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Report
The protist Aurantiochytri
um has universal
subtelomeric rDNAs and is a host for mirusviruses
Graphical abstract
Highlights
d The Aurantiochytrium limacinum genome has long repeats

and rDNAs in all subtelomeres

d Two mirusvirus genomes are in A. limacinum, including a

high-copy, circular episome

d The second mirusvirus region is integrated between two

subtelomeric rRNA gene arrays

d The first known host for mirusviruses suggests dynamic host-

virus genome interactions
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In brief

Collier, Rest, et al. find that the marine

thraustochytrid Aurantiochytrium

limacinum has arrays of rRNA genes and

long repeated sequences in the

chromosomal subtelomeres. They also

identify it as the first known mirusvirus

host, with both a circular mirusvirus

episome and an integrated mirusvirus

genome between two rDNA and long

repeat arrays.
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SUMMARY
Viruses are the most abundant biological entities in the world’s oceans, where they play important ecological
and biogeochemical roles. Metagenomics is revealing new groups of eukaryotic viruses, although discon-
nected from known hosts. Among these are the recently described mirusviruses, which share some similar-
itieswith herpesviruses.1 50 years ago, ‘‘herpes-type’’ viral particles2were found in a thraustochytridmember
of the labyrinthulomycetes, a diverse group of abundant and ecologically importantmarine eukaryotes,3,4 but
could not be further characterized by methods then available. Long-read sequencing has allowed us to con-
nect the biology of mirusviruses and thraustochytrids. We sequenced the genome of the genetically tractable
model thraustochytrid Aurantiochytrium limacinum ATCC MYA-1381 and found that its 26 linear chromo-
somes have an extraordinary configuration. Subtelomeric ribosomal DNAs (rDNAs) found at all chromosome
ends are interspersed with long repeated sequence elements denoted as long repeated-telomere and rDNA
spacers (LORE-TEARS). We identified two genomic elements that are related to mirusvirus genomes. The
first is a �300-kbp episome (circular element 1 [CE1]) present at a high copy number. Strikingly, the second,
distinct, mirusvirus-like element is integrated between two sets of rDNAs and LORE-TEARS at the left end of
chromosome 15 (LE-Chr15). Similar to metagenomically derived mirusviruses, these putative A. limacinum
mirusviruses have a virion module related to that of herpesviruses along with an informational module related
to nucleocytoplasmic large DNA viruses (NCLDVs). CE1 and LE-Chr15 bear striking similarities to episomal
and endogenous latent forms of herpesviruses, respectively, and open new avenues of research into marine
virus-host interactions.
RESULTS AND DISCUSSION

We performed short-read 454 and long-read nanopore

sequencing of the Aurantiochytrium limacinum ATCC MYA-

1381 nuclear genome, which independently yielded assem-

blies of 60.93 and 63.71 Mbp, respectively (Figure S1A;

Tables S1 and S2). Neither assembly was rich in repetitive

sequence (�4%, mostly simple repeats) (Data S1A and

S1B). Multiple metrics indicate that both assemblies are

highly complete. 99.66% of RNA sequencing (RNA-seq)

reads mapped to the 454 assembly and 96% to the

nanopore assembly, and we detected 91.4% and 87.9%

of Eukaryota BUSCO genes in the 454 and nanopore
Current Biology 33, 5199–5207, December 4, 2023 ª 2023 Lawrence Berk
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assemblies, respectively (8.6% and 12.1% missing BUSCOs,

respectively; Data S1C).

The 26 largest nanopore contigs likely represent complete or

nearly complete A. limacinum physical chromosomes. These

contigs range in size from �1.02 to �4 Mbp (Figure 1) and total

61.41 Mbp (96.4% of the complete nanopore assembly); they

align with 37 of the longest 454 scaffolds (the primary 454 as-

sembly) containing 59.93 Mbp (98.4%) of the total 454 assembly

(Figures S1A–S1C; Tables S1 and S2). The nanopore contig

sizes are consistent with our examination of the genome by

pulsed-field gel electrophoresis (Figure S1D). This genome

structure is similar to other stramenopiles for which both

chromosome number and genome size are known: three
eley National Laboratory and The Author(s). Published by Elsevier Inc. 5199
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Figure 1. Size and select features of the 26 linear chromosomes and circular element 1 in Aurantiochytrium limacinum ATCC MYA-1381

CE1 is predicted to be circular but is displayed as linear. A scale in megabases is provided along the top of the plot.54 Vertical red lines represent locations of

predicted55 rRNA genes. Cyan boxes represent regions that did not align56 with the primary 454 assembly (see Figures S1B and S1C). GC content (5 kbp

windows) is indicated by background color, with darker shades of blue indicating regions of lower GC content and darker shades of yellow indicating regions with

higher GC content; low GC content at the linear chromosome ends reflect telomeric repeats. The gray density plot above the midline of each chromosome

indicates the relative density of exons, based onmapping of predicted exons from the 454 assembly to each nanopore chromosome. The gray density plot below

the midline (reflected so that higher values form valleys) indicates the relative density of repetitive sequences.57 Inset: chord plot showing matching sequence

regions of at least 1 kbp between contigs.58 Two sets of chords are colored (arbitrarily red and blue) to highlight the directional nature of the repeats at the scaffold

ends. A blank space in the chord plot represents the shortest scaffold, which has no matching sequence regions on other scaffolds.

See also Figures S1 and S2, Tables S1 and S2, and Data S1 and S2.
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diatoms and a eustigmatophyte have smaller genomes (31–

36.5 Mbp) with similar numbers of chromosomes (24–33),

whereas the oomycete Phytophthora sojae has an 82.6 Mbp

genome with �12–14 chromosomes.5–7

Aurantiochytrium chromosomes have subtelomeric
rDNAs interspersed with long tandem repeats
Most A. limacinum chromosomes were assembled telomere to

telomere. Among the 52 predicted chromosome ends, 39 termi-

nate with telomeric repeats of sequence TTAGG �500 bp in
5200 Current Biology 33, 5199–5207, December 4, 2023
length (mean 480 bp,median 499 bp) (Figure 2). The telomeric re-

peats identified in the nanopore assembly are slightly shorter

than the TTAGGG repeats of vertebrates and other eukaryotes,

including protists such as the photosynthetic stramenopile Pela-

gomonas calceolata,7 but identical to TTAGG repeats reported

from diverse insects and a few other eukaryotes.8 Telomeric re-

peats aremissing from 13 of the chromosome ends; this likely re-

flects assembly issues (Figure S1B; Table S1).

All assembled subtelomeric regions of the A. limacinum

chromosomes unexpectedly contain rRNA gene clusters



Figure 2. Focused view of the terminal 50 kbp

of both ends of the Aurantiochytrium limaci-

num chromosomes

Locations of predicted rRNA genes as in Figure 1

(red; see inset). Purple boxes on ends of chromo-

somes indicate telomeric repeats. Five classes of

LORE-TEARS (0, 1, 2, 3, and 5) are shown (see inset

for key). G-quadruplexes are plotted as blue

lines; note the regular positioning of G-quadruplexes

within and around the rDNAs. Black lines are exons

from the 454 assembly mapped using BLAST. GC

content is plotted along the centerline (range: 31%–

59%). Bottom inset: schematic view of a typical

arrangement of elements at the ends of a chromo-

some, with a large 18S-5.8S-28S rDNA cluster

transcribed toward the telomere and a small 5S

rDNA transcribed away from the telomere. LORE-

TEARS elements are colored and labeled by their

sequence similarity group.

See also Figure S1, Tables S1 and S3, and Data S1.
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interspersed with long repeated sequences (Figures 1 and 2).

These elements are evident as extensive sequence matches be-

tween the ends of contigs (Figure 1, inset; in contrast to the 454

assembly; Figure S1E). Specifically, in 37 of the 39 nanopore

contig ends with telomeres, an 18S-28S rRNA gene cluster

(small subunit or 18S rRNA, ITS1, 5.8S rRNA, ITS2, and large

subunit or 28S rRNA; average length = 5,551 bp) transcribed to-

ward the telomere is found �9.4 kilobase pair (kbp) (median)

from the telomeric repeat (Figure 2). In 30 of these 37 contig

ends, a 5S rRNA gene transcribed away from the telomeric

repeat is found �10 kbp (median) further from the telomere. In

17 of these 30 cases, no other rRNA genes were identified,

and the 454 assembly scaffold mapped to the approximate loca-

tion of the 5S gene. The remaining contig ends vary from this

pattern. In some cases, both ends of a contig have the same or-

ganization (Chr17, Chr15, and Chr6), but, more commonly, the

two ends are different. Only one rRNA gene (a 5S on Chr3) was

found in the opposite orientation, and only three 5S genes (on

Chr21, Chr22, and Chr15) and one 18S-28S rRNA gene cluster

(on Chr15 associated with an endogenous mirusvirus, see

below) were identified in the more central regions of nanopore

assembly contigs (Figure 1).

Between each of these telomeric and subtelomeric elements

are characteristic long tandem repeats (Figure 2; Table S3).

We call these long repeated telomere and rDNA spacers

(LORE-TEARS), which are built from repeated 366–529-bp units
Curren
and lacking similarity to sequences in

GenBank. Several distinct LORE-TEARS

families occur in regular positions with

respect to the chromosome ends. Just

downstream of the 28S rRNA genes, there

is usually one ‘‘group 1’’ element contain-

ing �4 repeated units, each �406 bp

long. Closer to the telomere, there is usu-

ally at least one ‘‘group 2’’ element with

�6 repeated units, each �366 bp long.

Usually upstream of the 18S gene nearest

to the telomere and between it and the
nearest 5S gene is a ‘‘group 0’’ element, containing �9 repeated

units of�385 bp.Where two consecutive 5S rRNA genes are de-

tected, there is often a ‘‘group 5’’ element between them (�5 re-

peats of a �421 bp unit). Among the 15 chromosomes with telo-

meric repeats assembled at both ends, seven have a ‘‘group 3’’

element (�3 repeats of a�529 bp unit) between the group 1 and

group 2 elements at only one end, while one has a group 3

element between the group 1 and group 2 elements at both

ends, and seven have no group 3 elements. We detected

G-quadruplexes associated with rRNA genes and some LORE-

TEARS, which is consistent with a regulatory function for these

elements at the chromosome ends9–12 (Figure 2; Data S1D).

The organization of rRNA genes in the subtelomeres of the

A. limacinum chromosomes suggests a specific relationship

with telomeric processes. This arrangement is highly unusual,

both in the nature of the repeats and their location. Eukaryotic

rRNA genes aremost commonly organized in a few large tandem

arrays (e.g., one in yeast and five in humans), and 5S genes and

18S-28S gene clusters are typically not associated with one

another.13,14 Subtelomeric rDNA tandem repeats have been

found in plants,15,16 in some metazoans (in aphids at one telo-

mere of the X chromosome17), and in the protist parasite Giar-

dia.18,19 The multicellular stramenopile Saccharina japonica

(the kelp kombu) has a typical tandem 45S array in the middle

of one chromosome and a tandem 5S array at the subtelomere

of another.20 In all these cases, rRNA gene arrays reside on the
t Biology 33, 5199–5207, December 4, 2023 5201
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ends of only one or a few chromosomes. Unlinked 18S-28S

rRNA gene clusters (i.e., not in tandem arrays) are found in the

red alga Cyanidioschyzon merolae21,22 and in several apicom-

plexan parasites,23 including Plasmodium falciparum.24 The 5S

and 18S-28S coding regions in the nanopore assembly of

A. limacinum are more closely spaced than is usual for organ-

isms where this linkage occurs but not as tightly linked as in

the brown alga (stramenopile) Scytosiphon lomentaria and

some other protists, where the 5S is just downstream of the

18S-28S.25,26

The most similar subtelomeric architecture to that of

A. limacinum is found in themicrosporidian parasitesEncephalito-

zoon cuniculi and E. intestinalis, which have one subtelomeric,

divergently transcribed 18S-28S rRNA gene cluster near the end

of each of their 11 chromosomes separated from the telomeric re-

peats by two types of telomere-associated repeat elements

(TAREs) with �30–70 bp repeat units.27 However, the 5S

rRNA genes are not subtelomeric in Encephalitozoon spp.

Subtelomeric 18S-28S rRNA gene clusters are also a feature of

the endosymbiotically derived ‘‘nucleomorph’’ genomes of

cryptomonads28,29 and chlorarachniophytes.30 Brugère et al.31

suggested that the subtelomeric location of rDNAmight be related

to selective pressure associated with genome reduction, but the

�62 Mbp genome of A. limacinum is not notably small among

free-living stramenopiles, suggesting that genomic streamlining

is not a factor here. The ends of chromosomes tend to be different

from internal portions in exhibiting a higher frequency of recombi-

nation,32,33 lower level of gene expression,34 and higher rate of

sequence evolution.35 The selective forces andmolecular mecha-

nisms acting to maintain the consistent structure and homoge-

neous rDNA and LORE-TEARS sequences at the chromosome

endsofA. limacinumoffer newavenues for future research, partic-

ularly if similar arrangements are found broadly in labyrinthulomy-

cetes or other unexplored corners of protist diversity. The rRNA

genes, LORE-TEARS, and/or associated subtelomeric sequences

inA. limacinummaybe involved in chromosomeendmaintenance

and replication, including themaintenance of rDNAstability and/or

nucleolar structure,14 comparable to the repetitive subtelomeric

sequences that are functionally important in other species.36,37

Episomal and endogenous mirusvirus-like genetic
elements
Viral detection software38,39 suggested large regions with viral

content at two locations in the genome (Data S2A and S2B).

The first, a �300-kbp element dubbed circular element 1 (CE1),

is present in both genome assemblies (Figure S2B; Tables S1

and S2) and is consistent with a �350- kbp band in the pulsed-

field gel electrophoresis (Figure S1D). CE1 is predicted to be cir-

cular (Figure S2A) and has read coverage in both the 454 and

nanopore assemblies �93 higher than the other scaffolds and

contigs, suggesting that it is present at higher copy number

than the 26 chromosomes (Table S1) and is maintained as an

episome. CE1 lacks the rRNA genes, LORE-TEARS, and telo-

meric repeats found on the chromosomes (Figure 1). GC content

and mapped transcript abundance are similar to the chromo-

somes (Table S1), but a smaller proportion of predicted genes

have functional annotations, orthologous gene assignments,

and predicted introns, and CE1 encodes no obvious BUSCO pro-

teins (Figure S2C). Of the 177 predicted genes on CE1, 128 are
5202 Current Biology 33, 5199–5207, December 4, 2023
ORFans (i.e., do not hit any known proteins), 21 have best

BLAST hits to bacteria, 22 to eukaryotes, four to archaea, and

one to viruses (when excluding the thraustochytrid Hondaea fer-

mentalgiana; see below) (Data S2C).

The second area of viral gene content is a 296-kbp region (i.e.,

all of scaffold_35) at the left end of Chr15 (LE-Chr15) and

provides a striking nexus with the subtelomere structure. LE-

Chr15 comprises the telomeric repeats, followed by a set of

rDNAs and LORE-TEARS, followed by the viral region, and

then a second set of rDNAs and LORE-TEARS (Figure 1); this

is the only place in the assembly with internal (non-telomeric) ar-

rays of rRNA genes and LORE-TEARS. The GC content of the

putative viral integrant is 41.6%, slightly lower than the rest of

the chromosome (45.0%), and consistent with a foreign origin.

The viral elements detected on CE1 and LE-Chr15 are related

but distinct from one another (Figure S2D). Comparing CE1’s

177 predicted proteins with the 152 proteins encoded by the vi-

rus-like region of LE-Chr15, only 48 are each other’s reciprocal

best BLAST hits (Data S2C), but their shared homologs generally

branch together in phylogenetic trees (Figures 3 and S3).

Sequence similarity searches using proteins characteristic of

various groups of viruses as queries (via blastp and HMMsearch)

against the A. limacinum genome revealed many genes on CE1

and LE-Chr15 related to key genes of theMirusviricota1 (Table 1;

Data S2C). For example, we detected Mirusviricota-like major

capsid protein (MCP) and terminase coding regions on CE1

and LE-Chr15 (the terminase protein packs the freshly synthe-

sized genome into newly formed capsids). Mirusvirus-like homo-

logs were detected on both CE1 and LE-Chr15 for the remaining

virion proteins as well (i.e., capsid maturation protease, portal

protein, triplex 1, and triplex 2), as were other core mirusvirus

genes, including a heliorhodopsin (CE1), a histone H3 (CE1),

TATA-binding protein (CE1 and LE-Chr15), subunits alpha and

beta of ribonucleotide reductase (LE-Chr15), and additional

proteins of unknown function (Table 1; Data S2C). We also

detected core nucleocytoplasmic large DNA virus (NCLDV) infor-

mational genes, such as family B DNA polymerase (DNAPol or

PolB; identified previously by Gallot-Lavall�ee and Blanc40),

DNA-dependent RNA polymerase large subunit (RNAPL), and

superfamily II helicase proteins (Table 1; Data S2C). We found

no sequence similarity between CE1 or LE-Chr15 and the lytic

large DNA virus previously reported to infect the thraustochytrid

Sicyoidochytrium minutum (SmDNAV).41,42

For A. limacinum genes that have detectable homologs in

mirusviruses, NCLDVs and/or herpesviruses, we conducted

phylogenetic analyses (Figures 3 and S3). Some virus-like

genes on CE1 and LE-Chr15 are found only in mirusviruses

(MCP; Figure 3C; terminases, Figure S3A). For genes with

broader distribution, phylogenetic analyses support relation-

ships of several CE1 and LE-Chr15 viral genes to mirusviruses,

as well as to nucleocytoviruses, which share several informa-

tional genes with mirusviruses. The resolvase, helicase, and

DNAPol trees show A. limacinum viral sequences branching

specifically with mirusviruses (Figures 3A, S3B, and S3C),

whereas the topoisomerase and nuclease trees show related-

ness of A. limacinum viral sequences to nucleocytoviruses

(Figures 3B and S3D). In contrast, the A. limacinum viral

TATA-binding proteins group with archaeal sequences, rather

than mirusviruses (Figure S3E). Homologs of thraustochytrid



Figure 3. Phylogenetic relationships of Aurantiochytrium limacinum viral proteins
(A) Phylogenetic tree of virus-like family B DNA polymerase (DNAPol) proteins encoded on CE1 and LE-Chr15 of A. limacinum (purple) and homologs inHondaea

fermentalgiana (pink). Note that in addition to the homologs found in CE1 and LE-Chr15, a viral-like DNAPol is also found in A. limacinum tig00000011; it shows

signs of pseudogenization.

(B) Phylogeny of viral DNA topoisomerases rooted with eukaryotic homologs.

(C) Phylogenetic tree of mirusvirus major capsid proteins (MCPs) and their homologs in A. limacinum and H. fermentalgiana.

(A–C) Viral sequences are in red, eukaryotic homologs are in cyan, and bacterial/archaeal sequences are in black; scale bars indicate inferred number of amino

acid substitutions per site and ultrafast bootstrap support values are indicated at each node.

See also Figure S3.
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viral and cellular arylsulfatase genes are detected only in

various bacteria (Figure S3F). The RNAPL genes of CE1

and LE-Chr15 are particularly unusual. As seen in some

other viruses (e.g., Pithovirus sibericum [YP_009001268.1,

YP_009001052.1] and other pithoviruses) and many archaea,43

the RNAPL coding region is split: the N- and C-terminal do-

mains are encoded by separate ORFs located far apart from

one another on both CE1 and LE-Chr15. The same split RNAPL

is also observed in Hondaea fermentalgiana. The CE1, LE-

Chr15, and H. fermentalgiana homologs branch robustly

together in independent phylogenies of both RNAPL domains

(Figures S3G and S3H), but the precise evolutionary origin(s)

of RNAPL in A. limacinum is unclear from the data at hand. Un-

like most of the Mirusviricota contigs previously described,1

subunit B of DNA-dependent RNA polymerase is not found en-

coded in CE1 and LE-Chr15. On balance, these data suggest

that CE1 and the viral element of LE-Chr15 are of mirusvirus

ancestry (although a distinct clade) and confirm in a living

host the main features of mirusvirus genomes previously

described by metagenomics.1
Many types of viruses have mechanisms to maintain their

genome in the host without production of viral particles, either

endogenized or as episomes. Endogenous NCLDVs have been

identified in stramenopiles, including oomycetes and brown

algae, as well as in chlorophytes and other lineages.44–48 It is

particularly intriguing that some herpesvirusesmaintain latent in-

fections as episomes,49 whereas others maintain latent infec-

tions by integrating at host chromosome telomeres.50 Whether

these parallels are coincidental or hint at shared replication

biology between A. limacinum mirusviruses and herpesvirus (in

addition to related virion morphogenesis genes) needs to be as-

sessed in future investigations.

Mirusvirus virion particles have yet to be isolated. Our data

show that A. limacinum is a probable natural host and that a sin-

gle host has been infected bymultiple distinct mirusviruses. Both

CE1 and LE-Chr15 could be latent viral genomes capable of

yielding viral particles: both have an apparently complete virion

module and full-length DNAPol along with other informational

module genes, and viral particles consistent with an endoge-

nous ‘‘herpes-type’’ virus have previously been identified in
Current Biology 33, 5199–5207, December 4, 2023 5203



Table 1. Viral gene content in Aurantiochytrium limacinum

Viral gene ancestry Viral gene CE1 LE-Chr15

Mirusvirus virion module proteins major capsid protein (HK97 fold) + +

HK97 capsid maturation protease + +

portal protein + +

terminase + +

triplex protein 1 + +

triplex protein 2 + +

Other typical mirusvirus proteins

(most shared with nucleocytoviricota)

heliorhodopsin + �

histone H3 + �
ribonucleoside-diphosphate reductase a � +

ribonucleoside-diphosphate reductase b � +

Holliday junction resolvase + +

TATA-binding protein + +

family B DNA polymerase (DNAPol) + +

RNA polymerase large subunit (RNAPL)a + +

superfamily II helicase proteins + +

Nucleocytoviricota module proteins major capsid protein (jelly roll fold) � �
minor capsid protein � �
adenovirus-type cysteine protease � �
packaging ATPase � �

Legend: presence (+) and absence (�) of select viral proteins on CE1 and LE-Chr15 relative to keyMirusviricota and Nucleocytoviricota (NCLDV) pro-

teins. See also Data S2.
aThe RNAPL coding region is split into two discrete ORFs, as in pithoviruses and many archaea.
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thraustochytrids.2,51 Neither CE1 nor LE-Chr15 show clear signs

of genomic erosion (such as high repeat or intron content or in-

ternal duplications) previously reported in green algal endoge-

nous viral elements originating from NCLDVs.47 It is also note-

worthy that CE1 encodes proteins with ParA (Aurli_135839)

and Fic (Aurli_13050) domains, which have been associated

with plasmid segregation.52 This may speak to how CE1 is main-

tained as an episomal element. In contrast, the mirusvirus

genome in LE-Chr15 appears to have integrated via subtelo-

meric recombination. To our knowledge, the A. limacinum

genome provides the first example of co-occurring, related

episomal and endogenous viral elements (the high-copy CE1

and LE-Chr15, respectively). The presence of close homologs

of the A. limacinum mirusvirus genes in the genome assembly

of another thraustochytrid, H. fermentalgiania53 (Figures 3 and

S3) suggests that mirusviruses have been associated with this

protist lineage for some time. Broader application of long-read

sequencing will reveal whether A. limacinum’s subtelomeric

structure and mirusviruses are unique, a general feature of laby-

rinthulomycetes, or distributed more widely across eukaryotic

diversity.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jackie

Collier (jackie.collier@stonybrook.edu).
Materials availability

This study did not generate new unique reagents.
Data and code availability

d Raw 454 sequence reads, Newbler genome assembly, and annotation are available through the JGI Genome Portal (https://

phycocosm.jgi.doe.gov/Aurli1/Aurli1.home.html). Raw fast5 MinION sequence reads have been deposited in the Sequence

Read Archive database under BioProject: PRJNA680238 (SRA: SRR13108467, SRR13108466, and SRR13108465). The nano-

pore-based Canu assembly, annotations, HMM files, alignments, and tree files are available through Data Dryad (https://doi.

org/10.5061/dryad.2fqz612t6). All other data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strain and cultivation
Aurantiochytrium (formerly Schizochytrium) limacinum Honda et Yokochi ATCC: MYA-1381 (also designated NIBH SR21 or IFO

32693, GenBank: AB02210759,60) was isolated from seawater in a mangrove area of the Yap Islands, Micronesia, and routinely main-

tained in ATCC 790By+medium (5 g glucose, 1 g yeast extract, 1 g peptone, 30 g Instant Ocean per liter) at room temperature (25 oC).

METHOD DETAILS

454 genome sequencing, assembly, and annotation
For short-read sequencing, Aurantiochytrium ATCC MYA-1381 cultures were grown in 2 liters of ATCC 790 By+ medium distributed

in four 2-liter Fernbach flasks (500 ml each) at room temperature (25 oC) without shaking. Cultures were harvested after 7 days, pro-

ducing 2.4 g wet weight. Genomic DNA was extracted from 0.507 g wet biomass following the protocol dx.doi.org/10.17504/

protocols.io.n83dhyn.61 After the genomic DNA passed Joint Genome Institute (JGI) QA/QC protocols, 454 (454 Life Sciences)

sequence reads were generated from both standard unpaired and paired-end libraries. For the unpaired 454 Titanium Rapid library,

genomic DNA samples were fragmented via sonication to 400–800 base pairs (bp). These fragments were end-polished and ligated

to a set of 454 Y-shape adaptors. The 454 library fragments were then clonally amplified in bulk by capturing them through hybrid-

ization on microparticle beads and subjecting them to emulsion-based PCR, resulting in beads that were covered with millions of

copies of a single DNA fragment (range 400-800 bp) and where each bead contained a different clonally amplified library fragment.

After amplification, the beads were recovered from the emulsions and loaded into the wells of a PicoTiterPlate device (PTP) such that

wells contained single DNA beads. The PTP was then inserted into the 454 Genome Sequencer FLX-Titanium instrument (454 Life

Sciences) for sequencing, where sequencing reagents were sequentially flowed over the plate and the sequence of the DNA

fragments was determined.

For the 454 Titanium Paired-end (PE) library, 15 mg of genomic DNA was sheared by a Hydroshear to �8 kilobase pair (Kbp) size

fragments. The sheared sample was then gel selected for intense 8 Kbp bands, purified, and ligated to 42 bp loxP linkers on either

end. These loxP linkers were labeled with biotin, then circularized by the Cre recombinase. As a result, the ends of 8 Kbp fragments

were brought together and bridged by a single loxP linker. These circular DNAs were further sheared to 500 bp fragments and the

fragments carrying the loxP linkers were recovered by Streptavidin-coated magnetic beads. 454 Titanium adaptors A and B were

then ligated to the enriched loxP linker-containing fragments in the same way the unpaired libraries were created. The 454 library

fragments were then clonally amplified and sequenced as with the unpaired library.

The short-read assembly was generated using Newbler62 version 2.6 (build:20110517_1502). The accuracy of the assembly

was assessed using 13 Sanger-sequenced fosmid clones. Fosmid DNA was isolated from a single bacterial colony and purified

on a Qiagen MaxiPrep column. DNA was sheared to 3-4 Kbp using Adaptive Focused Acoustics technology (Covaris, Woburn,

MA, USA) and cloned into the plasmid vector pIK96 as previously described.63 Universal primers and BigDye Terminator Chemistry

(Applied Biosystems) were used for Sanger sequencing randomly selected plasmid subclones to a depth of 10x. The Phred/Phrap/

Consed suite of programs were then used for assembling and editing the sequence.64–66 After manual inspection of the assembled
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sequences, finishing was performed both by resequencing plasmid subclones and by walking on plasmid subclones or the fosmid

clone using custom primers. All finishing reactions were performed using dGTP BigDye Terminator Chemistry (Applied Biosystems).

Finished clones contained no gaps and were estimated to contain less than one error per 10,000 bp. All 13 fosmid clones were

aligned to the assembly. In ten of the clones, the assemblies were of high quality, and the overall bp error rate in this group of clones

is 0.040% (152 bp discrepant out of 392,816 bp). Three clones (14866, 14868, and 14872) exhibited noteworthy discrepancies: clone

14866 stems from a repetitive region that spans a gap in scaffold00020 and has been collapsed in the assembly; the alignment of

clone 14868 indicates that Newbler has inserted scaffolded gaps in the clone region; and clone 14872 falls into a repetitive region

that appears to be collapsed in the assembly.

The transcriptome was also sequenced by 454 and used to assess the completeness of the genome assembly as well as to seed

and assess the genome annotation. Total RNA was isolated from 1.057 g wet biomass following the protocol dx.doi.org/10.17504/

protocols.io.q26g7pyo8gwz/v1.67 A cDNA library was generated using the cDNA 454 Rapid Library Preparation Kit (Roche). mRNA

was purified from total RNA using the Absolutely mRNA purification kit (Stratagene) and chemically fragmented using high heat.

The fragmented RNA was reverse transcribed using random hexamers and AMV RT followed by second strand synthesis. The

cDNA fragments were treated with end repair and ligated with 454 adapters. The 454 library fragments were then clonally amplified

and sequenced as for genome sequencing. The resulting reads were assembled into RNA contigs using Newbler. To assess

completeness, RNA sequences from one library (CHBC) were mapped to the genome assembly.

The 454 assembly contained 1662 contigs (N50/L50 233/82.5Mbp) in 181 scaffolds (N50/L50 10/2.5Mbp) with 937 assembly gaps

(1.5% of the total 60.93 Mbp scaffold length). Scaffold lengths are shown in Table S2. The genome was annotated using the JGI

Annotation Pipeline, which detects and masks repeats and transposable elements, predicts genes, characterizes each conceptually

translated protein with sub-elements such as domains and signal peptides, chooses a best gene model at each locus to provide

a filtered working set, clusters the filtered sets into draft gene families, ascribes functional descriptions (such as GO terms and

EC numbers), and creates a JGI genome portal in PhycoCosm (https://phycocosm.jgi.doe.gov/) with tools for public access and

community-driven curation of the annotation.68,69 Draft genome sequence and annotation for Aurantiochytrium limacinum ATCC

MYA-1381 is available via the PhycoCosm Genome Portal, https://phycocosm.jgi.doe.gov/Aurli1/Aurli1.info.html.

Nanopore genome sequencing and assembly
For long-read sequencing, Aurantiochytrium ATCC MYA-1381 and two putative crtIBY knockout mutants70 (designated KO32 and

KO33) were cultured for three days in 50 ml ATCC 790 By+ medium. Genomic DNA was extracted as described above. The precip-

itated DNA was left to dissolve in water by spontaneous diffusion for 48 h at room temperature to avoid shearing and subsequently

purified using QIAGEN Genomic-tip 20/G. Agarose gel electrophoresis (1%) was used to visually assess and confirm the integrity of

high molecular weight (20+ Kbp) DNA. DNA quality was evaluated using a NanoPhotometer P360 (Implen) to measure A260/280

(�1.8) and A260/230 (2.0-2.2) ratios. The quantity of DNA was calculated using a Qubit 2.0 Fluorometer (ThermoFisher Scientific)

with the dsDNA broad range assay kit.

A multiplexed nanopore (MinION, Oxford Nanopore Technologies71) sequencing library was prepared using the Oxford Nanopore

Technology (ONT) ligation sequencing kit (SQK-LSK109) and the PCR-free native barcoding expansion kit 1-12 (EXP-NBD103)

according to the Oxford Nanopore Technologies protocol "1D Native barcoding genomic DNA with EXP-NBD103 and SQK-

LSK109" (version NBE_9065_v109_revB_23May2018). Approximately 2 mg of purified genomic DNA per sample were used as input.

Unfragmented genomic DNA for the wild-type and putative knockouts was repaired using the NEBNext FFPE DNA repair module

(NEB cat. no. M6630) and prepared for adapter ligation using the NEBNext End repair/dA-tailing module (NEB cat. no. E7546)

with incubations at 20�C and 65�C for 10 min each. The DNA repaired/end-prepped samples were purified with a 1:1 volume of AM-

Pure XP beads (Beckman), and subjected to an incubation at room temperature for 10 mins; the pelleted beads were subsequently

washed twice with 80% ethanol. The DNA was eluted off the beads in 25 ml nuclease free water for 10 min at 37 �C to encourage the

elution of long molecules from the beads. The native barcodes NB07, NB08, and NB09 were ligated to the WT, KO32, and KO33

repaired/end-prepped DNA samples, respectively, in a 1.36x scaled ligation reaction. Each native barcoded sample was pooled

in approximately equimolar amounts (�1.3 mg each). The 1D barcode sequencing adapters (BAM 1D) were then ligated to the pooled

and barcoded DNA using a 1-h incubation at 25 �C. The adapter ligated DNA was purified by a 0.4x AMPure XP bead clean-up

including a 10-min incubation at room temperature and two washes using the Long Fragment Buffer mix to enrich for DNA fragments

>3 Kbp. The final adapter ligated library was incubated in 15 ml Elution Buffer for 10 min at 37 �C. A total of 1.2 mg of prepared library

was loaded on a single MinION R9.4.1 chemistry SpotON flow cell (FLO-MIN106) and sequenced via Oxford Nanopore Technology’s

MinKNOW software (v2.1.12) without live basecalling. Binning of the raw reads was performed in real time using Deepbinner

v0.2.0.70,72 The raw fast5 MinION data have been deposited in the NCBI SRA database BioProject: PRJNA680238 (WT SRA:

SRR13108467; KO32 SRA: SRR13108466; KO33 SRA: SRR13108465).

As described previously,70 the demultiplexed fast5 files were base called using Albacore v2.3.1, adapters were removed by

Porechop v0.2.3,73 and the resulting data were used for preliminary genome assembly by Canu v1.7.174 with parameters adjusted

to the expected genome size of 60Mbp. The resulting consensus sequencewas improved byNanopolish v0.10.1.75 For wild type, the

genome assembly totaled 61.9 Mbp in 55 contigs, while the genomes of KOmutants 32 and 33 both assembled as 62.5 Mbp into 50

and 47 contigs, respectively. Analysis byMauve v2.4.056 revealed locally collinear blocks spanning 35, 29, and 27 contigs among the

three assemblies, respectively. The wild-type assembly was the least contiguous, perhaps reflecting its lower mean read length

(4913 bp vs 8508 and 7951). In an effort to resolve the differences among the three assemblies and gain greater coverage, reads
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for all three strains were concatenated into one file as input for Canu v1.7.1, and read trimming and assembly were performed with

default settings and an estimated genome size of 60 Mbp. The combined read file had 789085 reads >Q7 and 293668 reads >Q10,

mean read length 7124 bp and the longest read was 180475 bp (quality score 9.8). This combined nanopore-based Canu assembly

contained 62 contigs and a total of 63.71 Mbp. The 27 contigs described in the main text total 61.77 Mbp. The remaining 35 contigs

included five putative mitochondrial contigs and another 30 contigs ranging from 20 Kbp to 230 Kbp, of which 14 represented single

reads (Table S1). The same RNAs used to assess the completeness of the 454 assembly were also mapped to this nanopore assem-

bly. This combined assembly was the focal point for the genome-scale investigations described herein because it generally had the

longest version of each putative chromosome and had the most contigs with telomeres at both ends.

Comparison of short- and long-read assemblies
We used Mauve v 2.4.056 to align the 454 and nanopore assemblies and ASGART v2.4.358 to visualize segmental duplications in the

two assemblies. BUSCO v5.376 was used to evaluate completeness based on the eukaryota_odb10 dataset (Data S1).

rDNA, G-quadruplex, and tandem repeats
rRNA gene locations were predicted using RNAmmer v1.2.55 Tandem Repeat Finder v4.0977 was used to identify tandem repeats

(TR) with maximum repeat unit set as large as possible (2000 bp). Telomeric repeats in the nanopore assembly were identified in this

output as repeats with unit 5, 10, or 15 matching the motif TTAGG (or CCTAA). The vast majority of the 29,640 identified TRs were a

few bp in length, more than 98% of TR elements were shorter than 200 bp, and the number of TRs declined with increasing TR length

until �350 bp, where a peak appeared. The sequences of the 673 TR elements longer than 299 bp were dereplicated by removing

overlapping TRs, keeping the shorter repeat unit and clustering with CD-HIT v4.8.1 with default parameters except sequence identity

cutoff 0.8 and -r yes.78Manual examination and alignment of the resulting 25 clusters (which excluded 34 singletons) revealed 5 types

of TRs with consistent locations relative to rRNA genes and telomeric repeats. Additional repetitive content was identified with

RepeatMasker 4.1.2 (Data S1).57 G-quadruplexes were predicted with G4-iM Grinder v1.6.179 using Methods 2 and 3 and filtering

for scores greater than 20 (Data S1). Genomic features were visualized using karyoploteR v1.20.3.54

Viral gene detection and phylogenetics
Proteins characteristic of various groups of dsDNA viruses, including mirusviruses and nucleocytoviruses, were used to screen

the A. limacinum assembly using blastp (BLAST+ v2.13.080) and HMM searches (HMMER3 v3.3.281). HMMs were generated from

alignments in Gaı̈a et al.1 Following the detection of mirusvirus-like structural proteins in CE1 and LE-Chr15, all mirusvirus ORFs

(>=90 amino acids; predicted from the mirusvirus contigs from Gaı̈a et al.1) were used as blastp queries to detect additional mirus-

virus homologs (Data S2). In parallel, ViralRecall v2.139 and VirSorter2 v2.2.338 were used to evaluate viral gene content in both the

454 and nanopore A. limacinum assemblies (Data S2). The results of similarity searches against nr were then used to characterize

additional CE1 and LE-Chr15 proteins.

Unless specified otherwise, A. limacinum virus-like proteins were aligned with homologs in diverse viruses, prokaryotes and

eukaryotes using MAFFT v7.47182 with default parameters, and BMGE83 with default parameters was used to perform site selection.

For virus-like family B DNA polymerase (DNAPol) proteins, the sequences were aligned with MAFFT, and sites with less than 20%

gaps were retained. For viral DNA topoisomerases, sequences were aligned with MAFFT-linsi. For mirusvirus major capsid proteins

(MCP), sequences were aligned withMAFFT-linsi and sites with less than 30%gaps were retained. Maximum likelihood phylogenetic

trees were constructed with IQTree84 v1.6.3 model C60+G4 with 1000 ultrafast bootstrap replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Descriptive statistics were calculated in R85 v4, and R packages used to generate figures are noted in the methods sections. Details

regarding other statistics can be found in the methods sections or figure/table legends.
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