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ABSTRACT

Background

Viruses, the majority of which are uncultivated, are among the most abundant biological
entities on Earth. From altering microbial physiology to driving community dynamics,
viruses are fundamental members of microbiomes. While the number of studies
leveraging viral metagenomics (viromics) for studying uncultivated viruses is growing,
standards for viromics research are lacking. Viromics can utilize computational
discovery of viruses from total metagenomes of all community members (hereafter
metagenomes) or use physical separation of virus-specific fractions (hereafter viromes).
However, differences in the recovery and interpretation of viruses from metagenomes
and viromes obtained from the same samples remain understudied.

Results

Here, we compare viral communities from paired viromes and metagenomes obtained
from 60 diverse samples across human gut, soil, freshwater, and marine ecosystems.
Overall, viral communities obtained from viromes were more abundant and species rich
than those obtained from metagenomes, although there were some exceptions. Despite
this, metagenomes still contained many viral genomes not detected in viromes. We also
found notable differences in the predicted lytic state of viruses detected in viromes vs
metagenomes at the time of sequencing. Other forms of variation observed include
genome presence/absence, genome quality, and encoded protein content between
viromes and metagenomes, but the magnitude of these differences varied by
environment.

Conclusions

Overall, our results show that the choice of method can lead to differing interpretations
of viral community ecology. We suggest that the choice of whether to target a
metagenome or virome to study viral communities should be dependent on the
environmental context and ecological questions being asked. However, our overall
recommendation to researchers investigating viral ecology and evolution is to pair both
approaches to maximize their respective benefits.

KEYWORDS:
Virome, metagenome, viral ecology, differential abundance
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65 INTRODUCTION
66
67 Viruses exist in all known ecosystems and infect cells from all domains of life. As the
68 most abundant biological entity on Earth [1,2], viruses significantly impact the ecology
69 and evolution of their hosts [3,4], play pivotal roles in microbial community succession
70 [5], contribute to community-wide metabolic processes [6—8], and are a source of novel
71 therapies being used to combat a worldwide antimicrobial resistance crisis [9,10].
72 Advances in these areas have been enabled by large-scale investigations into entire
73 communities of viruses which have revealed tremendous amounts of previously
74 unknown virus diversity in human [11-13] and environmental [14-18] systems. Since
75 their hosts largely have not been isolated, these investigations have utilized viral
76 metagenomics (viromics) to examine thousands of viral genomes from DNA/RNA
77 sequence data extracted directly from host-associated and environmental samples.
78  While the number of studies using viromics has been growing in the past decade [18—
79  20], the sampling and analytical methods used vary greatly [20,21]. Although there have
80 recently been efforts to establish standards for analyzing viruses from sequence data
81 [19-21], standards in extraction methodologies are still largely lacking.
82
83 There are two ways to identify genomic sequences of viral communities. First, one can
84 sequence metagenomes of a mixed microbial community (hereafter metagenomes).
85 Second, virus-like particles (VLPs) can be separated from a sample to enrich for viral
86 community DNA prior to sequencing (hereafter viromes). Both methods involve
87 computational approaches to identify viral sequences after sequencing, but they each
88 have their own benefits and drawbacks. For instance, viromes do not offer the host
89 context that metagenomes can [22,23]. Thus, investigations into virus(Jhost
90 relationships can benefit from the use of metagenomes. On the other hand, predicting
91 virus'host relationships from metagenomes alone remains difficult and can often only
92 Dbe achieved for a fraction of viral genomes [22,23]. Furthermore, rare, low-abundance
93 viruses are diverse and have significant impacts on their communities [24—-26]. These
94  viruses are often not detected in metagenomes because viruses represent a small
95 fraction of the mixed community [27]. However, they are detectable in viromes because
96 viruses and other forms of protected environmental DNA represent the majority of
97 sequences in these samples [27,28]. It has also been argued that active viruses exist
98 mostly in an intracellular state and therefore metagenomes are more likely to be
99 appropriate to study viral communities [29,30]. However, the high rates of viral lysis and
100 virion production that have been widely observed [31] might suggest that sequences
101 captured in viromes could better reflect the active viral community. Overall, most studies
102  of viral ecology typically use either method depending on their scope and environmental
103 context.
104
105 Although most viral ecology studies have typically utlized either viromes or
106 metagenomes, only a few have leveraged both methods. For example, in an agricultural
107  soil ecosystem, the cumulative richness of viruses in viromes was orders of magnitude
108 greater than that of metagenomes [27]. In a seasonally anoxic freshwater lake, viromes
109 were richer in viruses than metagenomes [6] but the magnitude of this difference was
110  much smaller than that of the soil study. Viral community composition in the freshwater
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111 lake was also mostly influenced by sample type (viromes or metagenomes) [6], while
112  human gut viral communities were mostly influenced by the individual human host
113 rather than sample method [32]. These studies offer novel insights into the viral and
114  prokaryotic community composition of their respective ecosystems, but they remain to
115 Dbe synthesized together into a broader context of method application.

116

117 The few existing studies that leverage paired viromes and metagenomes have largely
118 paid attention to community-level differences in viruses assembled from each approach,
119 but it remains unknown whether or how this influences the interpretation of ecology and
120 evolution, and the abundance of viruses at the genome level. While differences in
121 genome contiguity and assembly quality between viromes and metagenomes have
122 been discussed [33,34], focused comparisons of viral genomes assembled from
123 viromes versus metagenomes are lacking. Similarly, since the gene content of viruses
124  can vary greatly both within and between populations [35-37], existing community-level
125 comparisons of viromes and metagenomes are unable to highlight any gene-level
126 differences between the two methods.

127

128 Here, we directly compare paired viromes and metagenomes from multiple samples
129 obtained from four different environments: a freshwater lake, the global oceans, the
130 human gut microbiome, and soil. After using the same, standardized analytical workflow
131 for every sample and across each environment, we compared viral sequence Yields,
132 genome presence/absence, viral genome quality, and virus gene differential abundance
133 between viromes and metagenomes. Last, we discuss the unique insights offered by
134 each approach and suggest when to apply viromes, metagenomes, or both methods
135 when studying viral communities in different environmental contexts.

136

137 METHODS

138

139 Data acquisition

140 In an effort to compare paired viromes and mixed community metagenomes from a
141 variety of environments, we obtained sequence reads from publicly available studies.
142  We searched for short-read collections that met the following criteria: (1) both viromes
143 and metagenomes must have been generated for the same biological samples, (2)
144  neither virome nor metagenome samples underwent whole-genome or multiple-
145 displacement amplification, and (3) metadata were available that allowed virome and
146 metagenome pairs originating from the same biological sample to be identified, or read
147  filenames made it otherwise clear.

148

149 Among the datasets that met the criteria, we chose collections of paired viromes and
150 metagenomes to represent four vastly different environments: a freshwater lake, marine
151  water columns from the global oceans, the human gut microbiome, and soil. Raw reads
152  from virome and metagenome libraries sequenced from water column samples of Lake
153 Mendota, Wisconsin, USA [6] were chosen to represent a freshwater environment.
154 Reads from soil samples of an agricultural field in Davis, California, USA [27] were
155 chosen to represent a soil environment. Fecal sample sequence reads of a cohort in
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156  Cork, Ireland [11] were chosen to represent human gut samples. Finally, reads from the
157 Tara Oceans database were obtained to represent marine samples [38,39].

158

159 Marine, soil, and human gut reads were obtained from NCBI GenBank [40] using
160  SRAtoolkit (hpc.nih.gov/apps/sratoolkit.ntml) from BioProjects PRJEB1787 (marine
161 metagenomes), PRJEB4419 (marine viromes), PRJIJNA545408 (soil viromes and
162 metagenomes) and PRIJNA646773 (human gut viromes and metagenomes). For the
163 Tara Oceans marine samples, we obtained reads for the <0.22 ym fractions of samples
164  for viromes and the 0.22-3.0 pm fractions for metagenomes (Figure 1A), and read
165 libraries were removed if there was no counterpart library available from the same
166 sample station and depth for the other size fraction. Freshwater virome and
167 metagenome reads were obtained directly by the first author of the study, and can also
168 be found at the JGI Genome Portal under Proposal ID 506328. For all environments, all
169 read libraries obtained were composed of paired-end lllumina reads. A detailed
170 description of the data sources for this study and relevant information can be found in
171  Supplementary Table 1.

172

173 Sequence read quality control and assembly

174  Freshwater samples were previously sequenced by the Department of Energy Joint
175 Genome Institute (DOE JGI) and thus sequence reads underwent quality control (QC)
176 and were assembled into contigs within the DOE JGI metagenome workflow [41]. To
177  reduce biases that could have been introduced by different QC and assembly methods,
178 read QC and metagenome assembly were performed following the same assembly
179 workflow with the same sequence of software (and versions), commands, and
180 parameters as JGI (Figure 1B). Briefly, raw reads from marine, soil, and human gut
181 samples underwent quality filtering and trimming with BBDuk and BBMap using
182  rqcfilter.sh which were then error-corrected with bbcms. Filtered, error-corrected reads
183  were split into separate mates and singletons using reformat.sh, and the resulting read
184  pairs were imported to metaSPAdes v3.13.0 [42] for assembly. Read lengths and counts
185 at each step of QC were obtained with readlen.sh from the BBTools suite
186 (sourceforge.net/projects/bbmap/) and assembly statistics were obtained for samples
187 from all environments using metaQUAST v5.2.0 [43] which were parsed in R [44] and
188 plotted using ggplot2 [45] to generate Figure 2.

189

190 Virus identification, mapping, binning, quality assessment, and taxonomic
191 assignment with ViwWrap

192  For every sample, ViWrap v1.2.1 [46] was run (Figure 1B) with the assembled sample
193 contigs and filtered reads using the parameter “--identify_method vb” to only use
194  VIBRANT v1.2.1 [47] to identify viral contigs, as well as the options “--input_length_limit
195 10000" and *“--reads_mapping_identity cutoff 0.90” to adhere to established
196 recommended minimum requirements for virus detection [20]. In accordance with these
197 standards for virus detection, only viral contigs of at least 10 kb were retained for
198 downstream analyses. After using VIBRANT to identify viral contigs, ViwWrap mapped
199 reads to the input assembly using Bowtie2 v2.4.5 [48]. Read recruitment to all
200 assembled contigs at least 10 kb was calculated using SAMtools v1.17 [49] using the
201 read mapping files generated by Bowtie2. Read recruitment statistics were then filtered
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202 to only include the viral contigs with a length of at least 10 kb identified by VIBRANT.
203 Additionally, ViWrap used the resulting coverage files to bin viral contigs into VMAGs
204  with vRhyme v1.1.0 [50].

205

206 In this study, both binned viral contigs and unbinned singletons are together referred to
207 as VMAGs. The gquality, completeness, and redundancy of the resulting VMAGs were
208 assessed with CheckV v1.0.1 [51] by ViWrap. ViWrap then grouped vVMAGs within
209 samples into genus-level clusters with vConTACT2 v0.11.0 [52] and then into species-
210 level clusters with dRep v3.4.0 [53]. ViWrap assigned taxonomy to VMAGs by aligning
211  proteins with DIAMOND v2.0.15 [54] to NCBI RefSeq viral proteins [55], the VOG HMM
212 database v97 [56], and IMG/VR v4.1 high-quality vOTU representative proteins [57].
213 Summary statistics on the number of viral contigs, read recruitment, vMAGS, taxonomy,
214 and genome quality gathered by Viwrap for each sample were parsed in R and plotted
215 using ggplot2 to generate Figure 2, Figure S2, Figure S3, and Figure S4.

216

217  Predicting the lytic state of vMAGs

218 ViWrap provides a prediction of the lytic state for all vVMAGs it identifies [46], i.e.,
219 whether a VMAG is likely to represent a lytic virus, a lysogenic virus, an integrated
220 prophage flanked with cellular DNA, or not determined. ViWrap makes these
221 determinations based on a combination of annotation results from VIBRANT and
222  binning results from vRhyme. Possible predictions by ViWrap include “lytic scaffold”,
223  “lytic virus”, “lysogenic scaffold”, “lysogenic virus”, and “integrated prophage”. ViWrap
224  handles instances when vRhyme bins multiple integrated prophage sequences or lytic
225 and integrated prophage sequences together by splitting the vVMAG back into individual
226  scaffolds to avoid retaining potentially contaminated bins (see
227  github.com/AnantharamanLab/ViWrap). Furthermore, the distinction made by ViWrap
228 between “scaffold” and “virus” depends on the genomic context of the contigs in a
229 VvMAG [50] and the estimated completion of a VMAG [51]. Here, we simplified these
230 predictions using a custom python script and did not distinguish between predictions on
231 the "virus” or “scaffold” level and used the results predicted by ViWrap to label vMAGs
232  as “Iytic”, “lysogenic”, or “integrated prophage”.

233

234 VvMAG presence/absence analysis

235 Although ViWrap employed dRep to dereplicate VMAGs into species-level clusters at
236  95% ANI within samples, species representative VMAGs were still redundant between
237 samples after running ViWrap on each. To dereplicate VMAGs across all samples, an
238 additional ANI-based approach was taken. Redundant vMAGs from each sample were
239 gathered and dereplicated using dRep v3.4.3 [53] with a minimum genome length of 10
240 kb in addition to the options “-pa 0.8 -sa 0.95 -nc 0.85” to set the ANI thresholds for
241 primary and secondary clusters to 80% and 95%, respectively, and to require a
242  minimum covered fraction of 85%, as recommended by established benchmarks for
243  viral community analyses [20]. The parameters “-comW 0 -conW 0 -strWW 0 -N50W O -
244  sizeW 1 -centW 0" were also used when running dRep so the resulting species
245  representative VMAGs were simply the largest vVMAGS in each cluster.

246
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247 Bowtie2 mapping indices were created from fasta files containing all representative
248 VMAGs from each environment, separately, to be used in competitive alignments. For
249 each environment, filtered reads from every sample were separately mapped to the
250 environment’'s mapping index using Bowtie2 v2.5.1 with default parameters to perform
251 an end-to-end alignment and report single best matches at a minimum of 90% identity.
252  The resulting alignment files were sorted and indexed using SAMtools v1.17 [49].
253 Sorted and indexed files were used with CoverM v0.6.1 (github.com/wwood/CoverM) to
254  obtain covered fraction (genome breadth) statistics at the vMAG level for reads mapping
255  with at least 90% identity. A minimum breadth threshold of 75% was used to establish
256 the detection of a VMAG in each read sample in accordance with previously established
257 recommendations [20]. Lists of unique representative VMAG IDs determined to be
258 present in samples in this way were used to generate Figure 3 and Figure S4 with the R
259 package eulerr (CRAN.R-project.org/package=eulerr) [58,59]. Labels for Figure 3 were
260 manually edited for clarity.

261

262  Virus genome assembly comparison

263 To address a preexisting notion that metagenomes typically result in truncated or less-
264 complete viral genome assemblies than viromes [21,27,60], we identified VMAGs
265 shared between viromes and metagenomes. Using our previously generated dRep
266 results, we identified pairs of vMAGs that met the following criteria: (1) one VMAG was
267 assembled from a virome and the other a metagenome, (2) each vVMAG in the pair was
268 placed in the same species-level cluster, (3) both VMAGs were assembled from the
269 same sample source, (4) the virome-assembled VMAG was a single contig and
270 predicted by CheckV to be complete, and (5) the metagenome-assembled VMAG was
271 predicted by CheckV to be incomplete.

272

273 A single pair was chosen among the resulting candidates based on their respective
274  lengths. Each genome was then subjected to noncompetitive mapping of filtered reads
275 from the virome and metagenome of the same sample source. This resulted in four read
276 mapping files: virome reads mapped to the virome-assembled VMAG, virome reads
277 mapped to the metagenome-assembled VMAG, metagenome reads mapped to the
278 virome-assembled VMAG, and metagenome reads mapped to the metagenome-
279 assembled VMAG. For each file, the read depths d at each genome position were
280 obtained using SAMtools v1.17 [49] with the option “depth”, and then logio normalized
281 by the total number of reads in the sample n in hundreds of millions to obtain a
282 normalized read depth.

283

normalized read depth = log, (n-10%)

284

285 The two VMAGs were aligned using Mauve [61] and BLASTn v2.5.0 from the BLAST+
286 suite [62] to identify regions in the virome-assembled genome that were missing from
287 the metagenome-assembled genome, as well as gaps and alternate sequences. This
288 revealed the metagenome-assembled VMAG in the pair to be on the opposite strand as
289 the virome-assembled VMAG, so downstream analyses of this vVMAG were performed
290 on its reverse-complement. Finally, each vVMAG in the chosen pair was reannotated for
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291 gene predictions and function using Pharokka v1.4.1 [63] with default settings. The
292 resulting read depths by genome position and unassembled regions were plotted using
293 ggplot2 and arrows representing gene prediction coordinates were added with gggenes
294 v0.5.1 (wilkox.org/gggenes) to generate Figure 4. Highlighted regions and coloring for a
295 selection of genes of interest were added manually to Figure 4.

296

297 Differential abundance of viral proteins

298 We sought to identify protein-coding viral genes that were differentially abundant across
299 virome and metagenome assemblies. For each environment (both viromes and
300 metagenomes), we combined all nucleotide sequences of protein-coding genes
301 predicted by Prodigal [64] that were encoded on viral contigs >10 kb identified by
302 VIBRANT into a database of redundant gene sequences. These databases were then
303 dereplicated, separately by environment, using MMseqs2 v14.7e284 [65]. We used the
304 command “mmseqs easy-search” to estimate pairwise average nucleotide identities
305 (ANI) for all genes in each database, with parameters “--min-seq-id 0.95 -c 0.80 —cov-
306 mode 1” to only retain alignments with minimum ANI of 0.95 and a minimum aligned
307 fraction to the target sequence of 0.80. A clustered graph was generated from the
308 pairwise ANI estimates using mcl with mcxload v14-137 [66] to obtain gene clusters,
309 and the longest gene within each cluster was chosen to be the cluster’s dereplicated
310 representative. Bowtie2 mapping indices were separately generated from the four
311 databases of dereplicated gene representatives of each environment. For each
312 environment, filtered reads from all samples were mapped to the Bowtie2 index of
313 dereplicated genes corresponding to the same environment, using the same
314 parameters and filtering steps as in the vYMAG presence/absence analysis above.

315

316 Tables of raw mapped read counts for each dereplicated gene representative were
317 obtained for each environment using CoverM. These tables were used to build negative
318 hbinomial generalized models of gene counts with DESeq2 [67] to infer genes that were
319 differentially abundant across viromes and metagenomes for each environment,
320 separately. The extraction method (virome or metagenome) and sample source were
321 included as factors in the models for each environment, and the DESeq2 workflow
322 employed Wald tests to compare the counts between viromes and metagenomes. For
323 each test, the resulting log, fold changes reported by DESeq2 were shrunken using the
324  function “IfcShrink” with adaptive Student's t prior shrinkage estimators. We used a
325 false-discovery rate adjusted P-value cutoff of 0.05 for the Wald test results as well as a
326  minimum shrunken log, fold change of 0.58 (corresponding to a minimum fold change
327 of 1.5) as requirements to determine if a given gene was enriched in either virome or
328 metagenome samples of a given environment. The results were visualized using
329 ggplot2 to generate Figure 5A.

330

331 PHROG [68] functional predictions for all dereplicated gene representatives were
332 obtained by running Pharokka v1.4.1 [60] on each dereplicated gene database. The
333 resulting PHROG annotations and functional categories were mapped back to the
334 DESeq?2 significant genes to obtain the presence of PHROG functional categories in
335 each enrichment (virome or metagenome). The relative abundance of PHROG
336 categories among all genes in each enrichment group was calculated and plotted with
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ggplot2 to generate Figure 5B. To assess the over- or underrepresentation of any
PHROG category within either enrichment group, we performed hypergeometric tests
on the genes assigned to each enrichment group for every environment, separately,
using the function “phyper” from the stats R package [44]. The resulting P-values were
false-discovery rate adjusted, and significant results were plotted using ggplot2 to

generate Figure 5C.
RESULTS

Table A gy sample

Total fraction

Filtered sample L

>0.22 pm fraction
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B
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Figure 1. Sampling and analytical approaches used to generate metagenomes, viromes, and vMAGSs.
(A) Overview of sampling approaches to generate viromes and metagenomes. Viromes were sequenced from
a size fraction below 0.22 um or from a virus-like particle fraction achieved from ultracentrifugation [11,27].
Metagenomes were sequenced using one of two main approaches: DNA from the bulk sample was extracted
and sequenced, allowing the recovery of DNA from prokaryotes, viruses, and other microbes. Alternatively,
after filtering a sample to isolate virus-like particles in the <0.22 um fraction, other studies extracted and
sequenced DNA from the remaining >0.22 pm fraction that did not pass through the filter [6,38,39]. (B) )
Overview of metagenome/virome assembly and virus identification methods to obtain viral metagenome-
assembled genomes (VMAGS). (C) Overview of methods for the VMAG presence/absence analysis. Figure
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345 Sources of data used in this study.
# of virome-
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USA [27] resuspension, 0.22 . '
pm filtration timepoint
346
347 Viromes were successful in enriching for viral sequences
348 Sequencing depth within and between viromes versus metagenomes varied (Figure
349 2A). Freshwater and human gut viromes had a significantly higher sequencing depth
350 than metagenomes, while marine metagenomes had a higher sequencing depth than
351 viromes (Figure 2A). There was no difference in depth between viromes and
352 metagenomes of soil samples (Figure 2A). Because of this observed variation in
353 sequencing depth, results hereafter were normalized to sequencing depth unless
354 otherwise specified. Reads from viromes of all environments mapped back to their
355 assembled contigs (>10 kb) at a significantly higher rate than metagenomes (Figure
356 2B). Strikingly, soil viromes recruited upward of 25% of filtered reads while all soil
357 metagenomes recruited less than <1% of filtered reads. Further inspection of soil
358 metagenome assembly statistics revealed a median N50 <3,000, even when only
359 calculating statistics for contigs >2,000 bp (Figure S1). The poor read recruitment of the
360 soil metagenome assemblies is likely a result of the poor contiguity of the assemblies
361 arising from high community complexity in soils [69,70].
362
363 Although the differences between viromes and metagenomes with respect to
364 sequencing depth and read recruitment varied by environment, viromes from all
365 environments had reads mapping to viral contigs at a greater rate than metagenomes
366 (Figure 2C). All assemblies (metagenomes and viromes) except for the human gut had
367 a greater proportion of viral to nonviral contigs (Figure 2D). Moreover, viromes from all
368 environments except for the human gut had a higher total number of viral contigs than
369 metagenomes (Figure S2A). Marine and soil viromes had a higher total number of
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VMAGs than metagenomes (Figure S2B). When considering only “high-quality” vVMAGs
that are estimated to represent complete or near-complete viral genomes [51], viromes
from all environments had a greater yield than metagenomes (Figure S2C). Similarly,
after dereplicating VMAGs to species-level clusters within samples, viromes had a
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Figure 2. Read recruitment and the enrichment of viral sequences were higher in viromes than
metagenomes. Points indicate an individual metagenome/virome assembly. Significance was inferred by Wilcoxon
rank sum test: ns p >0.05; * p <0.05; ** p <0.01; *** p < 0.001; **** p < 0.0001. (A) While virome samples yielded
significantly more read pairs after quality filtering in freshwater and human gut samples, marine metagenomes had
greater sequencing depth than viromes, and there was no difference in soil samples. (B) With a minimum alignment
identity cutoff of 90%, filtered read pairs from all environments mapped back to assembled contigs >10 kb at a
significantly higher rate than metagenomes. (C) In all tested environments, virome assemblies contained more read
pairs mapping to viral contigs as a proportion of all quality-filtered read pairs (mapped or unmapped) than
metagenome assemblies. (D) All tested environments except human gut samples contained a greater proportion of
viral contigs to all assembled contigs >10 kb.
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374  higher viral species richness than metagenomes among marine and soil assemblies.
375 However, there was no difference in viral species richness between methods among
376 freshwater and human gut assemblies (Figure S2D).

377

378 The abundance of Ilytic and lysogenic viruses in viromes vs. metagenomes
379 varied

380 Among human gut assemblies, there was no significant difference between the number
381 of lytic vYMAGs from viromes compared to metagenomes, while freshwater, marine, and
382 soil assemblies had a higher number of lytic VMAGs in viromes compared to
383 metagenomes (Figure S3A). In contrast, there was no difference in the number of
384 lysogenic VMAGs between viromes and metagenomes of freshwater and human gut
385 assemblies, while marine and soil viromes contained significantly more lysogenic
386 VMAGs than metagenomes (Fig S3B). Freshwater metagenomes contained significantly
387 more VMAGs predicted to represent integrated prophage (Figure S3C). Integrated
388 prophage VMAGs were found in viromes across all four environments (Figure S3C).
389  Strikingly, marine and soil viromes contained significantly more integrated prophage
390 VMAGs than metagenomes (Figure 3C). Closer inspection revealed that soil
391 metagenomes did not contain any VMAGSs predicted to represent integrated prophages
392 at all. Given that the total number of VMAGs generated from marine and soll
393 metagenomes was so low compared to their viromes (Figure S2B), these striking
394 differences are explained by the low virus richness in these metagenomes overall. Last,
395 while there was a small observable increase in the normalized number of integrated
396 prophages in human gut metagenomes, these differences were not significant (Figure
397 S30).

398

399 Viromes and metagenomes have unique and shared vMAGs

400 Dereplication and read mapping yielded 24,761 unique species-representative VMAGs
401 in freshwater assemblies, 18,331 in marine assemblies, 9,039 in soil assemblies, and
402 2,271 in human gut assemblies, with a total of 54,402 unique VMAGS identified across
403 all environments (Figure 3A). Of this total, 2,539 were found only in metagenome
404 assemblies, 32,601 were found only in virome assemblies, and 19,262 were found in
405 both (Figure 3B). Overall, virome assemblies from all four environments contained more
406 unique VMAGs than metagenome assemblies (Figure 3C). Soil virome assemblies
407 contained nearly all vYMAGs detected in soil metagenomes, except for a single VMAG
408 found unique to soil metagenomes (Figure 3C). Notably, more vVMAGs were detected in
409 both viromes and metagenomes of freshwater and human gut samples than were
410 detected in either method, alone (Figure 3C).

411

412  We also examined the presence and absence of VMAGS in viromes and metagenomes
413 separated by their predicted lytic state. More lytic vVMAGs (Figure 3D), lysogenic vVMAGSs
414  (Figure 3E), and integrated prophages (Figure 3F) were detected in viromes than
415 metagenomes for all environments. However, freshwater assemblies had more lytic
416 VMAGs detected in both methods than lytic vMAGSs present in only one method (Figure
417  3D). Similarly, the human gut had more lysogenic VMAGs and integrated prophages
418 present in both methods than those present in only one method (Figure 3E-F). However,
419 the patterns of detection for integrated prophages may have been caused by virome
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420 reads originating from excised lysogenic/temperate virus genomes that had mapped to
421 metagenome VMAGs integrated in host DNA.

422
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Figure 3. VMAGs assembled from viromes were not detected in most metagenome samples. Euler
diagrams generated using eulerr (CRAN.R-project.org/package=eulerr) [58,59] with IDs of unique species-level
VMAGs detected in the labeled category; quantities within areas are given beneath labels. An individual vVMAG
was marked as detected in a virome/metagenome if reads from the virome/metagenome mapped to the contigs in
the VMAG with a minimum breadth of 75% across the entire VMAG. (A) Total number of VMAGSs in each
environment, regardless of method. (B) All vMAGs and environments, separated by method. (C) All VMAGS,
separated by environment and method. (D) Predicted lytic VMAGS, separated by environment and method. (E)
Predicted lysogenic vMAGs, separated by environment and method. (F) Predicted integrated prophage vMAGs,
separated by environment and method.
423

424  Virome assembly resulted in a more complete viral genome

425 Past arguments in favor of utilizing virome extractions to study viral communities have
426 cited a tendency to assemble more complete viral genomes with greater depth than
427 those assembled from metagenomes [21,27,60]. To test this, we identified the same
428 species VMAG from a virome and from a metagenome. The virome-assembled viral
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429 genome was nearly 38 kb in length with 70 gene predictions (Figure 4, Table S2), and
430 was predicted to be complete by CheckV [51] due to the presence of direct terminal
431 repeats. The metagenome-assembled viral genome, however, was predicted by
432  CheckV to be incomplete and was nearly 5 kb shorter than the virome assembly and
433 contained only 57 gene predictions (Figure 4, Table S2).

434

435 The missing regions in the metagenome-assembled viral genome spanned both ends of
436 the contig (Figure 4). These regions covered eleven genes with unknown functions that
437  were present in the virome but not the metagenome assembly, as well as the first 527
438 bases of a phage portal protein (Figure 4, Table S2). Additionally, the virome-assembled
439 viral genome contained a 130 bp region spanning two genes predicted to encode a
440 hypothetical protein and a tail protein (Figure 4, Table S2). This 130 bp region was
441  absent from the metagenome assembly, resulting in a single, fused gene prediction for
442 a phage tail protein (Figure 4, Table S2). The only region we identified in the
443 metagenome-assembled viral genome that was absent from the virome assembly was a
444  single 3 bp sequence over the portal protein (Table S2). Finally, although this genome
445  was incompletely assembled from the metagenome, metagenome reads mapped over
446 the entire length of the virome-assembled genome (Figure 4, Table S3). Virome reads
447  also mapped to both assemblies of the same genome with a depth up to two orders of
448 magnitude greater than metagenome reads (Figure 4, Table S3).
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Figure 4. An incomplete metagenome-assembled viral genome was complete in its corresponding
virome. A single-contig, complete viral genome identified from a virome assembly was detected but was
incompletely assembled in the sample’s corresponding metagenome. Areas highlighted in gray represent
regions in the virome-assembled genome that were absent from the metagenome-assembled genome. Reads
yielded from the virome and metagenome of the same sample source were each mapped to both versions of the
genome assembly. Arrows along the x-axis represent predicted genes that are colored by the extraction method
of their genome’s origin, except for a selection of genes of interest that are colored by their functional
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451 Viral genes are differentially abundant across viromes and metagenomes
452  We identified a total of 414,780 protein-coding viral genes after dereplication across all
453  environments and extraction methods. Of these, 13,099 proteins came from human gut
454  assemblies, 206,127 from freshwater assemblies, 116,900 from marine assemblies, and
455 78,654 from soil assemblies (Table 2, Table S4). Out of all dereplicated genes, a total of
456 72,082 unique genes were differentially abundant across extraction methods (Wald test
457 P <0.05, FDR adjusted) (Table 2, Table S4). Only 55 of these genes were from the
458 human gut, while 64,999 genes were from freshwater samples, 5,722 from marine
459 samples, and 1,306 from soil samples (Table 2, Table S4). Using a minimum fold
460 change cutoff of £1.5, we found that 67,521 of the differentially abundant genes were
461 enriched in either virome or metagenome samples (Table 2, Table S4, Figure 5A). The
462 remaining 4,561 genes were differentially abundant but did not meet the minimum fold
463 change of 1.5 (Table 2, Table S4, Figure 5A). We did not identify any genes that were
464  enriched in either virome or metagenome samples from the human gut (Table 2, Figure
465 5A). However, 37,683 and 25,328 genes were enriched in viromes and metagenomes
466 from freshwater samples, respectively (Table 2, Table S4, Figure 5A). Among marine
467 samples, only 222 genes were enriched in viromes whereas 3,265 were enriched in
468 metagenome samples (Table 2, Table S4, Figure 5A). Finally, 432 genes were enriched
469 in soil viromes and 591 were enriched in soil metagenomes (Table 2, Table S4, Figure
470 5A).
471
472  Table 2. Number of genes throughout the differential abundance (DA) workflow.
Number of Differentially Virome- Metagenome-
Number of ) .
Environment | genes before dgenes_ aft_er abund?nt enrlcheéj ennchoed
dereplication ereplication genes (% of genes (% | genes (% of
(% of before) dereplicated) of DA) DA)
Human gut 8.39 x 10 131 x 10° 55 (0.004%) 0 0
56 x 16° ¢ 3.77 x 10" 2.53 x 10"
2.06 x 10 6.50 x 10 T7 X 53 x
Freshwater 1.02 x 10° (20%) _ (52%) (58%) (39%) _
Marine 6.75 x 10° 1'%177’3/01)0 5'(742_9’2 /3)0 222 (3.9%) 3'%577’5/01)0
V) 3
Soil 4.42 x 10° 7'2(3178&1)0 1'(311.;; /(})0 432 (33%) | 591 (45%)
4.15x 10° 7.21 x 10° 3.83 x 10* 2.92 x 10*
Total 2.22 x 10° (19%) (179%) (53%) (40%)
473
474  To predict potential functions for the differentially abundant genes enriched in either
475 viromes or metagenomes, we used PHROG [68] functional categories predicted by
476 Pharokka [63]. Out of the 67,521 unique genes enriched in viromes or metagenomes
477 across all environments, Pharokka assigned PHROG functional categories to a total of
478 11,115 genes (16%), 6,247 in viromes and 4,868 in metagenomes (Table S4). Because
479 predicted PHROG functional categories were largely present in both virome- and
480 metagenome-enriched genes across the three environments (Figure 5B), we performed
481 hypergeometric tests on enriched genes from each environment to determine whether
482 any functional categories were over or underrepresented in viromes or metagenomes.
483 We found nine PHROG categories that were significantly over- or underrepresented
484  between viromes and metagenomes across freshwater, marine, and soil samples
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(hypergeometric test P <0.05, FDR adjusted) (Figure 5C, Table S5). Generally, genes
encoding viral structural proteins such as head-tail connectors, packaging proteins, and
tail proteins were underrepresented in metagenomes and overrepresented in viromes
across freshwater and soil samples, while marine samples displayed the opposite
pattern (Figure 5C, Table S5). Integration and excision coding genes were
overrepresented in freshwater and marine metagenomes but underrepresented in
freshwater viromes (Figure 5C, Table S5). Conversely, lysis genes were
underrepresented in freshwater metagenomes and overrepresented in viromes, but
were overrepresented in marine metagenomes.
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Figure 5. Protein-coding viral genes are differentially abundant across viromes and metagenomes and
have predictable functions. (A) Differential abundance of protein-coding viral genes as inferred by DESeq?2 [67].
Points indicate unique, dereplicated protein-coding viral genes that were annotated from viral contigs assembled
from the environment indicated by the panel labels. Enrichment of a given gene in virome or metagenome
samples was determined if the resulting fold change was at least 1.5. (Wald test P <0.05, FDR adjusted). No
protein-coding viral genes were determined to be significantly enriched in the virome or metagenome human gut
assemblies. (B) Relative abundance and (C) over/underrepresentation of PHROG [68] functional categories
assigned to differentially abundant genes displayed in (A) (hypergeometric test P <0.05, FDR adjusted).
Categories without an arrow in a given environment/method were not significantly over or underrepresented in
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498

499 DISCUSSION

500

501 The sequencing of whole virus communities in recent years has resulted in an explosion
502 of known viral diversity and viral community ecology studies [12,13,16,17,57,71].
503 Assembly of virus communities can be achieved either by sequencing extracted DNA
504 from the total, mixed community of prokaryotes, eukaryotes, and viruses within a
505 sample to generate metagenomes. Viral communities can also be assembled by
506 enriching for virus-like particle DNA during extraction to generate viromes. Although
507 viromes can generally offer a more focused view of viruses in a sample compared to
508 metagenomes [33], the consequences of choosing one sampling method over the other
509 have been relatively unexplored and limited to individual study ecosystems [5,6,27].
510 Here, we applied the same analytical methods to collections of paired virome and
511 metagenome sequence reads to directly infer the unique and shared results gained
512 from each sample method. We assembled, annotated, and analyzed 60 pairs of viromes
513 and metagenomes across four different environments and found that the similarities and
514 differences between each method varied across environments.

515

516 Viromes, by design, typically allow more viral species and genome coverage to be
517 obtained compared to metagenomes [33]. In support of this, virome assemblies here
518 generally contained more viral contigs, more binned VMAGS, higher species richness,
519 and greater read recruitment to VMAGS. Interestingly, there were some exceptions
520 among freshwater and human gut samples. We observed no difference in the number of
521 VvMAGs or in viral species richness between viromes and metagenomes of the human
522 gut or freshwater. There was additionally no difference in the number of viral contigs
523 from the human gut.

524

525 While there have been a handful of studies in the past that have examined viral
526 community data resulting from viromes in comparison to metagenomes [6,11,27,72,73],
527 even fewer have taken a closer look at specific genome-level differences that result
528 across the two methods. While we only focused on one viral species in this context, we
529 found that a virome assembly resulted in a more complete viral genome with greater
530 sequencing depth than the genome assembled from a metagenome of the same
531 sample. Notably, the metagenome sample contained reads that mapped over the entire
532 length of the complete version of the genome. Although some viral genomes may be
533 incompletely assembled in metagenomes, their full sequences may be assembled if the
534 metagenome reads are mapped to a higher quality virome assembly or reference
535 genome.

536

537 Freshwater and marine metagenome samples used here were recovered from >0.22
538 um size fractions, while human gut and soil metagenomes were unfiltered by particle
539 size. Considering this, any observed differences between viromes and metagenomes
540 from freshwater and marine assemblies may have been driven by the approach used to
541 generate the metagenomes. On the other hand, differences (or lack thereof) between
542  viromes and metagenomes from soil and human gut assemblies may have been driven
543 by the low abundance of viral DNA relative to nonviral DNA in bulk, unfiltered samples.
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544  Nonetheless, both freshwater and marine metagenomes contained substantial numbers
545  of viral contigs and VMAGSs despite efforts to filter the viral fraction. Furthermore, there
546  were striking differences between viromes and metagenomes from soil samples, as well
547 as in human gut samples to a lesser extent, both of which did not have their viral
548 fraction filtered from the metagenome fraction. Altogether, this highlights the importance
549  of utilizing enrichment techniques that are tailored to the environment of interest and the
550 research questions being asked.

551

552  Whether the purpose is to assign taxonomy [74], reveal mechanisms to avoid host
553 defenses [75], identify auxiliary metabolic genes [76], or investigate mobile reservoirs
554  for antimicrobial resistance genes [77,78], obtaining functional gene predictions is a
555  critical step in analyses of viral communities. However, it can be quite challenging to
556  assign functional predictions to viral genes annotated from metagenomic environmental
557 data due to their large sequence diversity and the undercharacterization of viruses.
558 Thus, annotating genes in complex viral communities often reveals a substantial
559 amount of viral “dark matter” represented as genes with no known function that encode
560 “hypothetical” proteins [23,79,80]. This challenge was indeed present here, as we could
561 obtain functional predictions for only 16% of genes enriched in viromes or
562 metagenomes. Nonetheless, we identified several functional categories across the three
563 environments where genes were differentially abundant.

564

565 Our results show that one’s choice of extraction method does indeed influence the
566 identification of gene families, but the significance and magnitude of differences vary
567 between environments. We found an overrepresentation of integration and excision
568 genes in freshwater and marine metagenomes with an underrepresentation in
569 freshwater viromes. However, lysis genes were underrepresented in freshwater
570 metagenomes and overrepresented in freshwater viromes. This is consistent with our
571 observations that freshwater metagenomes contained a greater number of integrated
572 prophage VMAGs than viromes. On the other hand, this contrasts with our observation
573 that there was no difference in the proportion of lysogenic vMAGs between freshwater
574 viromes and metagenomes, and that marine viromes contained more lysogenic and
575 integrated VMAGs than metagenomes. Regardless of the exact mechanism(s), as a
576 consequence, the choice between viromes and metagenomes can significantly
577 influence one’s interpretation of viral communities based on gene annotations.

578

579 CONCLUSIONS

580

581 In many contexts, viromes revealed more viral sequences and diversity than
582 metagenomes. Hence, extracting viromes may be more advantageous than
583 metagenomes when studying viral communities (Table 3). However, a noticeable
584 number of viruses were detected only in metagenomes in all four environments tested
585 here. Thus, we recommend that researchers investigating viral communities extract both
586 viromes and mixed-community metagenomes in pairs from the same biological
587 samples, when possible (Table 3). However, if one is restricted to using just one
588 method, viromes present the better option for virus-focused studies in most
589  environments.
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Table 3. Recommendations for choosing extraction methods depending on

research context.

Context Recommended Rationale
method(s)
Viral community dynamics, . . . .
. . . Viromes generally contained more viral species
overall virus diversity, . . )
i Virome and greater viral sequence enrichment than
assembly of uncultivatable
; metagenomes.
virus genomes
Bacterial/archaeal . .
. ) . Viromes are unnecessary to the study of just
communities, no interest in Metagenomes e
. the cellular members of communities.
viruses
Fast-growing, highly dynamic Assuming viral lysis is prevalent due to the
communities, and/or lytic Virome present biotic or abiotic conditions, viromes will
viruses enrich for lytic viruses.
Slow-growing, low-biomass Assumm_g I_ysogen_y is preva_le_znt due to the
2. present biotic or abiotic conditions, detecting
communities, and/or Metagenomes

integrated viruses

viruses integrated in the host genome require
metagenomics.

Paired viromes &

Hostvirus interactions
metagenomes

Metagenomes are necessary to provide any
host context. While metagenomes alone can
yield some viral genomes, viromes are also
recommended to maximize viral genome
assembly.

Maximization of total virus
diversity

Paired viromes &
metagenomes

Both viromes and metagenomes resulted in
the assembly of viral genomes not detected in
the other method. Utilizing both methods can

maximize the detection and assembly of as

many viral genomes as possible.

ABBREVIATIONS

VLP: Virus-like particle

ANI: Average nucleotide identity

PEG: Polyethylene glycol

VMAG: Viral metagenome-assembled genome
AKC: Amended 1% potassium citrate

vOTU: Viral operational taxonomic unit

DA: Differentially abundant
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