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Abstract

M etatranscriptomics has emerged as a tool in microbial ecology that can resolve the functional
landscape of both prokaryotes and eukaryotes within a community. In this study, we extend the
potential of metatranscriptomics to probe active virus infections and virus-host relationships in
marine systems. Polyadenylation-selected RNA-seq data were examined from microbial
communities in two productive marine environments: a brown tide bloom event dominated by
Aureococcus anophagefferens in Quantuck Bay, NY, and a diatom-dominated plankton
community in Narragansett Bay, RI. Active infections by diverse giant viruses (NCLDVs) of
algal and non-algal hosts were found at both sites. Ongoing infections of A. anophagefferens by
a known Mimiviridae (AaV) were observed during both the peak and decline of the bloom.
Bloom decline was also accompanied by increased activity for viruses other than AaV, including
(+) ssRNA viruses. In Narragansett Bay, increased temporal reso’lution revealed active NCLDV's
with both ‘boom-and-bust’ as well as ‘steady-state infection’-like ecologies. Statistical co-
occurrence examinations of the dsDNA, ssRNA and dsRNA markers within the data revealed a
broad spectrum of statistically strong and significant virus-host relationships that included both
known as well as novel interactions. Our approach offers a method for screening the diversity
and dynamics of active viral infections in natural systems and develops links between viruses

and their potential hostsin situ.
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Significance

Viruses are important partners in ecosystem scale ecology, yet their study to date is primarily
limited to single virus-host infection models in the laboratory or limited to “potential-actions”
derived from metagenomics analyses. Using metatranscriptomic sequences from polyadenylated-
RNA selected samples, we have simultaneously captured information regarding eukaryotic
diversity and active infection by viruses with dsDNA genomes, resulting in a statistical
opportunity to predict “who is infecting whom'. This approach further provides concurrent
insght regarding viruses with ssRNA and dsRNA genomes, capturing dynamics for the
communities of viruses infecting single-celled eukaryotes. Given the centra role of these
plankton in global scale processes, our efforts result in a transformational step-forward regarding

the study of in Situ virus-host interactions.

3|I\/Ion|ruzzaman et al.


https://doi.org/10.1101/093716

bioRxiv preprint doi: https://doi.org/10.1101/093716; this version posted December 13, 2016. The copyright holder for this preprint (which was

58

59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77

78
79
80
81
82
83
84
85
86
87

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

I ntroduction

Viruses that infect marine microbes are an integral component of aguatic ecosystems, with a
diversity spectrum spanning the entire Baltimore classification scheme (1). The association of
viruses with global-scale biogeochemistry, algal bloom termination events, and their impact on
microbial community diversity has driven scientific research in virus ecology (2, 3). Amongst
these predators, giant dsDNA viruses belonging to the Nucleocytoplasmic Large DNA Virus
(NCLDV) group infect single-celled eukaryotes with diverse lifestyles (4) and are thought to be
abundant in the world’'s oceans (5). Individually some of these viruses have been shown to be
potential drivers of algal bloom collapse (6, 7). However, only afew NCLDV-host-systems with
established ecological relevance have been identified. As a specific example the environmental
hosts of the Mimiviridae, isolated using Acanthamoeba in the laboratory, are yet to be confirmed
(8).

Along with the NCLDVs, RNA viruses also comprise a major fraction of the marine
viroplankton, infecting organisms ranging from diatoms and dinoflagel lates to fish (9). However,
little is known about the ecology and host range of RNA viruses; the first RNA virus infecting a
marine single-celled eukaryote was only described in 2003 (10). In addition, recent evidence
suggests that a large number of novel ssDNA virus families possibly infect yet to be
characterized marine phytoplankton and zooplankton (11). Collectively, these observations
illustrate the strong need to develop in situ approaches that link the marine virosphere to their

hosts within the microbia eukaryotes.

The marine ecosystem consists of complex interactions among diverse organisms and their
viruses. While studying individual host-virus systems remain critical to understand the molecular
bass of interactions, studying the overall contribution of viruses in a dynamic network of
organisms is hindered by methodological limitations. Culture independent approaches to study
viruses, and especially viral communities, are challenging: “viromes’ — large metagenomic
datasets enriched with viral sequences, are usually generated by size exclusion (< 0.22 um) of
bacteria and small eukaryotes (2). This approach, however, largely removes the large virus
particles that can range from 100 nM to ~1.5 uM (8). Moreover, by targeting DNA, these
approaches examine only the presence of particles and not their activity. Additionally, RNA-
containing virus particles must be targeted separately from DNA viruses, since common methods
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88 for virus enumeration (usng dsDNA intercalating stains) and DNA-based metagenomics
89 approaches cannot detect them (12). Consequently, there is a need for new toolsets to
90 complement the current approaches and yet overcome the aforementioned issues to provide a

91 more comprehensive picture of the viral dynamics

92 Here we examined metatranscriptomes from two highly productive marine sites on the east
93 coast of USA — Quantuck Bay, NY and Narragansett Bay, RIl. Quantuck Bay experiences
94  recurring ecosystem disruptive brown tide blooms caused by the pelagophyte Aureococcus
95 anophagefferens (13) which are shaped by a giant virus (AaV) (14, 15). Narragansett Bay is a
96 highly productive system with seasonal diatom blooms, but a poorly described eukaryotic virus
97 community. By employing selection for polyadenylation prior to sequencing, we were able to
98 focus on active virus infections within eukaryotes. By using time-series data, we were able to
99 capture emergent relationships of putative virus-host pairings and their ecological dynamics.
100 This approach also allowed us characterize viruses actively infecting eukaryotes with diverse
101 nucleic acid genomes (ssDNA, ssRNA and dsRNA).

102
103 Resultsand discussion
104  Temporal dynamics of active giant virusinfections

105 To identify NCLDVs, we screened contig libraries generated at each study site for ten
106  conserved NCLDV core genes (16). Reads from individual samples were mapped to the core
107  gene contigs followed by library size normalization. At both sites, numerous contigs originating
108 from NCLDV-specific Major Capsid Protein (MCP) were identified (Fig. 1). The abundance of
109 reads mapped to MCP contigs was higher than the sum of mapped reads to all other NCLDV
110  core gene contigs (Fig. 1) for al samples except QB-S3, confirming efforts suggesting MCP isa
111  suitable marker for NCLDV diversity (Moniruzzaman et al. 2016) and that the MCP gene is
112  highly expressed (17). Only distant homologs of MCP are present in Poxviridae (16) and there
113  areno homologs in recently discovered Pandora- and Pithoviruses (8): to this end the ubiquity of
114  thisgenein al other NCLDV families makes it an excellent candidate for phylogenetic probing

115  of metatranscriptomics data.
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116 We placed the MCP contigs on a reference phylogenetic tree and studied their relative
117  expression levels in terms of a metric that we defined as ‘rarefied counts per kilobase' (RCK)
118 (details in Materials and methods). Phylogenetic placement of the contigs demonstrated that
119 NCLDV members from Mimiviridae and Phycodnaviridae were consistently present in both
120 Quantuck Bay and Narragansett Bay. At both sites the highest number of contigs fell within the
121 Mimiviridae family, followed by Phycodnaviridae (Fig. 2). A large number of contigs had strong
122  phylogenetic affinity to AaV as well as other alga-infecting members of the Mimiviridae clade.
123  Their presence and relative abundance in these field surveys demonstrate the Mimiviridae are an
124 important component of the marine virosphere and are as active as the better-studied

125 Phycodnaviridae group.

126 Brown tide bloom samples collected on June 14 (QB-S1) and June 16 (QB-S2) represented the
127  bloom peak with an Aureococcus count of ~2.28 x 10° cellsmL and ~2.23 x 10° cells/mL,
128  respectively. The third sample, collected on June 22, represented the early stage of bloom
129  demise, with an Aureococcus count of ~1.91 x 10° cells/mL. We detected a persistent infection
130 of A. anophagefferens by AaV across this sampling period. High stringency (similarity > 97%)
131  mapping of reads to the genome identified 1,368 and 604 reads that could be assigned to peak
132  bloom samples QB-S1 and S2, respectively, after library size normalization, while 236 reads
133  were mapped to the QB-S3 sample taken during bloom decline (Fig. S1). Across the entire
134  genome, 15 AaV transcripts had more than 10 reads. roughly two thirds of these transcripts have
135 no similarity to genes with currently known functions (ORFans) (Dataset S1). Highly expressed
136 ORFans have aso been recorded for Mimivirus: 17 of the top 20 most highly expressed genes
137  were hypotheticals (17). These observations suggest these genes are active during infection by
138 AaV and other NCLDVs, and represent important targets for future studies. Notably, the AaVv
139  MCP was among the most highly expressed functional genes, with 121 total reads mapped to this
140  gene across the three in situ samples from Quantuck Bay. Both total reads mapped across the
141 AaV genome (Fig. S1) and specifically to MCP gene (Fig. 2A) progressively declined
142  throughout the sampling period, with the lowest number of reads mapped from S3. It may be that
143  AaV activity was present, but reduced during the bloom decline stage - an observation that is
144  supported by a recent study where Aav amplicons were only detected during the peak of the
145  bloom (18). Overall these data reinforce the utility of MCP as a marker, since the MCP dynamics

146  were consistent with data derived from the full AaV genomic analysis (Figure 2).
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147 With five in situ samples over a period of approximately four weeks (Table S1), data from
148 Narragansett Bay allowed us to observe the temporal dynamics of the NCLDV's. Some members
149 from Phycodna- and Mimiviridae clades showed persistent evidence of infection over a
150 prolonged period, while ‘boom-bust’ like relationships (4) were possibly present for other
151 members (Fig. 2B). For example, a number of MCP contigs were consistently expressed (within
152 an order magnitude) between samples across time points (e.g., blue arrows in Fig. 2B), an
153 observation supporting the presence of infected hosts. While this scenario is consistent with a
154  ‘dow-and-steady’ infection dynamic (19), it can also be explained by persistent infections of the
155 plankton — where ongoing virus production does not necessarily lead to host (or at least total
156  community) mortality (20). The expression of other phylogenetically distinct markers, however,
157  reflected a‘boom-and-bust’ like scenario (19), with the expression varying across several orders
158 of magnitude between time points. One striking example of such putative ‘boom-and-bust’
159  scenario was a contig in the non-algal Mimiviridae family, where expression decreased by two

160 orders of magnitudes from May 16 to May 21 and May 30 (Fig. 2B, red arrow).
161
162 Virusesinfecting single-celled eukaryotes beyond the NCLDVs

163 The marine virosphere is not limited to dsDNA viruses, as viruses containing all nucleic acid
164  types (ss- and dsRNA as well as ssDNA) that infect marine single-celled eukaryotes have been
165 described (9, 11). We extended our approach to detect the contigs that potentially originated
166 from diverse RNA and DNA viruses other than NCLDVs. RNA viruses have a diverse size
167 range, with Picornavirales particles as small as ~25-30 nm (21). Our sample collection method
168 (Material and Methods) allowed detection of both ongoing virus infection (for DNA and RNA
169 viruses) and cell-surface associated RNA viruses. It is important to mention that some (+)
170  ssRNA viruses have poly-A tailed genomes (e.g., Picorna- and Togaviruses) even outside the
171 host (22). Therefore, owing to their nature, the (+) ssRNA vira diversity captured by this
172  approach might reflect both actively replicating and surface bound viruses.

173 Within our analyses, 579 and 599 contigs from Quantuck Bay and Narragansett Bay,
174  respectively, were assigned to viruses other than NCLDVs. The mgority of these contigs
175 originated from (+) ssSRNA viruses, with the main contributors coming from a yet unclassified
176  group of virusesin the Picornavirales order (23). Unclassified Picornavirales contigs represented
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177 62% of the total non-NCLDV vira contigs for Quantuck Bay and 74% of this group for
178 Narragansett Bay. Marine Picornavirales have been shown to infect diatoms (e.g., Chaetoceros
179 sp., Asterionellopsis glacialis and Rhizosolenia setigera) (9) and a marine fungoid protit,
180 Aurantiotrychium (24). The closest phylogenetic relative of this group is Marnaviridae, which
181 currently have only one member — HaRNAYV, that infects the marine raphidophyte Heterosigma
182  akashiwo (10). The second major group of (+) sSRNA viruses belonged to Dicistroviridae
183  family, with 90 and 36 contigs from Quantuck Bay and Narragansett Bay, respectively (Fig. 3).
184  Interestingly, the only dsRNA viruses detected in both locations were similar to viruses in the
185 Totiviridae, Partitiviridae and Hypoviridae family, which are al known viruses of fungi (21).
186 These viruses may be infecting fungi that are parasitic on algae, as have been proposed recently
187  for samples collected in the Laurentian Great Lakes (25). While some ssDNA virus contigs from
188 Quantuck Bay clustered with the Nanoviridae family, others from both locations did not form
189 any definitive cluster with known circular DNA viruses, thus potentially representing previously
190  undescribed circular DNA virus groups in the ocean (Fig. S2). No (—) ssRNA viral contigs were
191  detected.

192 To assess how the activity of virus groups changed over time, we measured the proportion of
193 readsthat mapped to different virus groups for each library. In Narragansett Bay, the majority of
194  the virus reads originated from the unclassified marine Picornavirales and the Dicistroviridae,
195 Secoviridae and Picornaviridae families across all the time points (Fig. S3). The unclassified
196 marine Picornavirales group recruited from ~68% (NB-S1) to ~98% (NB-S5) of the non-
197 NCLDV vira reads (Fig. S3). In Quantuck Bay, reads from both unclassified marine
198 Picornavirales and ssDNA viruses dominated libraries during the first two time points (Fig. $4).
199 However, a shift in the proportional abundance of virus reads was observed on the third day
200 (QB-S3), when the unclassified marine Picornavirales became dominant (93% of the non-
201 NCLDV virus transcripts, Fig. $4). Overal, 2.4% of the entire QB-S3 library (~4.3 million
202  fragments) mapped to these unclassified Picornavirales, relative to 0.043% and 0.027% of reads
203 for QB-S1 and QB-S2, respectively. This indicated a striking increase, concordant with the
204  decline of the brown tide bloom. In parale nutrient amended samples derived from water
205 collected on the same date as QB-S3, the unclassified Picornavirales transcripts also increased
206 by an order of magnitude relative to QB-S1 and QB-S2 (Data not shown) validating the increase
207 in vira reads in QB-S3. Phylogenetic analysis confirmed these ssRNA viral contigs were
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208 consistent with the unclassified Picornavirales group (Fig. 3A). Aureococcus blooms are not
209  mono-specific — they include diatoms, dinoflagellates and high densities (~10* cells/ml) of
210 heterotrophic protists (26). The striking increase in the unclassified Picornavirales could be
211 related to infection of a host that co-occurs with Aureococcus and the potential shift in
212 competition that might occur during Aureococcus bloom decline. These observations suggest a
213  broad ecological role for viral infection during phytoplankton bloom decline, which would not
214  have been resolved with targeted studies of AaV or metagenomic approaches. Taken together,
215  the apparent dynamics and abundance of this unclassified Picornavirales suggest this group is a
216 maor component of the marine virioplankton, and strengthens previous observations that the
217  Picornavirales phylogenetically distinct from the established families can be dominant members
218 in different marine environments (12, 27). Owing to their small size, detection and
219 quantification of RNA viruses and ssDNA viruses pose significant technical challenges (27). Our
220  results, however, clearly point to the power of screening metatranscriptomes for the simultaneous

221  anaysis of the dynamics of alarge cross-section DNA and RNA viruses.

222 Eighteen of the assembled contigs (9 from each site) were >7,000 bp and had best hits to
223  different Picornavirales members. Phylogenetic analysis based on the RNA-dependent RNA
224 polymerase (RdRp) gene and feature analysis of existing (+) ssRNA virus genomes suggested
225 that these contigs are complete or near-complete Picornavirales genomes (Fig. 4). Sixteen of
226  these genomes were dicistronic — they harbored two ORFs coding for structural and non-
227  structural proteins, while the remaining 2 were monocistronic (Fig. 4), revealing differences in
228 genome architecture among group members (Fig. 4). Remarkably, one virus (N_001) had a
229 reverse orientation of the genes with the first ORF encoding for the structural protein, which is
230 unusual for dicistronic Picornavirales (28). In addition, a glycosyl transferase domain was found
231 inN_137 (Fig. 4). To our knowledge, the presence of glycosyltransferase domains has only been
232 reported in members of the Endornaviridae family dsRNA viruses (29).

233 We also tracked the dynamics of these de novo assembled genomes by mapping the data
234  collected over spatiotemporal gradients. All the (+) sSRNA virus genomes from Quantuck Bay
235 samples showed higher relative expression during bloom decline (QB-S3) compared to the time
236  points corresponding to the bloom peak (Fig. 4, pane C). N_001, a candidate virus from
237  Narragansett Bay, was not present in the first three time points. Its expression was only observed

238  during the fourth sampling point, which was followed by a dramatic increase during the last
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239  sampling point, when it recruited ~0.55% of the reads from the entire library (Fig. 4, panel C).
240 The closest known phylogenetic relative of N_ 001 is a virus infecting diatom Asterionellopss
241 glacialis (Fig. 4), suggesting the putative host may be a diatom. Narragansett Bay was
242  experiencing a spring diatom bloom during the sampling period with *“boom—bust” abundance
243  cycles in the reative abundance of putative diatom hosts (30), consistent with these observed
244 viral dynamics.

245
246  Whoisinfecting whom? Resolving virus-host r elationships using metatr anscriptomics

247 This study presented the opportunity to evaluate potential relationships among diverse single-
248  celled eukaryotes and their pathogens, with the established AaV-Aureococcus association acting
249  as a de facto internal standard. Transcripts from DNA viruses must originate within the host
250 cdls, and thereby for a particular host-virus pair, a significant and strong positive correlation is
251 to be expected for gene expression. Building on this idea, host gene expression of at least a
252  subset of the host’s genomeis a prerequisite to observe gene expression of a virus specific to that
253  host, as evidenced by transcriptomic landscape of host-virus dynamics in culture (17, 31) and
254  induced blooms in mesocosms (32). To expand our data, we also took advantage of concurrent
255 nutrient amendment studies in mesocosms (see Methods and Materials) which provided

256  additional samplesfor our analyses.

257 We inspected datistical co-occurrences among the contigs containing virus and eukaryote-
258  gpecific marker genes based on their expression patterns. Since the polyadenylated-selected
259 metatranscriptomes are largely depleted of ribosomal RNA marker genes, we employed
260 functional genes suitable for phylogenetic analysis. Expression of MCP (dsDNA NCLDVs),
261 RNA dependent RNA polymerase (RARP) (RNA viruses) and viral replicase (SSDNA viruses)
262 were compared to the functional eukaryotic marker gene RNA polymerase Il large subunit
263 (RPB1, Fig. Sb), a candidate gene to resolve the phylogenetic history of different eukaryotic
264  lineages (33, 34). Hierarchical clustering of a Pearson’s correlation matrix followed by
265 SIMPROF analysis (35) was used to detect statistically distinct clusters which contained both
266  virus and eukaryotic marker genes that could be classified into phylogenetic groups. This
267 analysis produced severa dsatistically distinct clusters harboring both viral and eukaryotic
268 contigs (Fig. 5). A single cluster (Fig. 5A(ii)) harbored both AaVv and Aureococcus, validating
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269 that established ecologically relevant relationships between viruses and their hosts can be
270  retrieved using this approach.

271 Close inspection revealed other interesting relationships among the coexisting eukaryotic and
272  vira components. Cluster A(ii), while containing both Aureococcus and AaV, also contained
273  another Mimiviridiae member, several ssDNA and (+) sSRNA viral contigs along with
274  eukaryotes belonging to prasinophyceae and pelagophyceae (Fig. 5). The possibility of
275  Aureococcus being infected by more than one virus type cannot be discounted (and indeed is
276  perhapslikely). Moreover, the potential for AaV to infect closely related pelagophytes remains a
277  possibility (although this has not been seen in lab studies) (36). One cluster, A(i), which
278 contained both a Phycodna- and a Mimiviridae member, aso included a RPB1 contig
279  phylogenetically placed in the Cercozoa group (Fig.5). Although no cercozoan host-NCLDV
280 pairs currently exist in culture, a recent study showed integration of NCLDV genes in the
281 genome of a cercozoan Bigelowella natans (37). This integrated NCLDV in the B. natans
282  genome potentially belongs to the Phycodnaviridae, as revealed by phylogenetic analysis of the
283 MCPgene

284 Similar clusters of phylogenetically distinct eukaryotes and viruses were also found in
285 Narragansett Bay. For example, cluster B(iii) contained a Mimiviridae and several ssRNA viral
286  contigs connected to choanomonada, stramenopile, diatom and dinoflagellate members (Fig. 5).
287 The mgority of the eukaryotic contigs belonged to diatoms and dinoflagellates in the
288 Narragansett Bay samples, which reflects the composition of single-celled eukaryotes in this site
289  (30). A large number of contigs having phylogenetic affinity to choanomonada were found in
290 both Quantuck Bay and Narragansett Bay locations and were represented in several of the
291  representative SIMPROF clusters (Fig. 5). While larger networks of viruses and eukaryotes also
292  existed, clusters with fewer members revealed more specific relationships. For example, cluster
293  B(xiv) contained one Mimiviridae, one jakobida (heterotrophic flagellate) and several diatom
294  contigs (Fig. 5). To date the obligate heterotrophs known to be infected by Mimiviridae members
295 are Cafeteria roenbergensis (38), Acanthamoeba (39) and Vermaamoeba spp (40). Additionally;
296  Cluster B(xviii) harbored a ssDNA virus, a stramenopile and a choanomonada member, while
297 cluster B(xxii) revealed a one-to-one relationship between a Mimiviridae and a dinoflagellate
298 (Fig. 5). Only one dinoflagellate — Heterocapsa circularisquama, has been shown to be infected
299 by aNCLDV (41), so this potential host-virus pair is of particular note. Cluster B(x) and B(xvii)
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300 consisted of Mimiviridae, diatoms and ssRNA viruses. No diatom is yet known to be infected by
301 aNCLDV, athough a large number of ssRNA vira contigs in our study are phylogenetically
302 closeto diatom-infecting RNA viruses in the unclassified marine picornavirales group (Fig. 3). A
303 number of clusters (e.g., B(xii)) were enriched with both ssRNA virus and diatom contigs.
304 These relationships between ssSRNA viruses and the eukaryotes needs to be interpreted with
305 caution, however, as these contigs might originate both from free virus particles and/or viruses
306  within hosts.

307 Severa clusters also contained fungal contigs along with other eukaryotes — pointing to the
308 possibility of broad parasitic relationships with phytoplankton and other single-celled
309 eukaryotes. The AaV-Aureococcus cluster A(ii) harbored a fungal contig and a Barnaviridae
310 member —avirus family with fungi as the only known hosts (Fig. 5) (21). Several other clusters,
311 eg., A(iii) and B(vii) also contained fungal contigs. While such observations are not definitive,
312 they point to the existence of parasitic relationships resulting in complicated ecological
313 interactions involving unicellular eukaryotes, fungi and fungal viruses in marine ecosystems
314 (Edger et al., 2016).

315 Increased sample resolution in the future will resolve more statistically robust relationships,
316  which can further narrow potential interacting partners. One limitation of reference independent
317 assembly of high throughput datais fragmented contigs originating from same transcript — which
318 isillustrated by two Aureococcus specific RPB1 contigs in cluster A(ii) that originated from a
319 single coding sequence. Increased sequencing, along with the continued development of
320 assembly tools will provide better resolution to these reationships. These limitations
321 notwithstanding, the analysis provides a ‘proof-of-principle’ for inferring the complex
322 relationships among diverse unicellular eukaryotes and their viruses using metatranscriptome
323 data

324
325 Concluson:

326 In this study we demonstrate how metatranscriptomics can provide a unigue view of the marine
327  virosphere by simultaneously detecting multiple viral infections across the landscape of the
328 eukaryotic plankton within an ecosystem setting. This effort can largely overcome previous

329 technical limitations involved in the study of different viral groups, owing to their size range and
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genome type, within the same sample. In the last two decades we have learned much regarding
the diversity and dynamics of the phages in the ocean, but the eukaryotic virosphere has
remained elusive, with little known about who is infecting whom in the environment (42). As
demonstrated in our study, analyzing the vast weath of information captured by
metatranscriptomics, in a statistical framework, can be an important step towards answering this

vital question.
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347 Materialsand Methods:
348
349 Experimental design

350 Quantuck Bay: Samples were collected from a brown tide bloom in Quantuck Bay (Latitude =
351 40.806395; Longitude = -72.621002), NY that occurred from late May to early July, 2011,
352  covering theinitiation, peak and demise of the bloom. Samples collected on June 14 (BT-S1) and
353 June 16 (BT-S2) represented the peak of the bloom, while sample collected on June 22 (BT-S3)
354 represented the initial phase of bloom decline. Aureococcus cells were counted from
355 glutaraldehyde (1% fina wv/v) fixed whole water samples using an enzyme-linked
356 immunosorbent assay (ELISA) with a monoclonal antibody as described previously (43). In situ
357  samples from June 22™ (3rd sampling point) was also used to carry out nutrient amendment
358 experiments. Briefly, bottles were filled with natural sea water from the bloom and were
359 amended with 25 pM ammonium only (+N), 4 uM phosphate only (+P), and 25 puM ammonium
360 and 4 uM phosphate (+N&P) in triplicate. Three additional bottles with no nutrient addition were
361 used as control. The samples were then incubated for 24 hours in a floating chamber at 0.5 min
362 eastern Shinnecock Bay at the Stony Brook - Southampton Marine Science Center under one
363 layer of neutral density cover to mimic the light and temperature levels of Quantuck Bay.
364  Samples for Aureococcus cell density measurement and total RNA extraction were collected at
365 T=0 and T=24 hours. Approximately 25 ml of natural seawater from each of the in situ and
366 nutrient amendment samples were pre-filtered through 5 pum polycarbonate (PC) filters and
367 collected on 0.2 um PC filters. The samples were flash frozen immediately after filtration and
368 transferred to -80° C. Prior RNA extraction, CTAB buffer (Teknova, CA, USA) amended by
369  polyvinylpyrrolidone (1% mass/vol) was added to each of the samples.

370

371 Narragansett Bay: The details sampling procedure is described in Alexander et a (30).
372  Briefly, samples were collected from a long term sampling site in Narragansett Bay (41°34'12"
373 N, 71°23'24" W) during 2012 on May 16 (NB-S1), May 21 (NB-S2), May 30 (NB-S3), June 4
374  (NB-$4) and June 8 (NB-S5). Sample collection and processing was completed within 0830 and
375 0900 local time to reduce the influence of diel signals. 2.0 L of water from each sample was

376 filtered on 5.0-um pore size PC filters using a peristaltic pump. The filters were snap frozen in
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377  liquid nitrogen and stored at -80° C until RNA extraction. Water collected along with NB-S3 was
378  also used for nutrient amendment experiments. For this, triplicate 2.5L bottles were filled with
379  water pre-filtered through a 200-pum mesh and amended with specific nutrients to create +N, +P,
380 -N, -P treatments alongside an ambient control. The +N and +P treatments were designed to
381 eiminate nitrogen and phosphate stress signals, whereas the —N and —P treatments were designed
382 to drive the treatments towards each limitation respectively by skewing the nutrient ratios
383 (Alexander et al., 2015). N and P amendment concentrations were ~10-fold the seasonal average
384 N and P concentrations measured at the station Il in the surface waters of Narragansett Bay. The
385 +P and +N amendment contained 3 UM phosphate and 10 uM nitrate, respectively. The —P
386 amendment contained 10 uM nitrate, 68 UM silica, 4.6 UM iron and f/5 vitamins. The —N
387 treatment was amended with 3 uM phosphate, 68 UM silica, 4.6 UM iron and f/5 vitamins. The
388 /5 media ratios (44) were followed for silica, iron and vitamin amendments. Bottles were
389 incubated for 48 hours in a flow-through incubator at ambient temperature and
390 photosynthetically active radiation. After the end of the incubation, treated and control samples

391 werefiltered and stored for RNA extraction in the same manner for thein situ samples.
392
393 RNA extraction and sequencing:

394  Quantuck Bay samples were extracted using the UltraClean® Plant RNA Isolation Kit (MO BIO
395 Laboratories, CA, USA) according to manufacturer’s protocol. RNA samples were quantified
396  spectrophotometrically and were sequenced in the Columbia Sequencing Center (NY, USA)
397 using Illumina™ HiSeq™ platform with poly-A enrichment at a depth of ~50 million 100bp
398 single end reads. Two more replicate samples were sequenced from June 22 (QB-S3) at a depth
399  of 100 million reads. For the present study, these biological replicates from QB-S3 were pooled
400 together prior to further analysis. The field sequence data reported in this paper have been
401 deposited in the National Center for Biotechnology Information Sequence Read Archive,
402  www.nchi.nlm.nih.gov/sra (Narraganset Bay accession no. SRP055134; Quantuck Bay accession
403 no. SRPO72764).

404 For Narragansett Bay, replicate filters from each treatment and in situ samples were pooled,
405 representing 6 L of water for each sample. RNA was extracted using RNeasy Mini Kit (Qiagen,
406  Hilden, Germany) according to a modified yeast RNA extraction protocol. Briefly, lysis buffer
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407 and RNA-clean zircon beads were added to the filter. Samples were then vortexed for 1 min,
408 placed onicefor 30 s, and then vortexed again for 1 min. The resulting RNA was eluted in water
409 and possible DNA contamination was removed using a TURBO DNA-free Kit (Thermo Fisher
410 Scientific, MA, USA). RNA from each triplicate was pooled by sample or treatment. >1,000 ng
411  RNA from each sample then went through a poly-A selection using oligo-dT beads followed by
412  library preparation with TruSeq RNA Prep Kit (lllumina, CA, USA). The samples were
413  sequenced with an Illumina™ HiSeq2000™ at the Columbia University Genome Center to
414  produce ~60 million; 100bp paired-end reads per sample.

415 Read assembly and screening for virus and eukar yote specific contigs:

416 Sequence reads from both locations were quality trimmed (stringent trimming (quality score
417 <0.03), No ‘N’s allowed, 70bp size cutoff) in CLC genomics workbench 8.0 (Qiagen, Hilden,
418 Germany). The datafrom all the Quantuck Bay samples were combined and assembled together,
419 and a smilar assembly procedure was also followed for the Narragansett Bay specific samples.
420 Thisresulted in 2,455,926 contigs for Quantuck Bay and 9,525,233 contigs for Narragansett Bay
421  at a100bp size cut-off.

422 For selecting contigs specific to Mg or Capsid proteins of NCLDV, aHMM profile was created
423  after aligning the MCP sequences from complete giant virus genomes and several reported MCP
424  genes availablein NCBI. The HMM profile was queried against the transated contig libraries to
425  select the putative MCP candidate contigs using HMMER (45). For selecting eukaryotic RPB1
426  contigs, HMM profile specific to domain “RPB1-C-term (NCBI CDD ID: cd02584)” and
427  “RPB1-N-term (NCBI CDD ID: cd02733)” was used to query the contig libraries. All the MCP
428 and RPB1 candidate contigs detected in this manner were queried against NCBI Refseq database
429  and only contigs with first BLASTX hits (e-value cut-off <10°®) to MCP and RPB1 were kept for
430 further analysis.

431 To detect contigs originating from viruses other than NCLDV's, we combined the proteins
432  derived from all the viruses having algal, fungal and protozan hosts available on NCBI database.
433  This protein database was queried against the contig libraries using tBLASTn with an e-value
434 cut-off of <10°. All the candidate contigs screened by this procedure were then queried against
435 NCBI Refseq database using BLASTx. Only contigs having topmost hits to different viruses
436  were kept for further analysis. All these contigs had best hits to diverse eukaryotic viruses- no
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437  hits to prokaryotic viruses were detected. This is probably due to the fact that the samples were
438  poly-A selected prior to sequencing. These virus contigs were binned into distinct viral groups
439  according to their best BLASTX hits. Percentage of reads recruited to individual viral groups was
440 calculated for determining proportional abundance of different viral groups over different time
441  points. For detailed phylogenetic analysis of ssSRNA and ssDNA viruses, subset of these contigs
442  harboring RARP (pfam id: PF05183) and viral replicase (pfam: PFO3090) motif were selected
443  using HMM profile specific to these motifs.

445 Genomic and phylogenetic analysis:

446 Reference sequences for MCP (giant viruses), RARP (RNA viruses), viral replicase (sSDNA
447  virus) and RPB1 (eukaryotes) were downloaded from NCBI Refseq database. A number of
448 RPB1 sequences representing several eukaryotic groups were also collected from Marine
449  Microbial Eukaryotes Transcriptome Sequencing Project (MMETSP) (46) peptide collections,
450 for which no representative genomes are available. The reference sequences were aligned in
451 MEGA 6.0 (47). Maximum likelihood phylogenetic trees were constructed in PhyML (48) with
452 LG model, gamma shape parameter and frequency type estimated from the data. aLRT SH-like
453  statistic was calculated for branch support. The eukaryotic classification scheme by Adl et al.
454  (49) was followed. Selected contigs were translated to amino acid sequences and were placed on
455  the reference trees in a maximum likelihood framework using pplacer (50). The placement files
456  were converted to trees with pendant edges showing the best placement of the contigs using
457  ‘guppy’ tool of pplacer. The placement trees were visualized and annotated using iTOL interface
458  (51).

459 ORFs were predicted on the complete or near-complete Picornavirales genomes using CLC
460  genomic workbench 8.0 (www.clchbio.com). The genome annotation with predicted features was
461 assisted by pfam (52) and Conserved Domain Database (CDD) (53) search. The genomes are
462  submitted in the NCBI database under the accession numbers: KY 286099 - KY 286107 and
463  KY130489 - KY 130497.

464

465 Statistical analysis.
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Quality trimmed reads were mapped to the selected viral and eukaryotic contigs from
individual read libraries with high stringency (97% identify, 70% length fraction matching) in
CLC genomics workbench 8.0. The read mapping values were normalized by library size and
length and expressed as rarefied counts per kilobase (RCK). RCK values of viral and eukaryotic
contigs >225 base pairs were converted into matrices separately for Quantuck Bay and
Narragansett Bay datasets, which included mapping statistics from both in situ and nutrient
amendment libraries. Group averaged hierarchical clustering was performed on these matrices
using Pearson’s correlation coefficient in PRIMER 7.0. SIMPROF test (35) was applied on the
clusters with 5% significance level and 1000 permutations to identify statistically distinct
clusters. Selected clusters were visualized and annotated in Cytoscape 3.0 (54).
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612 Figuresand tables:

613 Figure 1. Abundance of 9 NCLDV core genesincluding major capsid protein (MCP) in terms of
614 normalized read counts and number of contigs recovered (up to 100bp length) from Quantuck
615 Bay (right panel) and Narragansett Bay (left panel). The box and whisker plots represent the
616 range of the contig lengths with number of contigs recovered for each gene in brackets. The
617 filled circles represent the rarefied abundances of each contig in each sample. No contigs could
618 be detected from myristolyated envelope protein, a core NCLDV gene. Major capsid protein
619 abundances are shown in red, while other core genes are presented in dark gray. Core genes are
620 indicated on the X-axes as follows. A) A32 virion packaging ATPase, B) VLFT3 like
621 transcription factor, C) Superfamily 1l helicase |1I, D) mRNA capping enzyme, E) D5
622 heicase/primase, F) Ribonucleotide reductase small subunit, G) RNA polymerase large subunit,
623 H) RNA polymerase small subunit, I) B-family DNA polymerase, J) Mgor capsid protein.

624

625  Figure2: Phylogenetic placement of major capsid protein contigs from A) Quantuck Bay and B)
626  Narragansett Bay on areference tree of NCLDV s with icosahedral capsids. Node support (aLRT-
627 SH satistic) >50% are shown as dark circles. Contigs upto 200bp are shown, with their
628 expression level (rarefied read counts per kilobase — RCK) in individual samples as a heatmap on
629 the outer rings. Notice that the placement trees contain both AaV reference sequence and the
630 contig originating from AaV (marked with a black arrow). The reference sequences are shown in
631 bold italic typeface. Abbreviations. MsV-Marseillevirs, LauV: Lausannevirus, Ws Irido:
632 Weisenia iridescent virus, SG Irido: Singapore Grouper iridescent virus, He Asco: Heliothis
633  virescens ascovirus, AsfV: Asfarvirus, EnV86: Emiliania huxleyi virus 86, HaV01: Heterosigma
634  akashiwo virus 01, PBCV1: Paramacium bursaria Chlorella virus 1, ATCV 1. Acanthocystis
635 turfacea Chlordla virus 1, BpV1: Bathycoccus parsinos virus 1, MpV12T: Micromonas pusilla
636 virus 12T, OlIV1: Ostreococcus lucimarinus virus 1, AaV: Aureococcus anophagefferens virus,
637 CeV: Chrysochromulina ericina virus, PpV: Phaeocystis pouchetii virus, PgV: Phaeocystis
638 globosa virus, PoV: Pyramimonas orientalis virus, Mega. Megavirus chilensis, Moumou:

639  Moumouvirus goulette, Mimi: Mimivirus, CroV: Cafeteria roenbergensis virus.

640
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641 Figure 3. Phylogenetic placement of (+)ssRNA virus contigs harboring RNA dependent RNA
642 polymerase (RARP) motifs from A) Quantuck Bay and B) Narragansett Bay on reference trees.
643 Node support (aLRT-SH statistic) >50% are shown as dark circles. Contigs up to 225bp are
644  shown, with their expression level (rarefied read counts per kilobase — RCK) in individua
645 samples as a heatmap on the outer rings. The reference sequences are shown in bold italic
646 typeface. Complete name and other details of the reference sequences are presented in
647  Supplementary Dataset 2.

648

649 Figure 4. Complete or near-complete Picornavirales genomes recovered from both Quantuck
650 Bay and Narragansett Bay study sites. Panel (A) shows the phylogenetic classification of these
651 contigs in a topology-only maximum likelihood tree, with contigs from Quantuck Bay having
652 prefix ‘Q_’ and contigs from Narragansett Bay having prefix ‘N_’. Panel (B) shows the genome
653  architecture of these contigs with protein domains and putative CDSs. Panel (C) shows the
654  expression level of these (rarefied read counts per kilobase — RCK) viruses in across different in

655  Situ samples.
656

657 Figure5: Representative SIMPROF clusters containing both viral and eukaryotic members from
658 A) Quantuck Bay and B) Narragansett Bay. Contigs are shown as nodes and the correlations as
659 the connecting edges. Phylogenetic classifications of the contigs are shown in the bottom panel.
660 Aureococcus anophagefferens (dark brown circles) and Aureococcus anophagefferens virus
661 (AaV) (bright yellow square) are in cluster A(ii).

24|I\/Ion|ruzzaman et al.


https://doi.org/10.1101/093716

Log,,(Rarefied Read Counts)

Logz(Contig length)

Log,(Contig length) NN D P P )

: 3§ § 32§ RS IFIFIFIT &FFFEE 55 g 8oz
S e 1 @ @ ® o @ o S @ O |

id i
@, — }—«(5) . . . ) . 1) @
e —(1] @) . . . (15 o |
) @ - e o,
) —1 (30) Q@ © o o o T+ |1
O m= (23 e 6 o o o 13— | &
Q| ~m an @ e ® (23 -

@’ — ] 23 ] - I
Y e = () ® o O (23) T | %,
7| IO (19 @ o o ° (29) 1 2
Yy | 1] (124) ’ . . o ‘ (46) T |4

(ii)


https://doi.org/10.1101/093716

Phylogenetic groups

i )
O Ascoviridae g

O Mimiviridae
O Phycodnaviridae
[ Iridoviridae

(8)

@ Asfarviridae
W Marseilleviridae



https://doi.org/10.1101/093716

Phylogenetic Groups

?» Picornavirales order
W W Marnaviridae
*

| Picornaviridae
P || Unclassified_marine
< “ || Secoviridae
e m Dicistroviridae
= ‘ m Iflaviridae

]

-

(A) (B) : Yy
'. * ‘F‘I";“’ [ .'
) sy (7¢
\, N . S .
%

Unclassified at order level
W Alvernaviridae

' W Barnaviridae
m Narnaviridae
= | |m Astroviridae_like
& y = =
b« W Nidovirales order
& m Tymovirales order
KN = Phylogenetic placement

unresolved

Log,,RCK

[
0 4.75


https://doi.org/10.1101/093716

3 Gene producing non-structural polyprotein B Glyco_tran_WhbsX (pfam:14307)

Hl 5 &3 UTR
PolyA tail

A B C
| Genome length (in Kilobase pairs) | Narragansett Bay ~Quantuck Bay |

731978896| CTENI 1 2 3 4 5 6 7 8 9 ol Al il
156563985| JPA o
Q019 e -_— W W I R AARAA] L]
406356607| RS01
186659440| CTENII
N_011 [ T . | WAARAR | . "
N_003 | — T e | | e —
NEGOT 1= G, o |
666669515| AST
N_013 [
Q_022 ——
N_039 | o
Q_041 -
Q020 [ [— ]
N_064 - - | N
156563988| JPB
N_080 oo - =) — — [
81294170| AUR
N3 | — o & ] LI
38707889 HAR
21426908| FMD
4584062| PTV
620656328| ENT
329583| HEP
(0525 pu— o — T | L
8100531| BQCV
6003485| TRT
14701765 TSV
Q_023 -
Q_042 L
N_008
8895507| CRPV
10121212| ABEE
Q011 [— ]
Q_036 I

Annotations LOG, (RCK)

Gene producing monocistronic mRNA W CRPV capsid (pfam:08762) B RdIRP_1 (pfam:00680) o T 475
Gene producing structural polyprotein B Dicistro_VP4 (pfam:11492) Rhv (pfam:00073) '

RNA Helicase (pfam:00910) o[l 4.75

= Peptidase_C3 (pfam:00548) I Peptidase_C3G (pfam:12381)


https://doi.org/10.1101/093716

xvii) xviii)
-

0%

Pearson correlation

I Phycodnaviridae [l Mimiviridae [] Aureococcus virus (AaV) /\ (+)ssRNAvirus W ssDNAvirus A dsRNA virus coefficient
@ N
2 NI &P 3 0.70
s o & 2 R g P @ F & &
> vid 2 & o & & & > & @ & &F & 8
CIEL T EPITI I T o & T TS
S K @ &L L& S § 9 ;
LFFIL IS TR L EF &S 2 & &L £ LSS F S
T &L S W@ S F YOS AR S SR P S
e M F®F T e P TS F S S P @ S

2 )
DOOOOODODNe 02,0 000000 ©0 0 ® 6FE O

Chromalveolata Excavata Opistho- Rhizaria Archaeplastida Others
konta

1.00


https://doi.org/10.1101/093716

