-level, the NS5 marine group 457 

(Flavobacteriales), an uncultured bacterium (Rhodobacteracea), and Owenweeksia spp. were 458 

commonly the dominant genera among Alexandrium-associated field samples with Perlucidbaca 459 

spp. (order Pseudomonadales) and Limnobacter spp. (order Burkholderiales) found at the peak of 460 

the Alexandrium bloom in the >20micron size fraction.  Further, Alexandrium cultures were 461 

dominated by the Flavobacteria, Maribacter spp., which represented 65% and 50% of the whole 462 

and >20 µm size fractions, respectively, the latter suggesting a direct cellular association (Table 463 

1).  In contrast, Dinophysis had a greater association with Proteobacteria and ‘unassigned 464 

bacteria’ (Table 1).  For example, ‘unassigned bacteria’ and an uncultured bacterium 465 

(Rhodobacteracea) dominated Dinophysis related field samples.  In addition, Marivita spp. (order 466 

Rhodobacterales), Arenicella spp. (Gammaproteobacteria), and Ulvibacter spp. (order 467 

Flavobacteriales) were found in cultures of Dinophysis (Table 1), with the latter two genera 468 

found in the >20 µm size fraction and thus directly associated with cells.  Given that our cultures 469 

of Dinophysis are incapable of survival when exposed to even modest levels of antibiotics 470 

(Hattenrath-Lehmann and Gobler, 2015), it is plausible that these bacteria may have an 471 
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important, nutritional, symbiotic relationship with this alga (Croft et al., 2005).  Further, while 472 

the microbiome of Dinophysis prey in culture may alter the bacterial communities, given the 473 

high similarity of the bacterial communities in the two size fractions in culture (Fig. 6) it would 474 

seem the prey do not appreciably contribute to Dinophysis microbiomes.  Collectively, high-475 

throughput sequencing revealed the unique microbiomes of these HABs. 476 

The positive association between Alexandrium and the Flavobacteriales identified in PC1 477 

was also evident during incubation experiments.  Alexandrium filtrate significantly suppressed 478 

some Proteobacteria (e.g. Rhodobacterales, Rickettsiales, the SAR11 clade, Alteromonadales, 479 

Oceanospirillales) but strongly promoted the relative abundance of Owenweeksia spp. and the 480 

NS5 marine group, both Flavobacteriales (Table 1, Fig. 4).  Among the Flavobacteriales, the 481 

impact of Alexandrium filtrate on Owenweeksia spp. was the most remarkable as filtrate (22%) 482 

enhanced relative abundances 11-fold compared to the control (2%) over the 48 h experiment.   483 

Similarly, through TRFLP analysis, Weissbach et al. (2010) demonstrated that continuous 484 

additions of the two strains of Alexandrium resulted in bacterial communities that differed from 485 

untreated communities.  Moreover, the enhancements of Flavobacteria with the addition of 486 

Alexandrium filtrate is consistent with observations during Alexandrium blooms and in cultures 487 

as Flavobacteria made up a significant portion of these communities.  In addition, some of these 488 

effects could have also been due to bacterial stimulation via the introduction of organic matter 489 

either leaked from Alexandrium cells and thus in the filtrate itself or from allelopathically lysed 490 

phytoplankton due to the presence of Alexandrium during blooms.  Both such processes occur 491 

during Alexandrium blooms and thus are likely to contribute to the close correspondence 492 

between bacterial communities established during experiments and blooms.        493 
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The consistency of bacterial clade-HAB associations among the field samples, 494 

experiments, and in culture evidences the ability of these dinoflagellates to shape surrounding 495 

bacterial communities.  Non-metric multidimensional scaling (NMDS) analyses revealed that 496 

bacterial communities associated with Dinophysis and Alexandrium during blooms, experiments, 497 

and in culture were distinct and statistically different from each other at both the order- and 498 

genus-level (Fig 6).  The single exception to this was bacteria from the Dinophysis experiment 499 

(DINOADD) where the control and filtrate treatment grouped closely to each other and were not 500 

significantly different (Fig. 6), supporting the hypothesis that Dinophysis has weaker control of 501 

bacterial communities compared to Alexandrium.  Regardless, bacterial communities do seem to 502 

play a significant role in Dinophysis survival as the addition of antibiotics was found to be lethal 503 

to Dinophysis cultures (Hattenrath-Lehmann and Gobler, 2015).  At the genus-level, field-based 504 

samples (including experiments) were more closely related to one another than both cultures, 505 

with the Dinophysis culture being more similar to the field samples than the Alexandrium 506 

culture, a finding likely related to the presence of antibiotics in Alexandrium, but not in 507 

Dinophysis, cultures (Fig. 6).  Further, we note that the low levels of antibiotics added upon 508 

initial inoculation of the stock Alexandrium culture (see methods) likely degraded during the two 509 

weeks prior to collecting samples for sequencing bacterial amplicons in cultures and creating 510 

filtrate for experiments (Kummerer, 2009).  Bacteria associated with Dinophysis and 511 

Alexandrium blooms and experiments were also clearly and statistically separated from each 512 

other, supporting the concept that each of these HABs is associated with their own core 513 

microbiome (Sunagawa et al., 2015).  Finally, NMDS revealed the manner in which 514 

Alexandrium filtrate transformed bacterial communities as at the order- and genus-level the 515 



25 

 

experimental addition of Alexandrium filtrate resulted in a bacterial community statistically 516 

distinct from the control treatment (Fig 6). 517 

While sequencing of field, experimental, and culture samples revealed unique bacterial 518 

associations with the HABs formed by Alexandrium and Dinophysis, precise algal-bacterial 519 

interactions are uncertain but can be hypothesized from the literature.  For example, bacteria 520 

from the Alteromonas group have been shown to inhibit cyst formation in Alexandrium (Adachi 521 

et al., 1999; Adachi et al., 2002; Adachi et al., 2003) and displayed decreasing relative 522 

abundance over the course of the bloom which may have allowed cyst formation at the end of 523 

this event (Anglés et al., 2012).  Flavobacteria, the most abundant group found in a majority of 524 

the field, experimental, and culture samples, especially those associated with Alexandrium, are 525 

known to facilitate macromolecule conversion (Buchan et al., 2014).  Teeling et al. (2016), for 526 

example, found an increase in the gene frequency and diversity of carbohydrate-active enzyme 527 

families associated with increased relative abundances of Flavobacteria during the spring bloom 528 

in the North Sea.  More specifically, they found that the NS5 marine group, which was a 529 

dominant group in bloom samples (Table 1), was rich in glycoside hydrolase family fucosidases 530 

(Teeling et al., 2016).  Hence, these bacteria may play a role in nutrient and organic matter 531 

cycling during Alexandrium and Dinophysis blooms which are strongly promoted by organic 532 

compounds and regenerated forms of nutrients (Hattenrath et al., 2010; Hattenrath-Lehmann et 533 

al., 2015a).   534 

The use of high throughput sequencing during this study provided a more detailed 535 

assessment of bacterial communities associated with HABs than previously described.  In some 536 

cases, findings here were consistent with prior studies using older technologies.   For example, 537 

Adachi et al. (2003) found that Pseudomonads co-dominated Alexandrium blooms in Japan, 538 
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while during this study Pseudomonas spp. was associated with the >20µm size fraction of 539 

Alexandrium cultures and thus likely attached or intracellular (Table 1).  In contrast to some prior 540 

studies using older technologies (plate isolation, DGGE, FISH) concluded that bacteria from the 541 

Rosebacter clade were a dominant bacteria associated with Alexandrium (Adachi et al., 2003; 542 

Wichels et al., 2004; Jasti et al., 2005; Garces et al., 2007).  During this study, Roseobacter 543 

(order Rhodobacterales), while present in all samples, was not dominant within Alexandrium 544 

cultures or field samples (<1% of OTUs).  This difference is partly expected as older 545 

technologies were incapable of describing whole microbial communities.  The present study, 546 

therefore, represents a novel data set as high-throughput sequencing has not been used to 547 

describe microbial communities associated with Alexandrium or Dinophysis, in an ecosystem 548 

setting or in culture.  549 

High-throughput sequencing studies continue to expand our understanding of planktonic 550 

communities (de Vargas et al., 2015; Lima-Mendez et al., 2015; Sunagawa et al., 2015; Yang et 551 

al., 2015).  Ocean sequencing studies such as the Tara Oceans study have demonstrated that 552 

global eukaryotic diversity has yet to be fully described (de Vargas et al., 2015) but that biotic 553 

interactions are better predictors of prokaryotic and eukaryotic community structure than abiotic 554 

factors (Lima-Mendez et al., 2015).  Bacteria are known to influence and be influenced by 555 

phytoplankton (Bratbak and Thingstad, 1985; Lima-Mendez et al., 2015; Ramanan et al., 2016), 556 

and anthropogenic nutrient loading and climate change are facilitating a global expansion of 557 

HABs (Heisler et al., 2008; Hallegraeff, 2010; Anderson et al., 2012, Gobler et al. submitted).  558 

Going forward, high-throughput sequencing will be an important tool for assessing the manner 559 

and extent to which anthropogenic processes influence interactions among HABs and bacterial 560 

communities.   561 
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 In summary, this study defined distinct microbiomes associated with HABs formed by 562 

the toxic dinoflagellates Alexandrium and Dinophysis.  While Alexandrium was found to directly 563 

and strongly shape bacterial and algal communities, microbial communities associated with 564 

Dinophysis were more likely a consequence of prevailing biogeochemical conditions and/or 565 

other biotic interactions.  While some members of the microbial consortia associated with these 566 

HABs may aid in promoting these events (e.g. nutrient and organic matter regeneration by 567 

Flavobacteria), others may promote bloom demise (e.g. Amoebophrya spp).  Regardless, the 568 

identification of the precise microbiome associated with each of these HABs opens a series of 569 

new lines of research to better understand the interactions among microbes during these events.  570 
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Tables 578 

Table 1.  Dominant genus in size fractionated field, experimental and culture samples based on 579 

relative abundances of 16S sequences.  AlexADD= Alexandrium filtrate addition experiment. 580 

Sample 

Size fraction 

(µm) Dominant lineages 

Relative 

abundance 

(%) 

Alexandrium peak    

(3-May to 16-May) 0.2 NS5 marine group (Flavobacteriales) 11 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 11 

  Owenweeksia  (Flavobacteriales) 7 

Dinophysis peak    

(21-June to 6-July) 0.2 Unassigned 21 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 7 

  Owenweeksia  (Flavobacteriales) 5 

  NS5 marine group (Flavobacteriales) 5 

AlexADD experiment    

Control 0.2 Unassigned 12 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 9 

  NS5 marine group (Flavobacteriales) 9 

+Alexandrium filtrate 0.2 Owenweeksia  (Flavobacteriales) 23 

  NS5 marine group (Flavobacteriales) 11 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 5 
Size fractionated 

field samples    

9-May 0.2 NS5 marine group (Flavobacteriales) 12 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 11 

 20 Perlucidibaca (Pseudomonadales) 17 

  Limnobacter (Burkholderiales) 7 

27-Jun 0.2 Unassigned 19 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 8 

  Owenweeksia  (Flavobacteriales) 6 

 20 Unassigned 23 

Culture    

Alexandrium 0.2 Maribacter spp.  (Flavobacteriales) 65 

  Owenweeksia  (Flavobacteriales) 4 

 >20 Maribacter spp.  (Flavobacteriales) 50 

  Pseudomonas spp. (Pseudomonadales) 7 

Dinophysis 0.2 Arenicella spp. (Gammaproteobacteria) 22 

  Rhodobacteracea_uncultured bacterium (Rhodobacterales) 11 

  Marivita spp.  (Rhodobacterales) 9 

 >20 Ulvibacter  (Flavobacteriales) 23 

    Arenicella spp. (Gammaproteobacteria) 19 
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 581 

Table 2.  Factors loadings for the three principal components of correlations between 582 

Alexandrium fundyense and Dinophysis acuminata abundances and the relative abundances of 583 

16S sequences at the Order level.  Values in bold type indicate the groupings of the 3 PCs that 584 

described 73% of the variance in the data. 585 

Parameter PC 1 PC 2 PC 3 

Alexandrium  0.40717 0.21792 -0.1701 

Dinophysis          -0.2599 0.41213 -0.0677 

Flavobacteriales 0.38334 -0.0078 -0.1262 

Rhodobacterales 0.24455 0.33997 0.46422 

Rickettsiales 0.28505 -0.448 -0.1479 

SAR11 clade 0.36586 -0.1897 -0.1144 

Alteromonadales 0.13214 0.6085 -0.074 

Oceanospirillales 0.34149 0.1532 0.12701 

Unassigned bacteria -0.4099 0.08095 -0.4408 

Other bacteria -0.2066 -0.1733 0.69586 

    

% of variance explained 40 19 14 

 586 

 587 

  588 
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Figure Legends: 589 

Figure 1. A) 2011 Log Alexandrium fundyense and Dinophysis acuminata densities (cells L-1).  590 

Red and blue panel represent the peaks of the Alexandrium and Dinophysis blooms respectively. 591 

B) & C) are the relative abundances of algal sequences over the course of the 2011 Alexandrium 592 

and Dinophysis blooms at Class- and genus/species-level, respectively.  The red and blue boxes 593 

represent the dates included in the peaks of the Alexandrium and Dinophysis blooms, 594 

respectively.   595 

 596 

Figure 2. A) & B) are the relative abundances of bacterial sequences over the course of the 2011 597 

Alexandrium fundyense and Dinophysis acuminata blooms at Phylum- and Order-level, 598 

respectively.  The red and blue boxes represent the dates included in the peaks of the 599 

Alexandrium and Dinophysis blooms, respectively.   600 

 601 

Figure 3.  Relative abundances of size fractioned (0.2µm=whole bacterial assemblage and 602 

20µm= potentially endosymbiotic or epiphytic bacteria) algae and bacterial communities during 603 

the peak of the Alexandrium fundyense (May 9
th

) and Dinophysis acuminata (June 27
th

) bloom.  604 

A) & B) are relative abundances of algal assemblages at Class- and genus/species-level, 605 

respectively.  C) & D) are relative abundances of bacterial assemblages at Phylum- and order-606 

level, respectively. 607 

 608 

Figure 4.  Relative abundances of bacterial (16s) and algal (18s) sequences for control and 609 

Alexandrium fundyense culture filtrate additions during an experiment conducted using the 610 

natural phytoplankton community of Northport Bay. 611 

 612 

Figure 5. Relative abundances of size fractioned (0.2µm=whole bacterial assemblage and 613 

20µm= potentially endosymbiotic or epiphytic bacteria) bacterial communities associated with 614 

Alexandrium fundyense and Dinophysis acuminata cultures.  A) & B) are relative abundances of 615 

bacterial assemblages at Phylum- and Order-level, respectively.  Alex= Alexandrium and DA= 616 

Dinophysis. 617 

 618 

Figure 6. Relative abundances of bacterial community composition data analyzed via non-metric 619 

multidimensional scaling using a Bray-Curtis metric.  95% confidence interval was drawn using 620 

the standard deviation of the points from the centroid of the cluster using a chi-squared 621 

distribution.  Top: Order-level; Bottom: Genus-level.  AlexADD and DinoADD= Alexandrium 622 

and Dinophysis addition experiments, respectively. 623 

 624 

 625 

 626 

 627 

  628 
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Figure 1.  629 
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Figure 2. 632 
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Figure 3.  635 

 636 

 637 

0%

20%

40%

60%

80%

100%

whole >20 whole >20

Other

Unassigned

Gammaproteobacteria_Oceanospirillales

Gammaproteobacteria_Alteromonadales

Alphaproteobacteria_SAR11 clade

Alphaproteobacteria_Rickettsiales

Alphaproteobacteria_Rhodobacterales

Flavobacteriia_Flavobacteriales

0%

20%

40%

60%

80%

100%

whole >20 whole >20

Actinobacteria Bacteroidetes

Cyanobacteria Proteobacteria

Verrucomicrobia SAR

Unassigned Other

0%

20%

40%

60%

80%

100%

whole >20 whole >20

Mesodinium rubrum Heterocapsa rotundata

Heterocapsa triquetra Dinophysis acuminata

Alexandrium fundyense Gyrodinium spp.

Amoeobphyra spp. other Dinophyceae

Thalassiosira spp. Skeletonema spp.

other Diatoms Dictyochophyceae

other algae

0%

20%

40%

60%

80%

100%

whole >20 whole >20

Dinophyceae Litostomatea (Mesodinium)

Bacillariophyceae Dictyochophyceae

Raphidophyceae Others

A

B

C

D

R
e

la
ti
v
e

 a
b

u
n

d
a

n
c
e

9-May 27-June 9-May 27-June

spp.

spp. spp.

spp.

(Mesodinium)

Amoebophrya spp.



34 

 

Figure 4.  638 
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Figure 5.  641 
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Figure 6.  645 
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Supplementary Tables: 648 

Table S1.  QIIME outputs for the sequencing of the V7/V8 region of the 18S rRNA gene, 649 

including split libraries output (demultiplexed reads), total UCLUST assigned reads and the total 650 

number of algal assigned reads for time series, and experimental (AlexADD and DinoADD) 651 

samples and size fractions.  % algal reads= (total number of algal assigned reads divided by the 652 

total number of UCLUST assigned reads) x 100.  AlexADD and DinoADD= Alexandrium and 653 

Dinophysis addition experiments, respectively. 654 

Table S2.  QIIME outputs for the sequencing of the V4 variable region of the 16S rRNA gene, 655 

including split libraries output (demultiplexed reads), total UCLUST assigned reads and the total 656 

number of chloroplast and mitrochondria assigned reads for time series, culture and experimental 657 

(AlexADD and DinoADD) samples and size fractions.  AlexADD and DinoADD= Alexandrium 658 

and Dinophysis addition experiments, respectively. 659 

  660 
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Table S1.  661 

size fraction sample 

split 

libraries 

output 

UCLUST 

assigned 

total reads 

UCLUST 

assigned 

algal reads 

% algal 

reads 

 Unassigned 452,066 422,175 368,882 87 

 Time series     

0.2 26-Apr 31,929 29,348 26,846 91 

0.2 3-May 28,258 25,853 22,474 87 

0.2 9-May 61,523 59,143 42,010 71 

0.2 16-May 48,520 46,110 29,703 64 

0.2 24-May 80,920 75,313 51,810 69 

0.2 1-Jun 89,280 83,505 75,665 91 

0.2 6-Jun 68,263 63,774 60,089 94 

0.2 13-Jun 30,803 28,569 25,816 90 

0.2 21-Jun 49,241 47,141 45,233 96 

0.2 27-Jun 54,582 52,036 49,461 95 

0.2 6-Jul 48,736 46,407 44,808 97 

0.2 11-Jul 27,608 25,112 20,421 81 

0.2 18-Jul 47,917 45,505 15,960 35 

>20 9-May 40,229 37,271 13,130 35 

>20 27-Jun 165,270 160,618 157,252 98 

 AlexADD     

0.2 Control 1 30,067 28,038 19,026 68 

0.2 Control 2 34,058 31,639 21,540 68 

0.2 Control 3 34,181 31,658 22,807 72 

0.2 + Alex 1 40,162 38,019 15,376 40 

0.2 + Alex 2 50,539 47,958 31,614 66 

0.2 + Alex 3 92,503 86,572 77,747 90 

 DinoADD     

0.2 Control 1 62,340 60,223 54,201 90 

0.2 Control 2 61,152 59,263 57,016 96 

0.2 Control 3 68,612 66,813 65,018 97 

0.2 + Dino 1 142,996 138,346 133,817 97 

0.2 + Dino 2 79,649 77,177 75,334 98 

0.2 + Dino 3 125,951 122,347 119,425 98 

      

 Total 2,147,355 2,035,933 1,742,481 86 
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Table S2. 663 

size fraction sample 

split 

libraries 

output 

UCLUST 

assigned 

total reads 

# of reads 

assigned as 

chloroplasts 

# of reads 

assigned as 

mitochondria 

 Unassigned 1,082,447 944,829 225,807 13,221 

 Time series     

0.2 26-Apr 132,919 121,718 24,179 520 

0.2 3-May 65,801 60,886 11,582 1,189 

0.2 9-May 59,293 57,110 6,722 287 

0.2 16-May 127,767 121,621 17,105 287 

0.2 24-May 159,942 151,458 24,739 389 

0.2 1-Jun 111,623 107,084 25,012 403 

0.2 6-Jun 129,811 124,963 36,802 598 

0.2 13-Jun 126,142 119,359 33,780 390 

0.2 21-Jun 136,191 129,218 41,072 624 

0.2 27-Jun 112,113 97,688 62,953 2,022 

0.2 6-Jul 142,151 130,826 47,116 265 

0.2 11-Jul 125,039 112,586 28,535 311 

0.2 18-Jul 51,908 47,364 8,239 120 

>20 9-May 119,419 84,142 20,636 1,022 

>20 27-Jun 31,256 26,519 14,093 2,917 

 Cultures     

0.2 Alexandrium 24,501 17,791 276 18 

>20 Alexandrium 35,735 17,671 610 28 

0.2 Dinophysis 47,245 45,579 10,714 91 

>20 Dinophysis 42,093 40,907 21,171 50 

 AlexADD     

0.2 Control 1 102,215 86,926 22,539 2,680 

0.2 Control 2 132,743 111,867 28,990 3,136 

0.2 Control 3 112,746 96,890 22,847 2,719 

0.2 + Alex 1 142,295 124,812 26,068 4,274 

0.2 + Alex 2 116,393 102,937 23,517 3,456 

0.2 + Alex 3 142,580 126,575 24,613 4,162 

 Dinoadd     

0.2 Control 1 56,338 54,590 12,460 70 

0.2 Control 2 122,331 118,238 22,241 179 

0.2 Control 3 55,046 53,238 13,883 77 

0.2 + Dino 1 58,050 56,188 14,160 73 

0.2 + Dino 2 67,803 65,657 17,208 124 

0.2 + Dino 3 122,383 119,105 31,517 174 

      

 Total 4,094,319 3,676,342 921,186 45,876 
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Supplementary Figures: 665 

Fig. S1.  QIIME species specific analysis (Top).   Lugol’s preserved samples counted via light 666 

microscopy.  This includes flagellates that were mostly dominated by Euglenoids (Middle).  667 

Lugol’s preserved samples counted via light microscopy with flagellate removed (Bottom). 668 

Lower legend is used for both ‘Middle’ and ‘Bottom’ figures. 669 
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