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Abstract
Difficulties in obtaining viral and bacterial genomes from corals have hindered the mechanistic
understanding of these holobionts. Here, we introduce a size-fractionation approach to enrich viruses and
bacteria from coral samples (tissues, mucus, and skeleton) for metagenome sequencing. Enriched
metagenomes reduced host and Symbiodium DNA from 70 to 36% while increasing bacterial recovery by
9-fold. Remarkably, bacterial metagenome-assembled genomes were only recovered from the enriched
metagenomes, and viral genome recovery increased by 3-fold, expanding the diversity of viruses detected.
The high recovery of viral and bacterial genomes described here will facilitate the expansion of functional
genomic studies in coral holobionts.

Background
Complex symbioses between the animal host, intracellular algae, protists, bacteria, archaea, and viruses
are critical for the health and resilience of coral holobionts [1, 2]. While the mechanistic basis of coral-
Symbiodinaceae relationships has been largely explored, the functions of other holobiont components
remain elusive. For example, certain bacterial consortia were recently demonstrated to have a protective
effect against bleaching at high temperatures [3], but how this protection is achieved is unknown. Among
viruses, recent work showed that the induction of integrated prophages from bacterial genomes mediates
competition within the holobiont, which, once disrupted, causes tissue loss [4]. One of the main
limitations in pinpointing the functional roles of bacteria and viruses is the difficulty in obtaining bacterial
and viral genomes from coral tissues. Host and Symbiodinaceae DNA overwhelmingly dominate shotgun
metagenomes, preventing appropriate coverage of viral and bacterial genomes necessary for assembly.
Most studies to date have relied on marker gene sequencing of bacteria (i.e., 16S rRNA) or methods for
viral enrichment that incur severe compositional biases [5, 6, 7]. Here, we overcome this limitation by
introducing a size fractionation method for enriching viral and bacterial genomes in shotgun
metagenomic sequencing of coral samples.

Results and discussion
The Viral and Bacterial Enrichment (VBE; Fig. 1A) metagenomes had 36.39 ± 0.10% (mean, SE) coral or
symbiont reads, compared to 69.83 ± 0.13% (mean, SE) in the controls, a 33.44% (1.92x) reduction in the
VBE metagenomes (t-test, t(23) = -5.58, p = 1.124e-05) (Fig. 1B). Among quality-controlled reads, 2.72 ± 
0.33% of VBE reads were bacterial, compared to only 0.30 ± 0.03% (mean, SE; here and hereafter) in
controls, a 2.42% (9.01x) enrichment in VBE (t-test, t(23) = 4.12, p = 4.15e-04) (Fig. 1C). For coral and
symbiont-filtered reads, VBE increased bacterial recovery by 5.02x (4.06 ± 0.09% and 0.81 ± 0.06% for VBE
and control, respectively; t-test, t(23) = 4.29, p = 2.73e-04; Fig. 1D). Remarkably, high quality bacterial
metagenome-assembled genomes (bMAGs) could only be generated from VBE metagenomes, with 13
total bMAGs with ≥ 50% completion and ≤ 10% contamination identified (Fig. 1E). VBE generated 543
putative viral contigs, compared to 76 from controls, which represented 0.74 ± 0.05% and 0.40 ± 0.05% of
QC reads, respectively, a 1.87x increase for VBE (t-test, t(23) = 3.45, p = 2.17e-03) (Fig. 1F). Among coral
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and symbiont-filtered reads, 0.46 ± 0.06% were viral in VBE and 0.16 ± 0.02% in controls, a 2.83x increase
in viral recovery by VBE (t-test, t(23) = 2.6878, p = 1.31e-02; Fig. 1G). Bacterial and viral genome recovery
through VBE was possible even at a relatively low sequencing coverage (37 million reads [5.5 Mbase] per
sample on average). This recovery represents an improvement from previous studies that required
coverages from 58 to 146 million reads [8, 9, 10, 11] to assemble bacterial MAGs and that were most
successful with samples devoid of coral tissue, such as in studies focused on the skeleton [8].

Half of the viral genomes captured by VBE were classified as Duplodnaviria, as expected, given the DNA
focus of the study, in addition to unclassified viral genomes (Fig. 2). Within Duplodnaviria, VBE recovered
viral genomes belonging to nine families of bacteriophages. This contrasts with the control, where only
unclassified genomes were recovered (Fig. 2). These results suggest that the VBE method incurred fewer
compositional biases compared to previous methods [7, 12, 13, 14, 15]. VBE yielded enough coverage for
viral genome assembly, unlike previous unbiased sequencing approaches that had to limit analyses to
individual reads due to the difficulty of assembling, compromising functional interpretations [16, 17].

VBE uses a coral fragment of 1cm2, not much larger than a parrotfish bite, and is minimally invasive to
corals. Therefore, this method could be easily adapted for the recovery of bacterial and viral RNA, which
would presumably require larger amounts of input material [18]. This method pooled all holobiont
compartments (skeleton, tissue, and mucus), and adaptations are required for application to specific
compartments [9, 19]. Increasing the size of the coral input sample and sequencing depth and
incorporating long-read data may lead to the resolution of more complete genomes covering a larger
biological diversity.

Conclusion
The VBE method introduced here significantly improved bacterial and viral genome assembly from coral
shotgun metagenomes. VBE avoided using chloroform, amplification, or density gradients, capturing a
larger diversity of viruses with low compositional bias. VBE will facilitate the expansion of functional
genomic studies in corals and can be readily adapted to other holobionts.

Methods
A step-by-step description of the VBE protocol is publicly available on protocols.io [20]. Fragments of the
coral Orbicella faveolata (N = 28) were collected via SCUBA in July 2021 along the southwestern coast of
Curaçao in the Caribbean (Table S1). Specimens of approximately 1cm2 (containing mucus, tissue, and
skeleton) were collected using a chisel and hammer and placed in Ziplock polyethylene bags. The
specimens were briefly placed on ice during transfer to the laboratory at the CARMABI research station,
where they were flash-frozen and stored at − 80°C until later processing. The samples were subjected to
two DNA extraction protocols for comparison: 19 samples were processed using the Viral and Bacterial
Enrichment (VBE) method developed here, and 6 underwent bulk extraction and sequencing and were
treated as controls. For both extraction methods, coral fragments were thawed, crushed to a fine gravel
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texture using a sterile mortar and pestle, and suspended in 150 µL of sterile artificial seawater. Control
coral homogenates were extracted using a DNeasy PowerSoil Kit (QIAGEN, Germantown, MD, United
States), modified with the addition of 20 µL of Proteinase K incubated at 56°C for 10 minutes prior to the
kit’s lysis steps. For VBE, the coral homogenate was placed into a tube containing ~ 0.2 g of 425–600 µm
sterile glass beads (Sigma-Aldrich, St. Louis, MO, United States) and vortexed at speed 3 for 5 minutes
(VWR Analog Vortex Mixer; VWR, Radnor, PA, United States). The supernatant was transferred to a clean
tube, brought up to 1 mL with sterile ASW, and treated with DNAse I (20 U/mL final concentration) in
DNAse I buffer (Invitrogen, Waltham, MA, United States) at 25°C for 2 hours. DNAse activity was stopped
with EDTA (0.005 M final concentration; Genesee Scientific, San Diego, CA, United States), and the sample
was filtered through an 8.0 µm membrane (Cytiva, Marlborough, MA, United States). The flowthrough was
collected, transferred to a 100 KDa Amicon Centrifugal Unit (Sigma-Aldrich), and centrifuged at 3,200 g
for 30 minutes. After concentration, each side of the Amicon filter was rinsed and incubated at 56°C for 1
hour (per side) in 200 µL Buffer T1 and 20 µL Proteinase K from the NucleoSpin® Tissue Kit (MACHEREY-
NAGEL Inc., Allentown, PA, United States) and DNA extraction proceeded from step 3 of the kit. DNA was
eluted in 100 µL of PCR-grade water and quantified with a Qubit 2.0 Fluorometer (Invitrogen). Library
preparation and whole genome sequencing were conducted by Azenta Life Sciences (South Plainfield, NJ,
United States). Metagenomic libraries were generated with the NEBNext Ultra DNA Library Preparation kit
following the manufacturer’s instructions (New England Biolabs, Ipswich, MA, United States) and paired-
end sequenced (2 x 150 bp) on an Illumina HiSeq 4000 platform (Illumina, San Diego, CA, United States).

Raw metagenomic reads were adapter-trimmed, quality-filtered (trimq = 30, maq = 30), and entropy-filtered
(entropy = 0.90) using BBDuk [21] generating 594,487,714 quality-controlled reads. To remove coral host
and Symbiodinaceae reads, the quality-controlled (QC) reads were mapped to the genome of the coral
host, O. faveolata (GCA_001896105.1), and Symbiodinaceae (Clade A) (GCA_003297005.1) using
Bowtie2 (--mp 4 and -X 1000) [22]. Mapped reads were removed using SAMtools v1.18 [23] and quantified
with SeqKit [24], yielding 336,288,370 coral and Symbiodinaceae filtered reads (Table S1). Quality-
controlled and filtered reads from each sample were assembled separately using metaSPAdes v3.15.5
using base parameters [25].

Bacterial reads were identified with Kaiju v1.9.0 using the Progenomes database [26] and normalized by
the number of quality or filtered reads in each sample to obtain the percentage of bacterial reads in each
metagenome. Bacterial and archaeal MAGs were generated by integrating the single-sample coverage
binning outputs from MaxBin2 v2.2.7 [27], MetaBat2 v2.15 [28], and CONCOCT v1.1.0 [29]. The resulting
bins were consolidated and improved with the metaWRAP v1.2.1 [30] bin refinement module. The quality
of refined bins was assessed with CheckM2 v1.0.2 [31] to select bins with ≥ 50% completion and ≤ 10%
contamination. Bins with low-confidence predictions were removed. VIBRANT v1.2.1 identified putative
viral genome fragments among contigs [32]. Viral contigs were pooled by DNA extraction method to
create two databases, “VBE” and “Control”. The number of reads mapped to their respective databases at
80% identity with SMALT v0.7.6 [33] was normalized by the total number of quality and filtered reads and
by the length of each contig [34] to obtain the viral fractional abundance. Comparisons between VBE and
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controls were based on the Student’s t-test between the two groups, apart from Fig. 1E, which displays a
simple count of bMAGs generated from each group. Taxonomic assignment of phages was performed
with the Phage Taxonomy Tool (PTT) [35], with the reference taxonomy edited to reflect updated ICTV
classifications [36].
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Figure 1

Enrichment of viruses and bacteria from coral samples. (A) Simplified workflow depicting the VBE
method for enrichment of viruses and bacteria in coral metagenomes. (B-G) Recovery of coral and
symbiont (orange), bacteria (blue), and viruses (green) in VBE and control metagenomes. (B) Percent of
coral and symbiont reads, (C) bacterial abundance within quality-controlled (QC) reads, (D) Bacterial
abundance within coral and symbiont-filtered (CSF) reads, (E) Number of bacterial MAGs (the bar plot
indicates the counts, not relative abundances), (F) Viral fractional abundance in QC reads and (G) in CSF
reads. Stars represent p-values from Student’s t-test in panels B, C, D, F, and G (* p < 0.05, ** p < 0.01, *** p
< 0.001). Error bars represent the standard error.

Figure 2

Taxonomy of viral genomes captured by the Viral and Bacterial Enrichment (VBE) method. Taxonomic
assignments of bacteriophages in the VBE and Control groups. Dark gray indicates genomes without any
taxonomic classification (unknown), while light gray (NA) indicates genomes classified as Duplodnaviria
but without family-level classification.
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