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ABSTRACT Long-read sequencing offers the potential to improve metagenome
assemblies and provide more robust assessments of microbial community composition
and function than short-read sequencing. We applied Pacific Biosciences (PacBio) CCS
(circular consensus sequencing) HiFi shotgun sequencing to 14 marine water column
samples and compared the results with those for short-read metagenomes from the
corresponding environmental DNA samples. We found that long-read metagenomes
varied widely in quality and biological information. The community compositions of
the corresponding long- and short-read metagenomes were frequently dissimilar, sug-
gesting higher stochasticity and/or bias associated with PacBio sequencing. Long reads
provided few improvements to the assembly qualities, gene annotations, and prokary-
otic metagenome-assembled genome (MAG) binning results. However, only long reads
produced high-quality eukaryotic MAGs and contigs containing complete zooplankton
marker gene sequences. These results suggest that high-quality long-read metage-
nomes can improve marine community composition analyses and provide important
insight into eukaryotic phyto- and zooplankton genetics, but the benefits may be out-
weighed by the inconsistent data quality.

IMPORTANCE Ocean microbes provide critical ecosystem services, but most remain
uncultivated. Their communities can be studied through shotgun metagenomic sequenc-
ing and bioinformatic analyses, including binning draft microbial genomes. However,
most sequencing to date has been done using short-read technology, which rarely yields
genome sequences of key microbes like SAR11. Long-read sequencing can improve
metagenome assemblies but is hampered by technological shortcomings and high costs.
In this study, we compared long- and short-read sequencing of marine metagenomes.
We found a wide range of long-read metagenome qualities and minimal improvements
to microbiome analyses. However, long reads generated draft genomes of eukaryotic
algal species and provided full-length marker gene sequences of zooplankton species,
including krill and copepods. These results suggest that long-read sequencing can pro-
vide greater genetic insight into the wide diversity of eukaryotic phyto- and zooplankton
that interact as part of and with the marine microbiome.
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Marine microbial ecology has benefited greatly from high-throughput sequencing,
which allows community surveys of ecologically important habitats dominated

by uncultured taxa (1–4). In particular, shotgun metagenomic sequencing and metage-
nome-assembled genome (MAG) binning have generated important insights into ma-
rine prokaryotic diversity and ecology (5, 6). Metagenomic analyses can expand the
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tree of life (7), link taxonomy to biochemical function (e.g., see references 8 and 9),
characterize the taxa driving global oceanographic processes like the biological pump
(10), and generate testable hypotheses for understanding how microbes adapt to nu-
trient limitations (e.g., see reference 11).

To date, the vast majority of metagenomic sequencing has been done using short-
read sequencing technology such as the Illumina MiSeq and HiSeq platforms. These
instruments can generate billions of 150- to 600-bp reads at ever-decreasing costs;
however, metagenomes generated from short-read sequencing have numerous short-
comings. Gene duplications or genomic regions with high levels of repeats, including ribo-
somal RNA (rRNA) genes, can prevent read assembly and MAG binning (12). Horizontally
transferred genes can preclude the accurate reconstruction of population-level genomes
as they may differ from the rest of the genome in nucleotide composition (13). Moreover,
ecologically important but microdiverse lineages, including the ubiquitous SAR11 clade,
have proven highly resistant to assembly and binning with short-read sequencing (14–16).
Thus, important knowledge gaps remain in our understanding of marine metagenome
composition and function.

The computational challenges associated with binning prokaryotic genomes are
amplified for eukaryotic organisms. The larger genome sizes, the presence of introns,
and compositional differences among chromosomes are just a few additional hurdles
to the accurate recovery of eukaryotic MAGs (17). In the marine environment, these bar-
riers have prevented the large-scale genomic characterization of single-celled eukaryotic
phytoplankton (18, 19). Recent studies suggest a high level of unexplored diversity among
these photosynthetic picoeukaryotes (20), and their estimated contribution to global car-
bon fixation is substantial (21–23). Improving our ability to generate high-quality eukaryo-
tic plankton genome sequences thus remains an important target of metagenomic and
bioinformatic studies.

Long-read sequencing can overcome some of the limitations of short-read technol-
ogy. Platforms like the Pacific Biosciences (PacBio) and Oxford Nanopore Technologies
platforms generate 5- to 50-kbp reads on average (24), which can be leveraged for
marker gene surveys to improve the taxonomic resolution (25–28). While still ham-
pered by high raw error rates and per-read costs compared to short-read sequencing,
both factors have significantly improved over the last few years (24). In particular,
PacBio circular consensus sequencing (CCS) performs multiple passes of a circularized
template molecule, generating highly accurate HiFi long reads of >10 kbp in length
(29). Recent comparisons of PacBio CCS with Illumina short-read amplicon sequencing
showed that only long-read data accurately identified microbial taxa at the strain level
(30, 31). Long reads have also been shown to improve complex metagenomic assem-
blies and lead to the recovery of higher-quality genome sequences (30, 32, 33).
Furthermore, combining both short- and long-read data can provide abundance esti-
mates through read recruitment to robust assemblies, harnessing the advantages of
both technologies to improve both qualitative and quantitative metagenomic informa-
tion (30, 34, 35).

In this study, we assessed the utility of PacBio CCS shotgun metagenomic sequenc-
ing of marine water column environmental DNA (eDNA) samples compared with
Illumina short-read sequencing. We compared metagenome quality, recovery of taxo-
nomic marker genes, and community composition (including strain-level taxonomic
identifications) among short-read-only, long-read-only, and hybrid metagenomes. We
further compared the numbers and qualities of MAGs generated across sequencing
and assembly methods. We found that while prokaryotic community compositions and
MAG recoveries were similar across short- and long-read-based metagenomes, only
PacBio sequencing produced high-quality eukaryotic MAGs. Furthermore, long contigs
produced by PacBio sequencing contained complete marker gene sequences from eu-
karyotic taxa, including copepods belonging to the genera Calanus and Metridia and
the krill species Euphausia pacifica. We describe the implications of these results and
discuss the potential for long-read sequencing to inform marine ecology studies.
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RESULTS
Sample and sequencing results. Fourteen samples collected from depths between 5

and 50 m off the coast of California were sequenced with both the Illumina (2 of 3 replicate fil-
ters) and PacBio (third replicate) platforms. The number of PacBio CCS reads ranged from
6,807 to 1,907,840 per metagenome (see Table S1 in the supplemental material). The numbers
of Illumina reads from the corresponding samples ranged from 2,879,847 to 264,220,592. Four
of the PacBio metagenomes were contaminated with reads from up to four human pathogen
and/or common laboratory contamination taxa: Comamonas acidovorans, Comamonas lacust-
ris, Stenotrophomonas maltophilia, and Cutibacterium acnes (Genome Taxonomy Database
(GTDB) taxonomic designations). The average and maximum read lengths for each sample
are provided in Table S1, along with the number of reads remaining in the four samples after
decontamination.

Assembly comparisons. We compared the Illumina assemblies of the corresponding
eDNA samples with two assemblies using only PacBio reads (hifiasm-meta and metaFlye)
and hybrid assemblies with both Illumina and PacBio reads (hybridSPAdes). The longest
contigs were longer in the assemblies generated with long reads only than in the short-
read or hybrid assemblies (Fig. S1A). The metaFlye assembly program produced the longest
contigs in 9 of the 14 assemblies, and in two cases, the longest metaFlye contig was nearly
twice as long as the corresponding longest hifiasm-meta contig (Fig. S2A). Hifiasm-meta
consistently performed the worst at generating contigs of>1 kbp in length (Fig. S2B). Open
reading frames (ORFs) on the longest contig (>800 kbp from Las19c139_27m-3) were anno-
tated as belonging to Verrucomicrobiaceae bacterium TMED86 according to NCBI taxonomy
(GTDB taxonomy, SW10 sp002172625, phylum Verrucomicrobiota).

Other assembly metrics showed more variation among assemblers; the hybrid and
short-read-only assemblies contained more contigs of >1 kbp than the long-read-only
assemblies, although metaFlye performed comparably and exceeded other assemblers
with numbers of contigs of >5 kbp (Fig. S1B). Hifiasm-meta assemblies had higher av-
erage N50 values than the other assemblers (Fig. S1B). As expected, hybrid assemblies
recruited a much higher proportion of short reads than the long-read-only assemblies,
comparable to the proportions recruited by the short-read SPAdes assemblies (Fig. S1C).
The mapping levels for the replicate short-read samples (Fig. S1C, black dots) were not
as high as those for the short reads used in the hybrid assemblies (white dots) but were
still much higher than those for the long-read-only assemblies. MetaFlye assemblies
recruited slightly more reads on average than hifiasm-meta assemblies. Unmapped reads
for the hifiasm-meta and metaFlye assemblies generally spanned all major taxa repre-
sented in both the long- and short-read metagenomes, with no clear taxonomic pattern
for read recruitment (https://doi.org/10.6084/m9.figshare.21321225).

Annotation comparisons. We compared small-subunit (SSU) (16S and 18S) rRNA
genes extracted from the Illumina, PacBio, and hybrid assemblies using hidden Markov mod-
els (HMMs) as well as from Illumina reads run through PhyloFlash (Fig. 1). The mean num-
bers of SSU rRNA sequences (;9) were comparable between the hybrid and short-read
assemblies. Long-read (metaFlye) assemblies had both the highest mean (21) and lowest
median (2) values, with the highest number of metagenomes containing no SSU genes (5)
and 4 metagenomes with >25 SSU genes, while the other assemblies yielded a maximum
of 22 SSU genes. Illumina short reads analyzed with PhyloFlash outperformed both the
Illumina metaSPAdes and hybrid assemblies, followed by HMM analyses, with a mean of 19
SSU genes (Fig. 1A). SSU genes from the metaFlye assemblies were longer on average than
those from any other source, although these assemblies also had the largest spread in mean
lengths (Fig. 1B). PhyloFlash analysis of Illumina reads yielded genes with maximum lengths
similar to those from all assemblies with shorter lengths (Fig. 1B), which likely contributed to
similar confidence values in taxonomic assignments across all SSU sources (Fig. 1C). There
were significant differences in confidence at multiple taxonomic levels between long- and
short-read assemblies, between hybrid and short-read assemblies at two levels, and between
the two short-read SSU extraction approaches at multiple levels (Table S2).

K-mer-based taxonomic composition comparisons between matched long- and
short-read samples varied widely depending on the number of PacBio reads. On one
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A.

B.
Source

n=14 n=14 n=23 n=24

C.

Reference SSU gene lengths
18S (Eukaryota; 1,822 bp)

16S (Bacteria; 1,542 bp)
16S (Archaea; 1,473 bp)

FIG 1 Summary of the 16S and 18S small-subunit (SSU) rRNA genes extracted in four different ways:
three assembly sets run against HMMs {long reads assembled with metaFlye (“metaFlye 1 HMMs”), long

(Continued on next page)
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end of the spectrum, the PacBio metagenome 1903c111_10m-3 had only ;30,000
reads, 2% of which were taxonomically classified by sourmash and represented only 3
different species. The matching Illumina metagenomes had ;23 million and ;27 mil-
lion reads, with taxonomic assignments of 10 and 8%, respectively, encompassing a
diverse range of bacterial, archaeal, and eukaryotic taxa. In contrast, the PacBio meta-
genome with the most reads (nearly 2 million), 1903c119_11m, had reads classified to
nearly twice as many bacterial and eukaryotic taxa as the corresponding Illumina meta-
genomes with over 18 million reads (182 versus 94 species-level classifications, respec-
tively). The numbers of reads assigned to the genus Pelagibacter, a taxon of particular
interest due to its ecological importance, ranged from 0 (8 samples) to 617,500 in
PacBio metagenomes and from 282,371 to 23,779,853 in Illumina metagenomes
(Table S3). The intragenus diversity varied widely between long- and short-read meta-
genome pairs and was inconsistent with regard to which method provided greater di-
versity. The taxonomic compositions of all samples at all levels of resolution can be
found at https://doi.org/10.6084/m9.figshare.20883652.v1.

Alpha diversity analyses showed a much narrower range of values for Illumina and
hybrid metagenomes than for PacBio metagenomes, whose average Shannon diversity
values for both read-based (Fig. 2A) and assembly-based (Fig. 2C) analyses varied widely.
Beta diversity analyses showed significant differences between long- and short-read
samples (read-based permutational multivariate analysis of variance [PERMANOVA],
P = 0.001 and F = 11.062; assembly-based PERMANOVA, P = 0.016 and F = 3.29) (Fig. 2),
and paired samples did not have smaller Aitchison distances than unpaired samples
(Fig. S3A). Larger Aitchison distances were linked to different sequencing platforms
(Fig. S3B) but not different depth groupings (Fig. S3C). This separation was true for read-
based (Fig. 2B) as well as assembly-based (Fig. 2D) taxonomic comparisons; in the latter,
hybrid assemblies clustered closely with the Illumina metaSPAdes assemblies.

One of the major potential advantages of long-read sequencing is the recovery of
complete protein-coding genes and the reconstruction of full biochemical gene path-
ways. We thus compared the total numbers of ORFs (annotated and unannotated), the
fractions of ORFs with KEGG annotations, and the average numbers of annotated ORFs
per contig among all assembly types (Fig. 3). We also compared the numbers of com-
plete (>80% completion) KEGG modules (Table 1). The short-read and hybrid assem-
blies had the highest number of total ORFs (Fig. 3A), but the long-read assemblies had
much higher fractions of annotated ORFs (Fig. 3B), thus leading to comparable num-
bers of total annotated ORFs among all assembly types (Fig. 3C). However, long-read
assemblies performed the worst at reconstructing KEGG modules that were >80%
complete (Table 1). Four metaFlye assemblies, which originated from metagenomes
with ,20,000 reads, produced no data for the KEGG module completeness output,
while an additional four assemblies had five or fewer modules. Eleven of the hybrid
assemblies had at least 10 KEGG modules meeting the completion criteria. In contrast,
all 14 short-read SPAdes assemblies produced at least 30 KEGG modules with >80%
completion. The average module completeness was highest for short-read assemblies,
at 42%, while long-read assemblies averaged less than half that value (Table 1).

Binning comparisons.We compared the numbers and quality scores of MAGs gen-
erated from short-read, long-read, and hybrid assemblies using two different binning
programs. Overall, hybrid assemblies binned with Vamb yielded the highest number of
high-quality MAGs (18) and the highest average MAG quality score (40.3) (Table 2).

FIG 1 Legend (Continued)
and short reads assembled with hybridSPAdes (“hybridSPAdes 1 HMMs”), and short reads assembled
with metaSPAdes [“Illumina (SPAdes 1 HMMs)”]} as well as short reads run through PhyloFlash [“Illumina
(PhyloFlash)”]. (A) Numbers of SSU genes extracted with each approach. One Illumina metagenome failed
to assemble, which is why one more sample is included in the PhyloFlash analysis compared to the
SPAdes assembly and HMM extraction. (B) Minimum, mean, and maximum lengths of the extracted SSU
genes. The dashed lines show the lengths of reference 16S and 18S rRNA genes in all three domains of
life. (C) Confidence values assigned to each taxonomic level of each extracted gene, from 0 to 1. Each
level of taxonomic resolution featured a wider range of confidence values than the previous level.
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None of the long-read assembly and binning combinations yielded more than three
high-quality MAGs, and short-read assemblies produced the second- and third-highest-
quality MAGs with MaxBin2 and Vamb, respectively (Table 2). Only the long-read assem-
blies yielded MAGs classified as Pelagibacter sp., although none of them had quality scores
higher than zero.

Out of the 15 high-quality, dereplicated MAGs generated from all long-read and
hybrid assemblies, 5 taxa (defined at the genus level) were not recovered from the
corresponding short-read metagenomes (Table 3). These unique MAGs included
members of the taxa SW10 (phylum Verrucomicrobiota), Acidimicrobiales TK06, and
Flavobacteriaceae. Two of these MAGs likely benefited from the longer contigs pro-
vided by the PacBio assemblies, with longest MAG contigs of between 290,000 and
320,000 bp (Table 3). Nine out of 10 of the MAGs also recovered from short-read
metagenomes were generated from hybrid assemblies, 8 of which were from the
Vamb binning program.

In addition, two eukaryotic MAGs were generated from hybrid assemblies. Following
manual refinement (Fig. 4), taxonomic assignment of single-copy genes, and phylogenetic
placement of DNA-dependent rRNA polymerase genes, they were identified as the picoeu-
karyotic taxa Ostreococcus lucimarinus and Bathycoccus prasinos. Phylogenies generated
from the DNA-dependent RNA polymerase genes further validated the MAG classifications,
with both a and b subunit genes falling within their associated clades (Fig. S4). The gene
contents of the two MAGs were similar according to KEGG categories and subcategories
(Fig. S5).

FIG 2 Alpha and beta diversity analyses of (i) unassembled short and long reads and (ii) open reading frames (ORFs) extracted from long-read, short-read,
and hybrid assemblies. (A) Shannon diversity values calculated from unassembled reads. (B) Principal-component analysis of metagenome taxonomic
composition calculated from unassembled reads. (C) Shannon diversity values calculated from assembly ORFs. (D) Principal-component analysis of the
metagenome taxonomic composition calculated from assembly ORFs. Metagenome types are denoted by colors, and sample depth groupings are
denoted by shapes. Paired long-read, short-read, and hybrid metagenomes from the same eDNA sample are connected with dashed lines in the PCA
plots.
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FIG 3 Summary of annotated and unannotated open reading frames (ORFs) extracted from four assembly
types: short read assemblies (“Illumina-SPAdes”), long reads assembled with hifiasm-meta (“Hifiasm-meta”),

(Continued on next page)
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All short-read metagenomes had reads that mapped onto all 15 high-quality, derepli-
cated MAGs from long-read and hybrid assemblies, including the 5 MAGs that were not
recovered by short-read binning. Histograms of all mapped read distributions across all
MAGs can be found at https://doi.org/10.6084/m9.figshare.21318000.v1.

Eukaryotic rRNA gene sequences. Nine contigs of >10,000 bp from five different
metaFlye long-read assemblies contained full-length 18S rRNA gene sequences. All
nine contigs also contained full or partial 28S rRNA genes. Of the nine 18S rRNA genes,
two had top BLAST hits to the krill species Euphausia pacifica, and three had top hits to
the copepod species Calanus pacificus or Metridia sp. The sequences matching Metridia
sp. had coverage and identity values equal to those of Metridia gerlachei, Metridia
lucens, and Metridia pacifica; phylogenies generated with genes from these and other
Metridia species in GenBank show that our contig likely came from Metridia pacifica
(Fig. S6). This result is also consistent with the known distributions of Metridia species
in the northern Pacific Ocean (36, 37; K. Jacobson, personal communication).

The longest contigs for each of the three rRNA annotations were used as reference
sequences for short-read mapping. Normalized coverages varied among samples for all
three references, with sites J and N consistently having the lowest coverages (Fig. 5).
Intergenic regions between 18S and 28S rRNA genes typically had low or no coverage,
even when the rRNA genes recruited relatively high numbers of reads. Read recruitment
plots showed that reads could be aligned at identity levels down to ;90%, with a rela-
tively small fraction of mapped reads aligning at 100% sequence identity (Fig. S7) (for
Euphausia plots, see https://doi.org/10.6084/m9.figshare.21308184.v3; for Metridia plots,
see https://doi.org/10.6084/m9.figshare.21308175.v3; and for Calanus plots, see https://
doi.org/10.6084/m9.figshare.21308169.v2).

DISCUSSION

In this study, we investigated long-read PacBio sequencing as a way to improve our
understanding of marine microbiomes. In particular, we assessed differences in metage-
nomic assemblies, community compositions, and MAG quantities and qualities. We found
a few advantages of long reads for prokaryotic microbiome analyses. However, only hybrid
metagenomic assemblies generated from both long and short reads yielded high-quality
picoeukaryotic MAGs. Moreover, only long-read assemblies contained contigs with full 18S
rRNA gene sequences of ecologically important zooplankton species. These data can help
fill knowledge gaps in plankton diversity, biogeography, and marine food webs.

Assembly qualities were surprisingly comparable between short-read and long-read
metagenomes (see Fig. S1 and S2 in the supplemental material). Moreover, quality (as
determined by metrics such as the number of contigs of >1,000 bp in length) varied
widely among samples, suggesting that there is no one-size-fits-all bioinformatic
approach for metagenomic assemblies. Hybrid assemblies in general closely resembled
short-read-only assemblies in terms of contig size distribution (Fig. S1A and B) and

TABLE 1 Average KEGG module completeness values for the metagenomes that generated
results in MicrobeAnnotatora

Sequencing platform(s) Assembly type No. of samples
Avg module
completeness (%)

Illumina metaSPAdes 16 42.15
PacBio metaFlye 14 20.29
Illumina1 PacBio hybridSPAdes 10 41.64
aMetagenomes are grouped by sequencing and assembly types.

FIG 3 Legend (Continued)
long reads assembled with metaFlye (“metaFlye”), and short and long reads assembled together
(“hybridSPAdes”). (A) Total numbers of ORFs for each assembly type. (B) Percentages of ORFs for each
assembly type that were assigned a KEGG gene annotation. (C) Total numbers of annotated ORFs for each
assembly type. (D) Average numbers of annotated ORFs per contig for each assembly type.
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read mapping (Fig. S1C). Compared to long-read-only assemblies, hybrid assemblies
recruited much higher levels of short reads from both the sample used for hybrid as-
sembly as well as the replicate metagenome reads (Fig. S1C), highlighting the reliable
replication of filter eDNA extraction and Illumina sequencing.

One potential advantage of long-read sequencing followed by metaFlye assembly
is the number of extremely long (>100-kbp) contigs generated. Two metaFlye assem-
blies had contigs of ;800 kbp, one of which likely belonged to a bacterial genome in
the Verrucomicrobiota phylum (although notably, this contig was absent from all of the
high-quality MAGs, even before dereplication). It is unlikely that these long contigs
were chimeric for different strains because the coverage of short reads from the corre-
sponding samples was even across both contigs (https://doi.org/10.6084/m9.figshare
.21320427.v1). These exceptionally long contigs may have contributed to the improved
binning of prokaryotic genomes, as two of the three bacterial MAGs generated from
only long-read assemblies contained contigs of >290,000 kbp (Table 3). However, they
did not yield any high-quality SAR11 MAGs, which was one of the goals of this study.
This may be because one of the obstacles to recovering microdiverse MAGs occurs at
the read recruitment step of most binning algorithms, including MaxBin2 (38), in which
short-read coverages are used to group contigs into likely genomes. We used short
reads from the corresponding samples to perform binning on long-read assemblies,
and the read diversity often varied widely between metagenome pairs (Fig. 2).

Eight PacBio metagenomes contained no reads classified as Pelagibacter (Table S3),
and there were large discrepancies in intragenus diversity between matching PacBio
and Illumina metagenomes, which may have prevented population-level read map-
ping to Pelagibacter contigs (see the Krona plots at https://doi.org/10.6084/m9.figshare
.20883652.v1). It is possible that deeper long-read sequencing would allow long-read
mapping in addition to the assembly and potential recovery of lineages like SAR11.
However, this approach has yet to be tested and would likely require long-read
sequencing an order of magnitude deeper than was done in this study.

One hypothesis on the advantages of long-read sequencing for microbiome analysis is
that more SSU (16S and 18S) rRNA sequences would be captured in full, thereby improv-
ing the microbiome taxonomic resolution relative to short-read metagenomes. We found
that the average numbers of extracted SSU rRNA genes were similar across all long- and
short-read metagenomes (Fig. 1A). As with the assembly quality comparison, two long-
read assemblies yielded an exceptionally high number of SSU rRNA genes, suggesting that
the best long-read metagenomes can outperform the best short-read metagenomes in
this respect. However, the overall pattern did not demonstrate a consistent advantage of
long-read sequencing for generating high-quality SSU rRNA genes. Moreover, the average
lengths of the extracted genes were also similar across assemblies (Fig. 1B), which was
likely directly related to the similar confidence levels of taxonomic assignments (Fig. 1C).

TABLE 2 Numbers and qualities of MAGs generated frommetagenomes from all combinations of sequencing, assembly, and binning
approachesa

Sequencing
platform(s)

Assembly
type

Binning
approach

No. of
metagenomes

Total no.
of MAGs

Total no. of
high-quality
MAGs

Avg MAG
quality

No. of
Pelagibacter
MAGs

Pelagibacter
MAG
quality

Illumina SPAdes MaxBin2 23 271 22 294.5 1 2133.8
Illumina SPAdes Vamb 23 62 34 42.3 0 NA
PacBio hifiasm-meta MaxBin2 14 147 1 259 1 2156
PacBio metaFlye MaxBin2 14 245 1 251 3 0, 0,2142
PacBio hifiasm-meta Vamb 14 82 3 2128.4 3 0, 0,252
PacBio metaFlye Vamb 14 39 2 24.8 0 NA
Illumina1
PacBio

hybridSPAdes MaxBin2 14 160 7 290.8 1 2102.8

Illumina1
PacBio

hybridSPAdes Vamb 14 37 18 40.3 0 NA

aBoth Illumina replicates were included in binning analyses where possible. Values for MAGs in the genus Pelagibacter are also included due to their ecological importance
and the known challenges associated with binning genomes from this taxon. NA, not applicable.
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The discrepancies between matching short- and long-read metagenomes suggested
that community richness, evenness, and composition were not well replicated with the
two sequencing technologies (Fig. 2). The wider range of alpha diversity values and differ-
ences in beta diversity were true for both read-based (Fig. 2A and B) and assembly-based
(Fig. 2C and D) analyses. Thus, despite the loss of information from short reads to
assembled contigs, the assembly process did not lead to more comparable results
between short- and long-read metagenomes. The variability among long-read metage-
nomes may have been due in part to the metagenome size; samples with relatively few
(,50,000) long reads could be linked to only a few taxa, while larger metagenomes
showed a wide range of marine taxa (see the Krona plots at https://doi.org/10.6084/m9
.figshare.20883652.v1). There was no strong linear correlation between the numbers of
metagenome reads and Shannon diversity values for the read-based (Illumina R2 = 0.184;
PacBio R2 = 0.318) or assembly-based (Illumina R2 = 0.0072; PacBio R2 = 0.241) analyses,

FIG 4 Visual representation of the picoeukaryotic MAGs and their source metagenomes, before and after manual refinement, generated by anvi’o. The
phylogram branches represent the metagenome contigs clustered by tetranucleotide frequency and coverage. On the left, results from the automated
binning program show contigs belonging to the initial MAG. On the right, the final MAG contigs following manual refinement are shown. Completion,
redundancy, and total MAG size are provided for each plot. The final taxonomic assignment is provided for the refined MAG. (A) Bathycoccus prasinos MAG
before and after manual refinement. (B) Ostreococcus lucimarinus MAG before and after manual refinement.
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although there was a stronger logarithmic correlation with the assembly-based PacBio
analysis (R2 = 0.405). These results suggest much more stochasticity or, possibly, taxonomic
bias in PacBio long-read sequencing technology relative to short-read Illumina platforms.
Alternatively, the DNA extraction protocols used for the different sample sets may have
yielded DNA enriched in different taxa.

Paradoxically, the total numbers of annotated ORFs were comparable among all as-
sembly types because the higher total numbers of ORFs in the short-read and hybrid
assemblies were balanced out by the smaller fractions of annotated ORFs (Fig. 3). The
larger contigs from the long-read assemblies likely contributed to the higher levels of
annotations. However, the similar total numbers of annotations did not lead to similar
alpha diversity values (Fig. 2C) and were not reflected in taxonomic composition simi-
larities (Fig. 2D). Moreover, the lower levels of KEGG module completeness (Table 1)
suggest that a higher fraction of annotated genes were not grouped into larger gene
pathways and originated from different fragments of DNA, while short-read and hybrid
assemblies performed better at assembling sequences from longer genomic regions.
Thus, one of the main potential advantages of long-read sequencing was not observed
in the functional annotation of genes and KEGG modules.

Two-thirds of the prokaryotic MAGs recovered from the long-read and hybrid assem-
blies were also generated from the matching short-read metagenomes (Table 3), sug-
gesting a moderate advantage of long-read sequencing for assembling high-quality
microbial genomes. The MAGs unique to the long-read and hybrid metagenomes were

FIG 5 Short-read metagenome coverage for three contigs generated from long-read assemblies. Each contig was annotated as a different zooplankton
species according to 18S and 28S rRNA gene sequences located on the contig. Coverage values were normalized to metagenome sizes, and the y axes for
all panels within each plot are set to the same scale. (A) Map showing sample collection sites and table with associated bottom depths. (B) The contig
annotated as the krill species Euphausia pacifica recruited short reads across the entire contig length from sites A and J. Short reads from all other
metagenomes mapped only to the rRNA gene regions. (C) The contig annotated as the copepod species Calanus pacificus recruited short reads across the
entire contig length from about half of the sites, while reads from the other half mapped only to the rRNA gene regions. (D) The contig annotated as the
copepod species Metridia pacifica recruited short reads across the entire contig length from sites F and L. Short reads from all other metagenomes mapped
only to the rRNA gene regions.
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generally well represented in the short-read metagenomes, suggesting that these popula-
tions were present in the replicate filter samples but benefited from long-read sequencing
for binning (see the read mapping histograms at https://doi.org/10.6084/m9.figshare
.21318000). One possible reason for the additional MAG recovery is that the long reads
were assembled with two different programs, while the short reads were run through
metaSPAdes only (albeit with duplicate metagenomes compared to a single long-read
metagenome). Assemblers are known to vary in assembly output (which is also the bin-
ning input), and having a second, different long-read assembly for each sample may have
been an important source of additional MAGs. However, the average length of the longest
contig for the five unique long-read MAGs was >150,000 bp, versus 92,000 bp for the
MAGs also recovered from short-read metagenomes (Table 3). The higher number of long
contigs from long-read assemblies may thus have contributed to the higher-quality MAGs
retained in the final count. One of the long-read-only MAGs belonged to the species SW10
sp002323895 (phylum Verrucomicrobiota), which was also the taxonomy of the longest
long-read contig (802,392 bp from the sample Las19c138_27m-3 metaFlye assembly); sur-
prisingly, however, the MAG did not contain this ultralong contig. This omission may have
been due to flawed binning programs or because the 800-kbp contig belonged to a sub-
population of SW10 sp002323895 distinct from the MAG. Regardless of the cause, this
taxon may be an example of the benefits of long-read sequencing due to genome charac-
teristics that prevent assembly from short reads alone.

One important advantage of supplementing short-read sequences with long reads
was the recovery of two eukaryotic MAGs from hybrid long- and short-read assemblies.
Following manual refinement, the MAGs were classified as belonging to Bathycoccus
prasinos and Ostreococcus lucimarinus, respectively (Fig. 4; Fig. S4). Bathycoccus and
Ostreococcus are two of the three major cosmopolitan marine picoeukaryotic genera
(the third beingMicromonas), which comprise basal lineages of the phylum Chlorophyta.
These single-celled algae are characterized by tiny cell sizes (;1 mm in diameter) and
genomes (10 to 15 Mbp), which can provide valuable information on the minimum gene
requirements for free-living eukaryotic phytoplankton as well as the subsequent evolu-
tion of plant lineages (39, 40). There are genome sequences available from cultured
strains of both Ostreococcus and Bathycoccus, including O. lucimarinus isolated from
coastal Southern California (40), and recent studies have presented picoeukaryotic MAGs
from the Atlantic, South Pacific, Indian, and Arctic Oceans as well as the Mediterranean
and Red Seas (41, 42). To our knowledge, there are no Bathycoccus whole genomes or
MAGs from the California Current. These MAGs, and potentially many more that can be
generated from long-read sequencing, may thus help fill in knowledge gaps on phyto-
plankton biogeography and evolution (43). While an extensive metabolic characterization
is beyond the scope of this study, the gene contents of the two MAGs appear similar at
the level of KEGG categorization, with a few exceptions in specific glycan and lipid metab-
olism gene categories (Fig. S5). We also note that the genomes of the B. prasinos isolates
feature two “outlier” chromosomes with different GC contents (potentially influenced by
horizontal gene transfer) (39) that we may not have captured in our analysis.

We identified several long contigs containing entire 18S rRNA gene sequences
belonging to ecologically important zooplankton species from metaFlye assemblies. In
particular, contigs annotated as the krill species Euphausia pacifica and two copepod
species, Calanus pacificus and Metridia pacifica, were used as reference contigs for short-
read mapping to compare coverages at all sampling sites (Euphausia recruitment plots:
https://doi.org/10.6084/m9.figshare.21308184, Metridia recruitment plots: https://doi
.org/10.6084/m9.figshare.21308175, Calanus recruitment plots: https://doi.org/10.6084/
m9.figshare.21308169). Krill and copepod species have been linked to large-scale ocean-
ographic processes, including El Niño-Southern Oscillation (ENSO) events and warm
water anomalies (44, 45); improving eDNA detection methods would thus assist ecosys-
tem monitoring efforts. The read coverage was generally low for all samples, reflecting
the relatively small proportion of eukaryotic DNA in the eDNA pool. Site J in particular
featured almost no reads mapping to any of the eukaryotic reference contigs (Fig. 5);
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this was also the site with the deepest bottom depth, suggesting that bathymetry may
influence surface zooplankton communities in ways that can be detected with eDNA.
However, because it is challenging to link gene copy numbers with biomass in multicel-
lular organisms, we do not make any inferences regarding the relative abundances of
copepods or krill in our samples. Additionally, the extent of genetic variability among
the krill and copepod species in the California Current is poorly understood (37); cover-
age values include reads with ,100% sequence identity (Fig. S7; see also the read
recruitment plots cited above), which may not represent the same species as that of the
reference contig. Moreover, short reads from metagenomes corresponding to the long-
read metagenomes from which the reference contigs were generated did not show
complete coverage, possibly because the zooplankton DNA was absent from the biologi-
cal eDNA replicates. This observation suggests a level of stochasticity in the sampling
and/or sequencing processes that precludes conclusions about organism genetic relat-
edness from metagenomes. Differences in coverage between genic and intergenic
regions, along with the percent identities of mapped reads, show a range of mapping
fidelities among samples (Fig. S7; see also the read recruitment plots cited above).
Despite these sources of uncertainty, however, the coverage patterns across the contig
sequence were generally conserved across sites. The rRNA marker genes showed similar
peaks and valleys in recruitment levels, showing which gene regions are more or less
conserved across a spatial range in the California Current. Data linking zooplankton
genetics with biogeography are rare but potentially invaluable, as modeling planktonic
food webs is highly challenging and suffers from a dearth of environmental data (46). A
better understanding of the genetic variability among closely related zooplankton spe-
cies will improve the interpretation of coverage results and provide valuable data on bio-
geography and population connectivity.

In conclusion, we found that long-read metagenomes of marine eDNA samples did
not reliably reproduce the results on microbial community composition and function
from replicate short-read metagenomes. This may be due to the inconsistent quality of
long-read sequencing in this study. There may also have been biological differences
between the replicate eDNA samples due to the different DNA extraction protocols used
on the filters destined for short- versus long-read sequencing. Additionally, assembly
qualities, the extraction of SSU rRNA genes, and the recovery of prokaryotic MAGs were
only marginally improved by long-read sequencing. However, only long-read metage-
nomes provided high-quality eukaryotic MAGs. These genomes fill valuable gaps in
knowledge on an understudied component of marine planktonic communities in the
California Current. Moreover, long-read contigs provided full sequences of marker genes
from ecologically important zooplankton species, including krill and copepods. These
results suggest that a combination of short- and long-read metagenomes can generate
a more complete overview of the planktonic community than amplicon sequencing or
short-read metagenomic sequencing alone. However, to go beyond presence/absence
information for eukaryotic organisms, a better understanding of genetic variability (e.g.,
the level of conservation of intergenic SSU rRNA sequences) among species is necessary.
This study provides a baseline for investigating these questions and leveraging eDNA
sequence data to complement morphology-based surveys in marine ecosystems.

MATERIALS ANDMETHODS
Sample collection. Samples were collected during the 2019 Rockfish Recruitment and Ecosystem

Assessment Survey (RREAS) aboard the NOAA Ship Reuben Lasker between 30 May and 7 June 2019. At
each site, water was collected from three depths using Niskin bottles mounted on a Conductivity,
Temperature, and Depth (CTD) rosette. Three bottles each were triggered at 5 m, 100 m, and the deep
chlorophyll maximum, which varied among sites. Triplicate 1-L samples from each depth were collected,
with each triplicate containing approximately 1/3 L water from each of the three bottles from the
sampled depths. Water was mixed in 2-L Whirl-Pak bags before filtration onto 0.22-mm, 47-mm polyviny-
lidene difluoride (PVDF) membrane filters using vacuum pumps. Filters were stored in 2-mL cryotubes at
280°C until the end of the survey, at which point they were transported on dry ice to the Monterey Bay
Aquarium Research Institute (MBARI), where they were stored at 280°C.

DNA extraction, library preparation, and sequencing. Two of the triplicate filters were shipped on
dry ice to Oregon State University’s Center for Quantitative Life Sciences Core Facilities for DNA
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extractions in preparation for short-read sequencing. Extractions were performed using the Omega Bio-
Tek Mag-Bind blood and tissue DNA HDQ 96 kit according to the manufacturer’s instructions and a
KingFisher instrument to automate extractions. DNA was shipped to CosmosID on dry ice for library
preparation and sequencing.

DNA extractions for long-read sequencing were performed at CosmosID. The third replicate filters
from each sample were shipped on dry ice to the facility, and DNA was extracted using the OLX/
DNAexpress sample kit for the isolation of DNA from marine filters (Claremont Biosolutions, Upland, CA)
according to the manufacturer’s instructions. DNA was quantified using a Qubit fluorometer (Invitrogen,
Waltham, MA).

Both short- and long-read library preparation and metagenomic sequencing were performed at CosmosID.
Short-read metagenome libraries were prepared using the Nextera XT protocol, and sequencing was per-
formed on an Illumina HiSeq platform using a 2� 150-bp paired-end (PE) protocol. The long-read sequencing
library was prepared for PacBio sequencing according to the manufacturer’s instructions for preparing HiFi
SMRTbell libraries from ultralow DNA input (https://www.pacb.com/wp-content/uploads/Procedure-Checklist
-Preparing-HiFi-SMRTbell-Libraries-from-Ultra-Low-DNA-Input-.pdf). The library was sequenced on one 8M
SMRT cell on a PacBio Sequel II platform to generate circular consensus sequencing (CCS) data.

Short-read bioinformatics. (i) Sequence quality control and decontamination. Each set of 14
matching Illumina short-read metagenomes was processed for comparison with long reads. Raw Illumina reads
were quality filtered with fastp (47) using the parameters –cut_tail -g -l 100 -W 3 -M 30 -w 16 –adapter_fasta
adapters.fa; the adapter Fasta file is provided in the manuscript FigShare repository (https://doi.org/10.6084/m9
.figshare.21554595.v1). Human DNA was removed from the quality-controlled sequences using BMTagger by
identifying reads matching the latest human genome sequence (GRCh38_latest_genomic). All further analyses
were performed using quality-controlled, BMTagger-filtered reads.

(ii) Assembly and binning. Metagenome assemblies were generated using the quality-controlled,
BMTagger-filtered reads in metaSPAdes (48). Metagenomes that failed to assemble were run through
BBNorm (https://sourceforge.net/projects/bbmap/) with the parameters target=100 and min=5 (see
Table S1 in the supplemental material), and the normalized reads were rerun through metaSPAdes.
Assembly qualities were assessed using Quast (49).

Binning was performed using two different programs: MaxBin2 (38) and Vamb (50). The assemblies
of all short-read metagenomes (including both replicates) were run individually through MaxBin2 with a
minimum contig length of 1,000 bp and concatenated for input to Vamb according to the instructions
provided in the GitHub repository (https://github.com/RasmussenLab/vamb). The resulting MAGs from
both binning programs were assessed for quality using CheckM (51) and anvi’o (52) (anvi-gen-contigs-
database, anvi-run-hmms, and anvi-estimate-genome-completeness commands); quality scores were
generated by calculating completion 2 (5� contamination) (CheckM) and completion 2 (5� redun-
dancy) (anvi’o), and MAGs were considered to be of high quality if both the CheckM and anvi’o quality
scores were above 40. High-quality MAGs were dereplicated using dRep (53) with a 0.95 average nucleo-
tide identity (ANI) threshold.

(iii) Taxonomic and functional annotation. The taxonomic compositions of the metagenomes
were assessed in three ways: (i) with unassembled reads, (ii) with assembled open reading frames
(ORFs), and (iii) with extracted SSU rRNA sequences.

For the read-based analysis, reads were first interleaved using the mergepe command in seqtk
(https://github.com/lh3/seqtk). Metagenome signatures were generated with the sourmash sketch dna
command (54, 55), and the resulting signatures were run against the GTDB (56) and Marine Microbial
Eukaryotic Transcriptome Sequencing Project (MMETSP) (57) preprepared databases (https://osf.io/
wxf9z/) using the sourmash gather command (58, bioRxiv). Finally, the gather output was matched to
the taxonomy using sourmash tax metagenome and the GTDB and MMETSP taxonomy reference sheets
(https://osf.io/wxf9z/). Both Krona and CSV output formats were generated, and a Krona plot was gener-
ated using ktimporttext in a Krona Conda environment. All Krona taxonomy summaries and plots can be
found at https://doi.org/10.6084/m9.figshare.20883652.v1.

For taxonomic annotation of the assemblies, ORFs were generated with Prodigal (59) and run against
the NCBI-nr database using DIAMOND (60) with BLASTp and “very-sensitive” parameters. DIAMOND output
files were parsed using a custom Python script (parse_DIAMOND_output_for_qiime.ipynb [https://doi.org/10
.6084/m9.figshare.21320475.v1]), and taxonomy was assigned using taxonkit with the lineage command
(60). In addition, ORFs were run through MicrobeAnnotator (61) for estimates of KEGG module numbers and
completeness per metagenome.

SSU rRNA sequences were extracted in two ways: (i) with PhyloFlash (62) for 16S and 18S rRNA genes
and (ii) using rRNA HMM databases in anvi’o for 16S, 18S, 23S, and 28S rRNA genes (anvi-run-hmms and
anvi-get-sequences-for-hmm-hits commands) (52). The 16S and 18S rRNA genes extracted using both
approaches were run against the SILVA (64) and PR2 (65) reference databases, respectively, using the
vsearch sintax taxonomy classifier with no confidence cutoff (66). The RESCRIPt-formatted SILVA data-
base was downloaded from https://docs.qiime2.org/2021.2/data-resources/#silva-16s-18s-rrna and for-
matted for sintax according to the vsearch instructions at https://github.com/torognes/vsearch/issues/
438. The RESCRIPt-formatted PR2 database was downloaded from https://github.com/pr2database/
pr2database/releases.

The vsearch output was extracted, and confidence levels at each taxonomic level were tested for sig-
nificant differences using one-way analysis of variance (ANOVA) followed by Tukey’s honestly significant
difference (HSD) test using the Python libraries SciPy and bioinfokit. Analysis details can be found in the
parse_vsearch_sintax_output_for_taxa_confidences.ipynb Jupyter notebook at https://doi.org/10.6084/
m9.figshare.21320475.v1. SSU genes Escherichia coli, Halobacterium salinarum, and Carcharadon
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carcharias were queried in NCBI GenBank and their lengths were used as references for bacterial, arch-
aeal, and eukaryotic domains in Figure 1, respectively.

Long-read bioinformatics. (i) Sequence decontamination. Unlike the short-read metagenomes,
the PacBio metagenomes were not found to contain human DNA sequences. However, four PacBio sam-
ples were filtered for likely laboratory microbial contamination belonging to the nonmarine taxa Delftia
acidovorans, Delftia lacustris, Cutibacterium acnes, and Stenotrophomonas maltophilia, identified from tax-
onomic annotation results using sourmash and GTDB (see below for full taxonomic annotation meth-
ods). These four reference genomes were downloaded from GenBank, and filtered PacBio reads were
aligned to the genome Fasta files using minimap2 (67). Unmapped (decontaminated) reads were then
used for all downstream analyses.

(ii) Assembly, binning, and read mapping. The 10 raw and 4 decontaminated samples were
assembled using three different approaches: hifiasm-meta (68) of long reads only, metaFlye (69) of long
reads only, and hybridSPAdes (70) using both long PacBio and short Illumina reads. For the latter, the
corresponding duplicate Illumina metagenomes were compared, and the sample with the higher num-
ber of reads was chosen for the hybrid assembly. Assembly qualities were assessed using Quast.

Binning (MaxBin2 and Vamb), MAG quality assessment, and MAG dereplication were performed as
described above for the short-read assemblies. The short-read metagenomes used for long-read and
hybrid binning are shown in Table S1. Annotation with MicrobeAnnotator and rRNA HMMs were also
performed as described above.

Reads from all short-read metagenomes were competitively mapped to all 15 high-quality, derepli-
cated MAGs from long-read and hybrid assemblies using Magic BLAST (71). The results were filtered for
a minimum read length of 70 bp and a minimum alignment length/read length value of 0.7 using the
Python script 01c_MagicBlast_ShortRead_Filter.py, found at https://github.com/rotheconrad/00_in-situ
_GeneCoverage, and read recruitment plots were generated using the Recplot_4 R package (https://
github.com/KGerhardt/Recplot_4). Plots show reads aligned at a 0.5% depth resolution and a 100-bp
read length resolution.

Additionally, two metaFlye assemblies (Las19c135_5m-3 and Las19c138_27m-3) each were found to
have one exceptionally long contig (;800 kbp). Reads from the corresponding short-read metagenomes
(Las19c135_5m-1, Las19c135_5m-2, and Las19c138_27m-1) were mapped to the contigs to assess the
coverage depth across the contig sequence. Reads were mapped for the two short-read metagenomes
mapped against the contig from Las19c135_5m-3 and the single short-read metagenome mapped
against the contig from Las19c138_27m-3. Read mapping, filtering, and plot generation were performed
as described above for the MAGs.

(iii) Taxonomic and functional annotation. The taxonomic composition of long-read metage-
nomes was assessed using the same three approaches as the ones described above for the short-read
metagenomes: running sourmash (54) and FracMinHash (Irber et al., 2022, bioRxiv) against GTDB (56)
and MMETSP (57), annotating the assembled ORFs with DIAMOND (72) against the NCBI-nr database,
and running the extracted 16S and 18S rRNA genes against SILVA (64) and PR2, respectively. Reads were
not interleaved since they were not generated with paired-end chemistry. PhyloFlash (63) is designed
for short reads and thus was not used for extracting SSU rRNA genes; only rRNA HMM databases were
used in anvi’o to extract 16S, 18S, 23S, and 28S rRNA genes.

Analyses applied to both short- and long-read metagenomes. (i) Assembly read mapping.
Short reads from both Illumina metagenome replicates (when available) were mapped to all four sets of
assemblies: short reads assembled with SPAdes, long reads assembled with hifiasm-meta, long reads
assembled with metaFlye, and short and long reads assembled with hybridSPAdes. minimap2 (63) was
used for read mapping, and the resulting bam files were parsed with SAMtools (73) to generate counts for
mapped and unmapped reads. The unmapped reads were extracted with SAMtools and run through sour-
mash with the GTDB and MMETSP databases as described above to assess the taxonomic composition.

(ii) Alpha diversity. Shannon diversity was estimated with the R package vegan (74) for Illumina and
PacBio metagenomes using sourmash taxonomic composition results. The same estimation was applied to
Illumina (SPAdes), PacBio (metaFlye), and hybrid assemblies using ORF taxonomic annotation counts as the tax-
onomy table input. Shannon diversity values were plotted against metagenome read numbers for both read-
based and assembly-based analyses, and correlation coefficients were calculated for linear and logarithmic trend
lines in Excel. The code for alpha diversity analyses is contained in the sourmash_alpha_beta_diversity.R and
ORF_alpha_beta_diversity.R scripts at the GitHub repository (https://doi.org/10.6084/m9.figshare.21320475.v1).

(iii) Beta diversity. Aitchison distances among all metagenomes (PacBio and Illumina samples) were
calculated using DEICODE for a robust Aitchison principal-component analysis (PCA) (75) for both read-based
(sourmash) and assembly-based (DIAMOND) taxonomic composition results. The DEICODE input for the
read-based analysis was a BIOM-formatted taxonomic composition table of the number of base pairs
assigned to each species by sourmash (Python script merge_sourmash_results.ipynb at the GitHub URL men-
tioned above), and for the assembly-based analysis, it was a BIOM-formatted count table generated for the
number of ORFs assigned to each taxon by the DIAMOND analysis described above. The DEICODE rpca com-
mand was run using default parameters for the read-based analysis and with a min-feature-frequency 40 pa-
rameter for the assembly-based analysis. The resulting distance and ordination files were imported into the
R package qiime2R (76) and used to generate a PCA plot using ggplot2 (77). PERMANOVAs were run using
the adonis2 function in the vegan package (74) to test for significant differences among depth groups and
sequencing platforms. Based on these results (differences were significant between sequencing platforms
but not among depth groups), Aitchison distances between all pairs of samples were plotted as a histogram,
and differences between paired and unpaired samples were tested by analysis of variance (ANOVA) using
the aov function in the R vegan package. The code for the read-based and assembly-based beta diversity
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analyses can be found in the sourmash_alpha_beta_diversity.R and ORFs_alpha_beta_diversity.R scripts,
respectively, at GitHub (https://doi.org/10.6084/m9.figshare.21320475.v1).

(iv) MAG refinement and annotation. One smaller MAG with an ambiguous taxonomic assignment
was examined using the anvi’o interactive interface and determined to be highly contaminated. Manual
refinement did not improve the quality or taxonomic assignment confidence with GTDB-Tk v2.0.2 (78)
(data not shown). The MAG was removed from the final count of high-quality, dereplicated MAGs.

Two large (>10-Mb) MAGs with taxonomic assignments limited to the phylum level were refined
using the anvi’o interactive interface (Fig. 4). MAGs were annotated with BUSCO (79), and the resulting
single-copy genes were run against the NCBI-nr database using DIAMOND (72). DNA-dependent RNA
polymerase genes from both MAGs were identified using HMM databases for the a and b enzyme subu-
nits from Delmont et al. (2022). The extracted genes for both subunits were aligned with the corre-
sponding database sequences belonging to the genera Micromonas, Ostreococcus, Bathycoccus, and
Pycnococcus using MAFFT (v.7.490) (80). Phylogenies of the two alignments were built using RAxML
(v.8.2.12) (81) with 100 bootstraps and the PROTGAMMAAUTO parameter to automatically determine
the best model. The resulting trees were visualized with iTOL (82), and colors and fonts were edited in
Adobe Illustrator.

(v) Eukaryotic rRNA annotation and coverage. To identify potentially ecologically important eu-
karyotic organisms in metagenomes, metaFlye, hybridSPAdes, and Illumina assemblies were run against
HMM databases in anvi’o to extract 5S, 12S, 18S, 23S, and 28S rRNA genes. The resulting 18S rRNA hits
were run against the NCBI-nr database with BLAST for taxonomic annotation. Based on these results, the
longest contigs containing genes annotated as Calanus sp., Metridia sp., and Euphausia pacifica genes,
respectively, were used as reference contigs for coverage calculations.

To calculate krill and copepod 18S rRNA gene coverages in each short-read metagenome, reads
from all matching Illumina samples were aligned against the assemblies using minimap2 (67).
Assemblies and mapping results were visualized in anvi’o by merging individual profiles, and the cover-
age across the contig of interest was examined by calculating split coverages (anvi-get-split-coverages),
manually normalizing the reported coverages by the short-read metagenome size, and visualizing the
normalized results (anvi-script-visualize-split-coverages).

For the fine-scale visualization of read mapping levels, the same matching Illumina sample reads
were aligned with the reference contig of interest using Magic BLAST (71). The results were filtered to
retain hits with a minimum read length of 70 bp and a ratio of the alignment length to the read length
of 0.7 using the Python script 01c_MagicBlast_ShortRead_Filter.py found at https://github.com/
rotheconrad/00_in-situ_GeneCoverage. Read recruitment plots were generated with the filtered Magic
BLAST results using the Recplot_4 package in R (https://github.com/KGerhardt/Recplot_4). Plots show
reads aligned at a 0.5% depth resolution and a 100-bp read length resolution.

The extracted Metridia sp. 18S and 28S rRNA gene sequences were aligned with 18S and 28S rRNA
genes from several species of Metridia from GenBank. Alignments were performed with MUSCLE (83),
and maximum likelihood phylogenies were built using MEGA (84).

Data availability. Raw PacBio and Illumina sequencing reads are available in the NCBI Sequence
Read Archive (BioProject accession number PRJNA853328). All high-quality, dereplicated MAGs gener-
ated from PacBio sequence data, additional data generated from the analyses described in this article,
and code for statistical analyses and data visualizations are available at https://figshare.com/projects/
PacBio_Marine_Metagenomes/144459.
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