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Summary

Marine Thaumarchaeota are abundant ammonia-

oxidizers but have few representative laboratory-

cultured strains. We report the cultivation of Candida-

tus Nitrosomarinus catalina SPOT01, a novel strain

that is less warm-temperature tolerant than other cul-

tivated Thaumarchaeota. Using metagenomic

recruitment, strain SPOT01 comprises a major por-

tion of Thaumarchaeota (4–54%) in temperate Pacific

waters. Its complete 1.36 Mbp genome possesses

several distinguishing features: putative phosphoro-

thioation (PT) DNA modification genes; a region

containing probable viral genes; and putative urea

utilization genes. The PT modification genes and an

adjacent putative restriction enzyme (RE) operon

likely form a restriction modification (RM) system for

defence from foreign DNA. PacBio sequencing

showed >98% methylation at two motifs, and inferred

PT guanine modification of 19% of possible TGCA

sites. Metagenomic recruitment also reveals the puta-

tive virus region and PT modification and RE genes

are present in 18–26%, 9–14% and <1.5% of natural

populations at 150 m with �85% identity to strain

SPOT01. The presence of multiple probable RM sys-

tems in a highly streamlined genome suggests a

surprising importance for defence from foreign DNA

for dilute populations that infrequently encounter

viruses or other cells. This new strain provides new

insights into the ecology, including viral interactions,

of this important group of marine microbes.

Introduction

Discovered about 25 years ago (Fuhrman et al., 1992),

planktonic, mesophilic archaea are recognized as abun-

dant and important microbes in the oceans, making up

significant portions of marine microbial communities espe-

cially in deeper waters below the euphotic zone (Karner

et al., 2001; Teira et al., 2004; Teira et al., 2006). In the

water column, archaea predominantly belong to two phyla,

the Thaumarchaeota, which were formerly known as

Marine Group I Crenarchaea (Brochier-Armanet et al.,

2008), and the Euryarchaea, which include Marine Group

II and III archaea (Delong, 1992; Fuhrman et al., 1993).

There are no cultured isolates of Marine Group II or III

archaea, and only recently have marine Thaumarchaeota

been brought into culture, either as pure isolates or enrich-

ment cultures (K€onneke et al., 2005; Santoro and

Casciotti, 2011; Qin et al., 2014; Bayer et al., 2016). Addi-

tional partial or nearly complete genomes have advanced

our knowledge of marine archaea genomics for both Thau-

marchaeota and Marine Group II and III archaea using

culture-independent single-cell amplified genome (SAG)

techniques (Swan et al., 2014), sequencing of fosmids

(Deschamps et al., 2014) and assembly from metage-

nomes (Iverson et al., 2012).
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Marine Thaumarchaeota in particular represent 20–40%

of prokaryotes in waters below the euphotic zone (Fuhr-

man and Ouverney, 1998; DeLong et al., 1999; Karner

et al., 2001; Teira et al., 2006) and comprise important

contributors to global C and N cycles (Ingalls et al., 2006;

Yool et al., 2007; Santoro et al., 2010). They fix carbon via

the modified 3-hydroxypropionate/4-hydroxybutyrate (3HP/

4HB) pathway (K€onneke et al., 2014), and they derive

energy from the oxidation of ammonia (K€onneke et al.,

2005; Walker et al., 2010). They are estimated to contrib-

ute to a major portion of marine nitrification (Wuchter et al.,

2006; Martens-Habbena et al., 2015), such that they con-

tribute to regeneration of nitrate in deeper waters that then

in turn is upwelled to fuel phytoplankton primary productiv-

ity. Thaumarchaeota may also significantly contribute to

regenerated nitrite and nitrate within the euphotic zone

(Yool et al., 2007). Thaumarchaeota are also highly diverse

(Garcia-Martinez and Rodriguez-Valera, 2000; Francis

et al., 2005; Biller et al., 2012), so obtaining additional iso-

lates is valuable for a better assessment of genomic and

physiological diversity in this group. Because of their

importance in C and N cycles, it is critical to obtain and

characterize multiple representative members of this phy-

lum in culture.

It has been recognized that urea, an organic form of N,

may play a role in marine nitrification by Thaumarchaeota.

A few recently obtained cultured strains, Candidatus. Nitro-

sopumilus piranensis D3C and Ca. Nitrosopumilus sp.

PS0 have been shown to possess urease operons and/or

use urea (Qin et al., 2014; Bayer et al., 2016). Likewise

several single-cell amplified genomes (SAGs) contain ure-

ase genes (Luo et al., 2014). Urea is an abundant form of

organic N in the oceans and can sometimes be found at

higher standing stocks than ammonium (Remsen, 1971;

Harrison et al., 1985; Painter et al., 2008). Metabolism of

urea by urease to CO2 and ammonia can subsequently

feed both carbon fixation and ammonia oxidation pathways

in Thaumarchaeota. Utilization of urea therefore could rep-

resent an important source of N for nitrification. Indeed

recent reports observe high prevalence of thaumarchaeal

urease genes in the Antarctic, Arctic and northeast Pacific

Oceans suggesting that perhaps urea utilization by these

archaea may represent a major source of nitrification

(Alonso-S�aez et al., 2012; Smith et al., 2016; Tolar et al.,

2016). While the ureC gene in the urease operon may be

prevalent among thaumarchaeal genomes, this was rarely

expressed (RNA levels) in samples from the Arctic (Ped-

neault et al., 2014). Work off of California likewise failed to

detect thaumarchaeal ureC transcription despite recovery

of diverse ureC genes from environmental DNA samples

(Smith et al., 2016). It is unclear how prevalent urease

genes are in other temperate thaumarchaeal populations.

Another important open question is how infection and

interactions with viruses impact Thaumarchaeota and their

productivity. No viruses have yet been isolated that infect

marine Thaumarchaeota or any mesophilic marine

archaea for that matter, likely because archaea themselves

are difficult to isolate and grow in pure culture. Virus-like

particles have been observed in cultures of Pyrococcus

abyssi, which is a hyperthermophilic, vent-associated eur-

yarchaeon (Geslin et al., 2003), representing the only

example of a marine archaeal virus. Mesophilic Thau-

marchaeota also occur in soil habitats, and the genome of

Nitrososphaera viennensis EN76 contains a probable pro-

virus (Krupovic et al., 2011). Two culture-independent

studies have recently identified possible viral sequences

associated with marine thaumarchaeal genomes (Chow

et al., 2015; Labonte et al., 2015), suggesting the exis-

tence of viruses that infect marine Thaumarchaeota.

Another recent study identified a metagenomically assem-

bled contig with probable viral genes and an amoC gene,

required for ammonia oxidation, with high similarity to thau-

marchaeal amoC genes (Roux et al., 2016).

Our lab recently has enriched in culture a new strain of

marine Thaumarchaeota, for which we propose the name

Candidatus Nitrosomarinus catalina SPOT01, representing

a novel, ecologically relevant lineage of marine Thau-

marchaeota that is abundant in subsurface Pacific waters

off of California. While it shares � 80% of its genes with

other Thaumarchaeota isolates like Nitrosopumilus mariti-

mus and Ca. Nitrosopelagicus brevis, it contains unique

regions of ecological significance including genes for a

newly recognized form of DNA modification, multiple puta-

tive host restriction systems, a region containing probable

virus genes, and urea utilization genes. This study broad-

ens our view of the ecology of these globally important

archaea and presents strong evidence that marine

archaea are infected by viruses.

Results

Growth characteristics of strain SPOT01

16S rDNA amplicon sequencing revealed that our enrich-

ment culture of a new thaumarchaeon was primarily (�
97%) comprised of a single dominant 16S rDNA genotype

distinct from other marine Thaumarchaeota (Fig. 1), but

the enrichment also contains two bacteria of the genera

Erythrobacter and Sphingomonas (Supporting Information

Fig. S1). In nutrient-amended seawater, the enrichment

culture consumes ammonium and produces nitrite, consis-

tent with it being dominated by an ammonia-oxidizing

thaumarchaeon (Fig. 2A), and we have named this

dominant strain in the enrichment SPOT01. Specific

growth rates based on accumulation of nitrite were deter-

mined over several temperatures show that the SPOT01

culture is better adapted to growth at cooler temperatures

that other strains (Fig. 2B). The lowest temperature tested

at which the culture grew was 108C. The temperature at
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which it had its maximum growth rate, 238C, was lower

than all other strains tested except for Ca. N. brevis (228C)

(Qin et al., 2014; Santoro et al., 2015; Bayer et al., 2016).

Below 208C the culture grew faster than all other strains

but was the only strain that could not grow at any tempera-

ture at or above 308C. Plotting the specific growth rates of

each strain relative to its peak specific growth rate also

shows how strain SPOT01’s specific growth rates did not

drop as rapidly as other strains at temperatures below

238C (Supporting Information Fig. S2).

General genome characteristics

Illumina MiSeq (>1300X coverage) and Sanger sequenc-

ing were used to obtain the complete 1.36 Mb genome of

strain SPOT01 (see Methods). Assembly of PacBio

sequences (�770X coverage) produced a nearly identical

genome (only �100 mismatches). The strain SPOT01

genome is just �10% larger than the minimal genome of

Ca. N. brevis (1.23 Mb) (Table 1). Strain SPOT01 has the

lowest GC content (31.4%) of all Thaumarchaeota isolates

to date (Table 1) and its GC content is only slightly higher

than the streamlined genomes of free-living Prochlorococ-

cus (Rocap et al., 2003) and Pelagibacter strains

(Giovannoni et al., 2005) (minimum GC’s of 30.8% and

29.1% respectively). The strain SPOT01 genome encodes

1,677 predicted proteins and shares a high proportion of

genes with other marine Thaumarchaeota genomes (Table

1, Supporting Information Table S1).

Phylogenomic analysis of 38 genes conserved (Support-

ing Information Table S2) across available thaumarchaeal

genomes (Supporting Information Table S3) was used to

better resolve the phylogeny of marine Thaumarchaeota

than 16S rDNA analysis (Fig. 1). Thaumarchaeal genomes

belong to two major groups that are consistent with previ-

ous multi-gene (Luo et al., 2014) and single-gene (amoA

Fig. 1. Phylogeny of Thaumarchaeota isolates and genomes based on (A) concatenated sequences of 38 conserved core genes (protein tree)
or (B) the 16S rRNA gene (nucleotide tree).

Numbers at the nodes indicate bootstrap values for 100 replicates. Taxa in bold represent sequences from enrichment or isolate cultures. Taxa

names starting with ‘AAA-’ or ‘AB-’ are from SAGs. Non-bold taxa names in the 16S rDNA tree are from cloned sequences used previously in

(Santoro and Casciotti, 2011). Taxa are coloured according to the clade to which they belong in the core gene tree and the same colours are

used for corresponding taxa in the 16S rRNA tree. Genus names abbreviated as ‘N.’ are Nitrosoarchaeum for taxa in the ‘N. limnia’ clade,

Nitrosomarinus for the SPOT01 strain, and Nitrosopumilus for all other cases. Genomes in A that contain homologues of the urease ureA-C

genes are denoted with a black circle. [Color figure can be viewed at wileyonlinelibrary.com]
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and accA) phylogenies (Francis et al., 2005; Hallam et al.,

2006). The first group contains single-cell amplified

genomes (SAGs) from mostly deep, mesopelagic waters

(> 770 m), corresponding to the amoA water column B

(WCB) clade (Francis et al., 2005) (Supporting Information

Fig. S3). We subsequently refer to this group as the ‘Deep’

group. The second group contains genomes primarily from

shallower waters. We classified these ‘shallow’ group

genomes into five clades, provisionally named by a repre-

sentative cultured clade member (clade names: N. brevis,

N. limnia, N. maritimus, N. salaria, SPOT01). The SPOT01

strain, representing the newly designated SPOT01 clade,

is the first cultured representative of a distinct amoA (and

urease gene ureC) clade only known previously by cloned

sequences or SAGs (Supporting Information Figs S3 and

S4). The phylogenomic clades in Fig. 1 are distinguished

by an average nucleotide identity (ANI) threshold of

approximately 85% (Supporting Information Table S4),

suggesting they represent different genera or broader-level

taxa rather than different species that typically are sepa-

rated by �95% ANI values (Konstantinidis and Tiedje,

2005). While the members of the ‘N. salaria’ clade have

ANI values> 84.5% to each other, they branch deeply to

each other in the core gene tree and as such each could

represent ecologically distinct lineages.

Based on competitive recruitment of metagenomic reads

to marine thaumarchaeal genomes (requiring� 85% iden-

tity to include all clade members), clade SPOT01 can be

an abundant member of natural communities. The

SPOT01 clade was the dominant group at the deep chloro-

phyll maximum (45 m) in September 2012 in the

temperate waters of the San Pedro Ocean Time-Series

(SPOT) site off of California (Fig. 3A). At 150 m over a full

seasonal cycle at SPOT, the Deep group was dominant

except for two months, September and October, when

instead clade SPOT01 was the most abundant clade (Fig.

3D). In contrast, the N. brevis and N. salaria clades were

the most abundant thaumarchaeal members in the upper

column at the Bermuda Atlantic Time Series (BATS) in

August 2002 and the Hawaii Ocean Time-series (HOT) in

March 2006 respectively (Fig. 3B and C). The SPOT01

clade still comprised 4–8% of thaumarchaeal populations

at 25 and 75 m at HOT. Except for surface waters at BATS,

the SPOT01 clade was consistently more abundant than

the N. maritimus clade at all three sites. The N. salaria

clade was most abundant in near surface waters (0–25 m)

at all three sites where total Thaumarchaeota abundance

was lower. Genomes from the Deep group were dominant

at depths> 200 m at all three sites, congruent with their

label.

Similarity to previously sequenced genomes

The predicted biochemical capacity of strain SPOT01 over-

all was similar to previously described N. maritimus and

Ca. N. brevis strains based on gene content. Strain

SPOT01 contains the same complement of genes as Ca.

N. brevis for ammonia oxidation (amo operon) and impor-

tant carbon pathways including the modified 3-

hydroxypropionate/4-hydroxybutyrate (3HP/4HB) pathway

for carbon fixation; complete sets of genes for the oxidative

tricarboxylic acid cycle, pentose phosphate pathway and

gluconeogenesis; and an incomplete glycolysis pathway

(Supporting Information Table S5). Likewise, strain

SPOT01 has the same complement of predicted proteins
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Fig. 2. A. Representative growth curve of the Ca. Nitrosomarinus
catalina SPOT01 culture demonstrating consumption of ammonium
and production of nitrite concomitant with growth of archaeal cells.

B. Temperature versus specific growth rates for Ca. N. catalina

SPOT01 (this study) and previously published data for five other

marine Thaumarchaeota strains (Qin et al., 2014; Santoro et al.,

2015; Bayer et al., 2016). Points for strain SPOT01 are averages of

three to four transfers of triplicate, acclimated batch cultures

maintained in exponential phase, and the error bars depict standard

deviations. Strain names are provided in the legend as shorthand

for the following organisms: ‘SPOT01’ for Ca. N. catalina SPOT01,

‘HCA1’ for Ca. N. sp. HCA1, ‘PS0’ for Ca. N. sp. PS0, ‘D3C’ for Ca.

N. piranensis D3C, ‘NF5’ for Ca. N. adriaticus NF5, and ‘SCM1’ for

N. maritimus SCM1. Note that Ca. N. brevis specific growth rates

are plotted using the right vertical axis, and specific growth rates

for all other strains are plotted using the left axis.
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for amino acid synthesis as Ca. N. brevis and N. mariti-

mus, the latter of which can grow on minimal medium and

thus synthesizes all essential amino acids (K€onneke et al.,

2005; Santoro et al., 2015). Strain SPOT01, like Ca. N.

brevis, possesses the genes for synthesis of B vitamin

cofactors thiamin (B1), riboflavin (B2), pantothenate (B5),

pyridoxine (B6) and biotin (B7) and a thaumarchaeal path-

way for B12 synthesis (Doxey et al., 2015; Heal et al.,

2017) (Supporting Information Table S5). Because of its

very similar genomic composition to other thaumarchaeal

isolates, we focussed on strain SPOT01 genes that are

rare or absent in its close relatives.

Unique or unusual genomic characteristics

Phosphorothioation (PT) genes. Strain SPOT01 pos-

sesses genes responsible for phosphorothioation (PT), a

newly recognized form of DNA modification that replaces a

sulfur atom for an oxygen atom in phosphate groups of the

DNA backbone (Wang et al., 2007; Wang et al., 2011).

Genes NMSP_1264 to NMSP_1268 in strain SPOT01 had

24–47% amino acid identity to PT modification genes

dndA-E in Streptomyces lividans 1326 (Zhou et al., 2005),

and they have been annotated as dndABCDE. Strain

SPOT01 dnd genes are organized the same as in S. livid-

ans 1326, except that dndBCDE are in the opposite

orientation respective to dndA (Supporting Information Fig.

S5). Strain SPOT01 DNA was verified to contain PT modi-

fications by treatment with iodine, which chemically breaks

PT bonds (Cao et al., 2015). Iodine treatment fragmented

strain SPOT01 DNA compared with the ‘no iodine’ control,

consistent with positive control DNA from E. coli express-

ing S. enterica PT modification genes (Fig. 4).

Epigenetic modifications on the strain SPOT01 genome

were identified with PacBio sequencing (Flusberg et al.,

2010; Cao et al., 2014). Two canonical methylation motifs

were detected: m6A methylation of GATC and m4C meth-

ylation of AGCT. Greater than 99% of GATC and AGCT

sites were methylated and >98% of these sites were meth-

ylated on both strands (Table 2). Strain SPOT01 contains

two putative methylase genes, NMSP_0260 and

NMSP_0378, that are homologues of methylases identified

in N. maritimus, Nmar_1499 and Nmar_1319 respectively,

the latter of which is predicted to methylate at GATC sites

(Roberts et al., 2015). PacBio analysis revealed another

modified motif, TGCA, for which the G nucleotide is modi-

fied. This modification motif was inferred to be the site of

PT modification (see Discussion). This modification was

detected at 19% of the nearly 20,000 possible TGCA sites

in strain SPOT01, and 83% of the modified sites showed

modification on both strands.

Genes NMSP_1261-1263 adjacent to the strain

SPOT01 dnd operon exhibited homology to histidine-

asparagine-histidine (HNH) type nuclease or restrictionT
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enzyme (RE) domains (Table 3), suggesting it encodes a

putative restriction enzyme. Furthermore NMSP_1262

shows similarity (E-value 1024, 21% amino acid identity) to

an annotated restriction endonuclease in Salmonella enter-

ica. NMSP_1262 is also homologous to the TIGR04095

gene family of predicted restriction enzymes linked to PT-

modification genes by phylogenetic profiling of microbial

genomes (equivalogs) (Haft et al., 2001). The organization

of PT modification and putative RE genes parallels that of

adjacent PT modification (dptB-E) and PT-dependent RE

(dptF-H) genes in S. enterica which forms a host-specific,

restriction system (Xu et al., 2010) (Supporting Information

Fig. S5).

Putative viral genes. Strain SPOT01 interestingly contains

a unique region for which three independent virus predic-

tion programs, PHAST, VirSorter and phiSpy, reported

overlapping regions as likely to be viral (Fig. 5). The pro-

gram PHAST predicted two regions of viral genes based

on localized clusters of genes homologous to known viral

genes. The former region overlaps with a ‘possible’ (cate-

gory level III), 80 gene viral region identified by VirSorter

Fig. 3. Competitive recruitment analysis of metagenomic reads to thaumarchaeal genomes.

Metagenomic reads were searched against a database of available thaumarchaeal genomes and only the top hit with �85% identity over

�100 bp were retained. Read counts to belonging to each clade were normalized to total genome length to determine the relative abundance

of thaumarchaeal clades (Fig. 1A).

A. Depth profile at the San Pedro Time-Series (SPOT) site off of Los Angeles, CA in September 2012.

B. Depth profile at the Hawaii Ocean Time-series (HOT) in March 2006.

C. Depth profile at the Bermuda Atlantic Time Series (BATS) in August 2002.

D. Abundance of thaumarchaeal clades at 150 m at SPOT over one year.

Relative recruitment to C. symbiosum A and Ca. N. chungbukensis MY2 were negligible (< 0.01%) in all samples. The fraction of reads

matching any Thaumarchaeota genome to the total reads in each sample depicts the estimated relative abundance of Thaumarchaeota in the

total microbial community (dashed line). [Color figure can be viewed at wileyonlinelibrary.com]
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(Fig. 5A) based on significant depletion of genes with

homology to the PFAM (Protein family) database and

enrichment of uncharacterized genes. The authors of Vir-

Sorter recommend that such ‘possible’ predictions be

carefully inspected and confirmed, which we have done

below. The default phiSpy results predicted a region that

was centred on an operon of 17 ribosomal proteins (Sup-

porting Information Fig. S6). Given the possibility that this

region is a false positive result, we considered an

alternative lower threshold for virus prediction whereby the

default predicted region was excluded (see Supporting

Information Fig. S6). This alternative threshold produced

five possible viral regions, one of which overlapped with

the VirSorter predicted region (Fig. 5A).

Subsequent sequence similarity analyses using viral

sequence databases provided additional evidence that the

VirSorter predicted region contains several viral genes. We

first noted that NMSP_1215 had its best hit among NCBI

nr database sequences to the SegD protein encoded in

the genome of the Vibrio-infecting T4-like KVP40 phage

(39% identity) (Table 4). The SegD protein belongs to a

family of phage-specific homing endonucleases in canoni-

cal T4 and T-even phages (Miller et al., 2003). Two of

the four other significant (defined throughout as E-value

�1e-5) blastp results for NMSP_1215 were to viral

sequences: Caulobacter phage Cr30 and Paramecium

bursaria Chlorella virus FR483, the former of which is

another T4-like virus.

Although we found one gene with homology to a known

virus isolate gene, in general, one would expect very few

significant results to known viruses given the paucity of

sequenced archaeal virus genomes, and indeed the Vir-

Sorter region was enriched in genes with no significant

match to nr (Fig. 5A), a signal characteristic of viral regions

but also for hypervariable regions more generally. To fur-

ther assess the probable taxonomy of genes in this region,

each was searched against databases of viral isolates and

vetted marine viral metagenomes: the Broad Marine Viral

database (containing metagenomes and isolates genomes

not in nr) and viral protein clusters found in the Pacific

Ocean Virome metagenomes. We assessed if each gene

was likely viral or cellular based on whether each gene had

a higher normalized bit score (bit score divided by the

alignment length) to cellular genes in the nr database or

genes in viral sequence databases. Most genes with a sig-

nificant match to any database had a higher normalized bit

score to a protein in nr (93%), all of which were cellular

sequences except for the SegD hit for NMSP_1215

described above. Nearly all (98%) of those cellular proteins

belonged to other marine Thaumarchaeota sequences.

Twenty-two genes in the strain SPOT01 genome had

stronger similarity to a sequence in one of the viral

Fig. 4. Agarose gel electrophoresis image of genomic DNA treated
with or without iodine.

Treatment of iodine with strain SPOT01 gDNA (lane 7) cleaves the

DNA at PT-modified sites resulting in a smaller fragment size

distribution than without iodine treatment, consistent with positive

control DNA from E. coli expressing PT genes from S. enterica.

E. coli without the PT genes (E. coli strain DH5 with empty cloning

plasmid pCRTM2.1-TOPOVR was used as a negative control).

Ladder fragment sizes (kb) are listed to the left of the gel. The

strain SPOT01 DNA tested came from a culture for which strain

SPOT01 was 99% of the total cells based on 16S rDNA

sequencing (Supporting Information Fig. S1), indicating that iodine

degradation was due to PT-modifications of strain SPOT01 but not

bacteria in the enrichment.

Table 2. DNA modifications detected in Ca. Nitrosomarinus catalina SPOT01 by PacBio sequencing.

Modification Motif
No. of motifs
in strain SPOT01

Fraction of
modified motifs

Of modified motifs,
fraction that are
modified on both strands

Average incidence
of modificationb

m6A GATC 7392 99.7% 99.9% 1 in every 185 bp

m4C AGCT 5720 99.0% 98.4% 1 in every 240 bp

PT (G)a TGCA 19956 19.4% 83.3% 1 in every 351 bp

aThe guanine base is modified and is inferred to be the PT-modified motif.
bCalculated as the number of modified sites divided by the total genome length.
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databases (Table 4), and six of these genes were notably

concentrated in the VirSorter predicted viral region (Fig. 5,

Table 4). A moving window analysis shows that the inci-

dence of genes with stronger similarity to viral database

sequences, is highest in the front half of the VirSorter pre-

dicted region (Fig. 5).

We also noted that while many genes in the VirSorter

region were most similar to cellular proteins, their best hit

to the viral databases were often nearly as similar as the

best nr blastp hit. This was visualized by a running average

of the gene-by-gene ratios of normalized bit scores for

the best nr result to the best viral database result.

These ratios were highest in the viral region (Fig. 5).

These multiple observations—overlapping regions

predicted by independent virus identification pro-

grammes, significant homology of a strain SPOT01

gene to a viral isolate gene, and enrichment of genes

with significant similarity to vetted viral metagenomes—

support that the predicted region in strain SPOT01 con-

tains probable viral genes.

Additional analysis for viral elements. Clustered regularly-

interspaced short palindromic repeats (CRISPRs) and

adjacent Cas proteins comprise a defence system against

viral infection (Bhaya et al., 2011). No definitive CRISPRs

were found by the CRISPRFinder program. We did not

find any genes homologous to Cas proteins, even though

Thaumarchaeota strains Ca. N. sediminis AR2 and Ca. N.

Table 3. Top CD-Search results of putative restriction enzyme operon to conserved domains databases (PFAM, COG, cd and TIGR).

Locus tag Domain Domain description E-value

NMSP_1261 pfam13395 HNH endonuclease 5 3 10204

cd00085 HNH nucleases 2 3 10203

NMSP_1262 TIGR04095 DNA phosphorothioation system RE 2 3 102102

COG1061 Superfamily II DNA or RNA helicase 2 3 10240

pfam04851 Type III RE, res subunit; 2 3 10213

NMSP_1263 COG3183 Predicted RE, HNH family 5 3 10204

pfam13391 HNH endonuclease 2 3 10203

Fig. 5. Evidence for the presence of viral genes in strain SPOT01.

A. Regions predicted as viral by three programmes are shown at the top: VirSorter (green), PHAST (blue) and phiSpy (grey) using an

alternative prediction threshold (see Supporting Information Fig. S6). Running averages over a 20 gene window are depicted along the length

of the genome for four analyses: the number of genes with a more similar (higher normalized bit score) to viral (virus sequences in nr and viral

metagenomes) than cellular sequences in nr (red); the number of genes with orthologues in at least one other complete thaumarchaeal

genome (black); the number of genes with no significant match to viral or cellular sequence databases (blue); and the ratio of normalized bit

scores for the best viral match to the best cellular match (purple).

B. Genes in and flanking the VirSorter predicted viral region. Genes are coloured according to the type of gene to which each has a best

blastp hit: Gene in another thaumarchael genome (blue-yellow colour scale depicts identity to that thaumarchaeal gene), viral gene (red),

cellular genes (bacterial or euryarchaea, brown), or no hit (hypothetical gene, grey). The location of PT modification and restriction enzyme

genes are also indicated. [Color figure can be viewed at wileyonlinelibrary.com]
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koreensis AR1 contain Cas1 domain proteins (Luo et al.,

2016). Neither did we find any recognizable integration

sites or viral integrases.

Urea utilization. It has been recently recognized that

some but not all marine Thaumarchaeota contain trans-

porters and urease genes for the utilization of urea

(Tully et al., 2012; Luo et al., 2014; Qin et al., 2014;

Bayer et al., 2016) (Fig. 1A), an abundant form

of organic N in the oceans. Strain SPOT01 contains

the complete urease operon for urea utilization

(NMSP_0016-0018, ureA-C), and these predicted pro-

teins have 86%, 73% and 86% identity to the UreA-C

proteins in Ca. N piranensis D3C, a strain demon-

strated to utilize urea. Strain SPOT01 also contains the

accessory urease genes ureD-G (NMSP_0012-0015).

Strain SPOT01 also has a probable urea transporter

(NMSP_0019) adjacent to the urease operon that has

39% identity to the characterized DUR3 urea trans-

porter in yeast (Navarathna et al., 2011) and high

identity to the two annotated urease transporters in Ca.

Nitrosopumilus piranensis (56% and 84%). Curiously,

strain SPOT01 did not grow appreciably on urea as a

sole N source when tested at concentrations of 4, 20

and 100 mM (data not shown), nor did it show

enhanced growth when provided urea and ammonium

in comparison to media with ammonium only (data not

shown).

Natural prevalence of the viral region and PT and

urease operons

Metagenomes from 150 m at the SPOT study site were

used to estimate the prevalence of PT, viral region, and

urease genes in natural communities by calculating the

Table 4. Genes in SPOT01 for which the best blast hit was more similar (higher normalized bit score) to viral sequences (marine viral sequen-
ces or viral sequence in nr) than cellular sequences in nr.

Locus tag Gene start position Best viral database hita Annotated function

NMSP_0040 29687 POV GTP cyclohydrolase I

NMSP_0127 107686 POV Bifunctional 3-demethylubiquinone-9

3-methyltransferase

NMSP_0144 126794 POV Bifunctional UDP-glucuronic acid

decarboxylase

NMSP_0149 131829 POV Molybdenum cofactor biosynthesis

protein A

NMSP_0525 440234 POV Plastocyanin

NMSP_0581 480927 POV Uracil DNA glycosylase superfamily

protein

NMSP_0673 554531 POV Membrane ATPase/protein kinase

NMSP_0733 594810 POV tRNA (mo5U34)-methyltransferase

NMSP_0850 677835 BMVD: Hydrothermal Vent/Seep

virome (CAM_SMPL_A0003)

Hypothetical protein

NMSP_0873 689900 BMVD: Uncultured virus Saa-

nichss Achan-JL3

(CAM_SMPL_001004)

Hypothetical protein

NMSP_0919 727537 POV Hypothetical protein

NMSP_1196 944144 BMVD: Marine sediment virome

VAGALB1/1

(CAM_SMPL_000842)

Hypothetical protein

NMSP_1215* 954718 Viral protein in nr NUMOD3 motif protein

NMSP_1217* 957247 POV Hypothetical protein

NMSP_1226* 961678 BMVD: Hydrothermal Vent/Seep

virome (CAM_SMPL_A0003)

Hypothetical protein

NMSP_1228* 962751 POV Hypothetical protein

NMSP_1234* 968411 POV Chaperone protein DnaJ

NMSP_1253* 982316 POV Hypothetical protein

NMSP_1272 1002532 POV Pentapeptide repeats

NMSP_1371 1085468 POV Hypothetical protein

NMSP_1381 1095550 POV 30S ribosomal protein S4

NMSP_1531 1211588 POV Putative aspartate aminotransferase 2

*gene is located within VirSorter predicted viral region.
a. Source sample of the best hit is listed, POV 5 Pacific Ocean Virome, BMVD 5 Broad Marine Viral database.
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ratio of reads that mapped with �85% identity over-

� 100 bp to the region of interest divided by reads that

mapped to the whole strain SPOT01 genome with the

same criterion. The VirSorter predicted region and PT

modification genes had recruitment ratios of 0.18–0.26

and 0.08–0.14 respectively, indicating they occur at

modest levels (�22 and �10% respectively) in natural

SPOT01 populations (Fig. 6A). The putative PT RE

genes had lower ratios (0.005 to 0.015) (Fig. 6A), indi-

cating the large majority (�90%) of individuals with the

PT modification genes lacked the putative RE region.

Similar recruitment analysis of thaumarchaeal ureC

versus amoA genes indicated a large portion (�60–

100%) of natural Thaumarchaeota cells contain urease

genes (Fig. 6B). Recruitment just using clade SPOT01

ureC and amoA sequences also indicated high preva-

lence (�80–100%) of the urease operon in members of

this clade (Fig. 6B).

Discussion

The new SPOT01 strain represents a previously uncul-

tured clade of marine Thaumarchaeota that based on

genomic analyses (ANI values) likely represents a new

genus or higher level taxon. This culture is distinguished

by being less tolerant of warmer temperatures and at tem-

peratures< 208C, growing faster than previous strains

tested. It is worth noting that there was a noticeable shift in

the bacterial genotypes found in the enrichment at 23 and

268C compared with lower temperatures (Supporting Infor-

mation Fig. S1). It is possible that these bacteria could

influence the physiology of strain SPOT01, but we surmise

the bacteria act as commensals that do not significantly

affect the upper and lower limits of temperature at which

strain SPOT01 can grow.

Given its divergence from other Thaumarchaeota

genomes, we propose this strain be classified as a new

genus with the name Candidatus Nitrosomarinus catalina

SPOT01. The name Nitrosomarinus describes this organ-

ism’s ability to oxidize ammonia to nitrite (nitrosus is the

Latin masculine adjective for nitrous) and that it lives in the

ocean (marinus is the Latin masculine adjective for

marine). The species name catalina is in reference to

Santa Catalina Island that is near the San Pedro Ocean

Time-series site where the SPOT01 clade was found to be

abundant.

Metagenomic recruitment analysis demonstrates strain

SPOT01 is ecologically relevant since the clade to which it

belongs can comprise a large portion of Thaumarchaeota

in temperate waters (Fig. 3). In comparison to samples at

other sites, the N. brevis clade instead was the more abun-

dant clade below the surface mixed layer in the warmer

waters at HOT and BATS. This difference in dominance

between the SPOT01 and N. brevis clades is broadly con-

sistent with laboratory assessment of temperature

adaptation of strains from each clade (Fig. 2B, Supporting

Information Fig. S2). While the specific growth rates for

Ca. N. brevis are unfortunately not well constrained with

measurements at fewer temperatures (Fig. 2), strain

SPOT01 again seems to be less tolerant of warmer tem-

peratures than Ca. N. brevis. It is worth noting that

optimum growth temperatures determined in the lab are

generally a few degrees above typical temperatures organ-

isms experience in the field (Fuhrman and Azam, 1983).

Closely related strains within clades can have diverse tem-

perature responses (Lehtovirta-Morley et al., 2014; Pittera

Fig. 6. Estimated relative abundance of viral region and PT genes
(A) and the urease operon (B) in natural Thaumarchaeota at 150 m
at the San Pedro Ocean Time-series (SPOT) site as determined by
metagenomic read recruitment. Relative recruitment for PT and viral
regions was calculated as the ratio of length-normalized read
coverage for the region of interest versus that of the whole strain
SPOT01 genome for reads that were �85% identical for� 100 bp.
The relative ratio of ureC to amoA genes was calculated as the
length-normalized coverage for reads with �85% identity for� 100
bp to marine thaumarchaeal ureC and amoA genes. The estimated
ratio of ureC to amoA genes for clade SPOT01 was similarity
calculated but only for reads that whose top hit was a SPOT01
clade ureC and amoA with �85% and �95% identity respectively,
which reflect appropriate thresholds of between clade sequence
divergence.
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et al., 2014; Qin et al., 2014; Bayer et al., 2016). Therefore,

it is difficult to make concrete extrapolations from single

strains, but our physiology and metagenomic results are

initially congruent in suggesting that water temperature is

directly or indirectly (through correlated factors) an impor-

tant driver of Thaumarchaeota clade niche partitioning.

Further work is needed to more fully characterize how the

biogeographic distribution of clades may correlate to

temperature.

The strain SPOT01 genome interestingly contains dnd

genes for phosphorothioation DNA modification, and a

possible associated restriction system for defence from for-

eign DNA. dnd genes occur in many lineages of archaea

and bacteria (Zhou et al., 2005; Yao et al., 2009; Wang

et al., 2011) but strain SPOT01 represents the first report

of a marine archaeon possessing PT modification. We

subsequently found that the genome of Ca. N. salaria

BD31 (Mosier et al., 2012) and two marine thaumarchaeal

fosmids, KM3_186_C08 and KM_47_F06 (Deschamps

et al., 2014) also contain dnd homologues (Supporting

Information Fig. S5), not previously recognized by these

studies. We infer from PacBio sequencing that the guanine

in the motif, TGAC, is the site of PT modification since

methylation only occurs at adenine and cytosine bases. If

this motif is confirmed by other experimental means to be

PT modified, it would be a unique PT motif and add to the

known diversity of these systems (Xu et al., 2009; Wang

et al., 2011).

We suggest that the probable RE operon next to the dnd

genes in strain SPOT01 functions as a restriction modifica-

tion (RM) system to protect the cell from infection by non-

PT modified viruses or other foreign DNA. The adjacent

location of the putative RE and dnd operons is homologous

to the same organization of PT modification and RE genes

in S. enterica, that function together as a PT-specific host

restriction system (Xu et al., 2010). In S. enterica, foreign

DNA lacking PT modifications is degraded by the PT-

specific RE encoded next to the dndB-E genes. Only a

subset of bacteria carrying dnd genes also contain adja-

cent RE operons (Xu et al., 2010), and strain SPOT01 is

the first report of any archaeon or marine prokaryote to

potentially possess both operons and this new class of RM

system. We subsequently noted that the thaumarchaeal

fosmid KM3_186_C08 (Deschamps et al., 2014) and Ca.

N. salaria BD31 also appears to possess putative RE

genes adjacent to dnd genes (Supporting Information Fig.

S5). PT modification may additionally or alternatively func-

tion in epigenetic control of gene expression (Low et al.,

2001; Marinus and Casadesus, 2009), although the rela-

tively high degree of PT-modified sites that show

modification on both strands is consistent with their use in

a RM system. Further tests are needed to test our hypoth-

esis that these genes in strain SPOT01 function as an RM

system.

About 20% of possible TGAC motifs in strain SPOT01

were PT modified, similar to the frequency observed for E.

coli B7A (12%) that possesses a PT-specific RM system

(Cao et al., 2015). The overall frequency of PT-modified

sites in strain SPOT01 of � 1 in 350 bp (Table 2) is within

the reported range for other PT systems (1 in 322 to 3500

bp) (Wilson and Murray, 1991; Wang et al., 2011). The

apparent low modification frequency for PT systems how-

ever differs from methylation RM systems that typically

exhibit modification of nearly all possible sites (but fewer

overall instances of those motifs in the genome). It is

thought that PTand associated PT REs may require recog-

nition of sequence features beyond the core four base

motif for modification and cleavage activity (Cao et al.,

2014; Gan et al., 2014).

Strain SPOT01 likely also possesses at least one,

maybe two, methylation-based RM systems. PacBio

sequencing revealed nearly complete modification of two

motifs in strain SPOT01. This is only the third study to

report genome-wide methylation patterns for archaea

(Ouellette et al., 2015; Blow et al., 2016). The m6A GATC

sites are likely methylated by the product of NMSP_0260,

an orthologue of a predicted GATC-specific methyltransfer-

ase in N. maritimus (Nmar_1499) (Roberts et al., 2015).

Strain SPOT01 and N. maritimus also possess another

pair of orthologous, putative methylases (NMSP_0378 and

Nmar_1319). Both do not possess obvious cognate restric-

tion enzymes, but it is often difficult to identify restriction

enzymes because they are so diverse (Roberts et al.,

2015, R. Roberts pers. comm.). The adjacent N. maritimus

gene Nmar_1320 and strain SPOT01 gene NMSP_0379

possess the catalytic motif PD.D/EXK or slightly modified

motif PN.D/EXK respectively present in many restriction

endonucleases (Pingoud and Jeltsch, 2001). While this

requires further confirmation, NMSP_0378 and

NMSP_0379 may represent an additional methylation-

specific restriction modification system in strain SPOT01.

The nearly complete methylation of the two motifs and

modification on both strands is indirect evidence of their

role in a restriction modification system, but this does not

rule out that methylation may be used for purposes other

than defence (Vasu and Nagaraja, 2013).

Another exciting discovery is the presence of probable

viral genes in the genome of strain SPOT01, supported by

converging results of multiple virus prediction tools and

follow-up analysis of the 80 kb region predicted as viral by

VirSorter, in particular. A potential caution in using such

similarity searches against viral metagenomes is that

these metagenomes could be potentially contaminated

with cellular DNA. ‘Viral fraction’ metagenomes are often

constructed using DNA extracted from particles that pass

through a 0.2 mm filter to exclude most cellular organisms,

but this method can sometimes collect small cells or free

prokaryotic DNA. This may be problematic in particular for
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Thaumarchaeota that can be smaller than 0.2 mm (Santoro

et al., 2015). The sliding window analyses that we have

conducted controls for potential contamination by examin-

ing regions enriched for genes with stronger similarity to

viral genes above a ‘background’ of cellular sequence

reads (Fig. 5). Furthermore, five proteins in the viral region

with best hits to viromes (NMSP_1217, NMSP_1226,

NMSP_1228, NMSP_1234 and NMSP _1253; Table 4)

were from metagenomes that were processed to specifi-

cally capture viral particles and produce metagenomes

with little cellular DNA contamination (Anderson et al.,

2011; Hurwitz and Sullivan, 2013).

It is inconclusive if this region represents a viable lyso-

genic provirus or perhaps the remnants of lytic virus that

recombined with the host genome. Exposure to UV or

mitomycin C can often induce lysogenic viruses to enter

the lytic cycle, but initial attempts with the latter method did

not produce an obvious induction of viruses (data not

shown). The ends of the VirSorter predicted region are

closely flanked by tRNAs, a common feature of integrated

bacteriophages, but the region lacks a recognizable, canon-

ical integrase. We surmise that the larger VirSorter region is

more broadly a hypervariable region that contains probable

viral genes, notably concentrated at the front portion of the

region (Fig. 5), that are the remnants of a defunct provirus

or were laterally transferred into the genome during infec-

tion(s). Similarly, it is unclear to what group of viruses these

genes may belong, but the presence of the gene with simi-

larity to a T4-like endonuclease suggests a possible

connection to myoviruses. Most archaeal virus isolates

belong to groups distinct from bacterial (Fusello, Lipothrix-

viridae and Rudiviridae) (Prangishvili et al., 2006), so it is

perhaps unusual that one of the recognizable viral genes in

strain SPOT01 shows similarity to genes from classic myo-

viridae bacteriophage. However, a handful of viruses

resembling bacteriophage myoviruses and siphoviruses are

known to infect euryarchaeal hosts (Pfister et al., 1998;

Prangishvili et al., 2006; Pagaling et al., 2007), and a nearly

complete T4-like myovirus genome was recovered from a

thaumarchaeal SAG (Labonte et al., 2015).

Regardless of their source, the presence of viral genes in

the strain SPOT01 genome adds to the growing evidence

that viruses infect mesophilic marine archaea. Remarkably

little is known about viruses infecting marine Thaumarch-

aeota or marine mesophilic archaea in general. The

putative provirus in the soil thaumarchaeon N. viennensis

EN76 was recently shown to have homology to a marine,

viral fraction (< 0.22 um) fosmid, suggestive of a related

marine Thaumarchaeota virus (Chow et al., 2015), and the

same study found viral fraction marine metagenomic

sequences recruited to the T4-like virus recovered from a

thaumarchaeal SAG (Labonte et al., 2015). While these

studies point to the presence of Thaumarchaeota viruses,

they are not definitive. As noted above, metagenomes from

‘viral’ size fractions may contain cellular material, especially

from cells as small as Thaumarchaeota. SAGs can some-

times recover artifactual, non-specific viral sequences—for

example the LaBonte et al. (2015) study recovered an algal

virus from a bacterial SAG, probably due to non-specific

attachment of virus particles to the host cell. More convinc-

ing evidence is the recent discovery of a contig assembled

from virus fraction metagenomes (< 0.22 mm) that har-

bours both probable viral structural genes and a copy of the

amoC ammonia oxidation gene with high similarity to cellu-

lar thaumarchaeal amoC genes (Roux et al., 2016). Our

study adds evidence to the existence of marine thaumarch-

aeal viruses by demonstrating probable viral genes in a

Thaumarchaeota isolate genome.

Metagenomic recruitment demonstrated that both the

probable viral region and PT modification genes are main-

tained in sizeable portions of natural Thaumarchaeota

populations (Fig. 6). Given that Thaumarchaeota exhibit

streamlined genomes, similar to other highly abundant,

marine free-living bacteria like Prochlorococcus and the

SAR11 clade, we suggest that the moderate prevalence of

these genes in natural populations is ecologically impor-

tant, or otherwise would they would be purged.

Interestingly, the presence of PT RE genes is rare in natu-

ral populations of close relatives of strain SPOT01 at the

SPOT site but appear to be prevalent enough in marine

Thaumarchaeota in general since they have been recov-

ered in three other cases (N. salaria BD31 and two

fosmids). Still, the presence of two or three different restric-

tion modification systems in very small genome suggests

strain SPOT01 places high priority on keeping out foreign

DNA, presumably by viral infection and other forms of hori-

zontal gene transfer, assuming this is the function of the

modification system. The need for such defences when it

lives in ocean midwaters at abundances typically near 103

cells per ml, and thus has extremely low encounter fre-

quencies with other cells or viruses, is unexpected.

Perhaps the methylation and phosphorothioation systems

have other important functions in these organisms.

Strain SPOT01 also contains the genes for utilization of

urea. There is no coherent phylogenetic pattern for which

clades possess urease genes (Fig. 1). Strain SPOT01

strangely could not grow on urea as a sole N source when

tested at concentrations from 4 to 100 mM, despite pos-

sessing urease genes (ureA-C), urease accessory genes

(ureD-G) and a probable urea transporter that all show

strong identity to proteins in Ca. N. piranensis D3C that

grows on urea. The reason for this discrepancy is unclear,

but perhaps it recently acquired mutation(s) that rendered

this operon non-functional. Urea frequently occurs in the

upper ocean at concentrations of 100s of nM (Painter

et al., 2008), and thus potentially provides a significant

pool of reduced N for growth of Thaumarchaeota. Utiliza-

tion of urea by Thaumarchaeota was inferred to be
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important in arctic communities (Alonso-S�aez et al., 2012),

and thaumarchaeal urease genes were frequently found in

the Antarctic (Tolar et al., 2016), Arctic (Pedneault et al.,

2014) and the northeast Pacific (Smith et al., 2016). Con-

gruent with these studies, a significant portion of cells of

Thaumarchaeota and specifically those closely related to

strain SPOT01 appear to contain the urease operon at the

SPOT site (Fig. 6), suggesting that urea utilization may be

important in lower latitude waters as well. The work of

Smith et al. and Pedneault et al., however, found that

expression of urease as assessed by ureC transcription

was rarely detected or not detected at all. It therefore will

be important in on-going work to directly measure expres-

sion of urease and rates of urea utilization and its

subsequent contribution to ammonia oxidation rates at

sites like SPOTand polar regions.

Overall, the novel thaumarchaeal strain with the pro-

posed name Ca. Nitrosomarinus catalina SPOT01 and its

genome provides valuable insight into this novel and abun-

dant lineage (clade SPOT01) of marine Thaumarchaeota.

It will also provide a valuable resource for continued work

on organic N utilization of Thaumarchaeota and interac-

tions with viruses. We also lay out a phylogenomic

framework for classifying thaumarchaeal lineages, and

metagenomic recruitment approaches to further biogeo-

graphic studies of these clades and specific functional

genes (e.g. urease genes). This study more importantly

adds to the growing evidence of interactions between

viruses and mesophilic marine archaea. We provide one of

the first epigenetic analyses archaea and highlight their

probable importance in archaea-virus interactions. This

work also raises important questions for future studies con-

cerning why streamlined marine thaumarcaheal genomes

apparently maintain multiple defence systems even though

they are predicted to rarely encounter viruses or other cells

that could introduce DNA into their cells.

Materials and methods

Enrichment and growth of the SPOT01 strain

A sample of the Thaumarchaeota enrichment culture CN75

provided by Alyson Santoro (Santoro and Casciotti, 2011) was

maintained in our lab using 0.2 mm filtered seawater from the

San Pedro Ocean Time-Series (SPOT) site off of California

amended with nutrients as described in (Santoro and Cas-

ciotti, 2011). After a few months of transfers, we found the

culture was dominated by cells with a 16S rDNA sequence dif-

ferent from that of CN75 and other cultured thaumarchaeal

isolates (Fig. 1). We suspect that this new strain came from

cells from the< 0.2 mm filtrate of SPOT seawater, since Thau-

marchaeota cells can be< 0.2 mm in diameter (Santoro et al.,

2015), and they supplanted the CN75 strain. The strain

SPOT01 enrichment has subsequently been maintained on

media using seawater passed twice through a 0.02 mm filter to

avoid further similar changes.

For growth experiments, ammonium and nitrite concentra-

tions were measured in duplicate using standard fluorescence

(Holmes et al., 1999) or colorimetric methods (Strickland and

Parsons, 1968) respectively. Total prokaryote cell abundances

were determined by flow cytometry: unpreserved culture was

stained with 1X SYBR Green I for 10 min and then run on a

Becton Dickinson Accuri C6 machine. For 16S rRNA analysis

1 to 10 ml of culture were collected on a 0.1 mm polycarbonate

Poretics filter and stored at 2808C in a cryovial for later extrac-

tion using a standard sodium dodecyl sulfate lysis and phenol-

chloroform purification protocol (Fuhrman et al., 1998). Spe-

cific growth rates were determined at several temperatures by

measuring the accumulation of nitrite. Triplicate cultures were

acclimated to each temperature and maintained in logarithmic

growth for at least three culture transfers after which stable

specific growth rates were measured for three or four batch

culture transfers.

For control DNA used for phosphorothioation assays, we

grew up Escherichia coli BH10b with plasmid pJTU1238

expressing the phosphorothioation operon dptB-E from Sal-

monella enterica serovar Cerro 87 (Xu et al., 2010). This

strain was provided by M. DeMott and grown in LB broth with

100 mg/ml ampicillin.

Genomic DNA from cultures was extracted using a stan-

dard sodium dodecyl sulfate lysis and phenol-chloroform

purification protocol (Fuhrman et al., 1998). The 16S rDNA

gene was PCR amplified with primers 515F-Y and 926R for

sequencing on an Illumina MiSeq sequencer as described

in (Parada et al., 2016) except that 0.5 ng of genomic DNA

was used as input and only a single PCR reaction was run

and purified per sample. Twenty bases were trimmed off the

3’ end of the reverse reads to remove the primer sequence

and then were merged with their corresponding forward

reads requiring a minimum overlap of 50 bp and a maximum

of two differences in the overlap. Merged reads were subse-

quently quality filtered requiring that the expected number

of errors be�0.1, using usearch (http://drive5.com/

usearch/) and the–fastq_maxee flag. Unique ribotypes were

identified using Minimum Entropy Decomposition (MED)

(Eren et al., 2015). Absolute thaumarchaeal cell concentra-

tions were calculated by multiplying total prokaryotic

abundances, measured by flow cytometry, by the relative

abundance of thaumarchaeal 16S rRNA sequences.

Genome sequencing, assembly, annotation and

modification analysis

Approximately 500 ml of enrichment culture from late expo-

nential phase was extracted using the same phenol

chloroform protocol above with an additional chloroform

extraction step to remove any residual phenol. DNA was

sheared with a Covaris S2 to generate fragments of roughly

500 bp that were used for library construction using the NEB-

Next kit following the manufacturer’s instructions (New

England Biolabs, Ipswitch, MA, USA). This library was

sequenced on a MiSeq, 2 3 300 bp run that produced a total

of 14.6 M paired reads. Genome assembly was done using

Spades (Bankevich et al., 2012) with default settings on reads

with�50% GC. This yielded six contigs with length> 1 kb and

coverage of >1300X, totalling 1.356 Mb. PCR using primers
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designed for the ends of each contig were used to determine

the orientation of these contigs and subsequent sequencing of

PCR products was used to close the genome. The genome

was annotated using prokka (Seemann, 2014) using the ‘–pro-

teins’ option to first annotate predicted genes based on the

Ca. N. brevis and N. maritimus genomes. The strain SPOT01

genome has been deposited under the BioProject accession

PRJNA341864.

PacBio libraries were constructed using the standard 20 kb

library preparation protocol, and two cells were sequenced

with the P6/C4 chemistry. A complete Thaumarchaeota

genome was assembled using the Hierarchical Genome

Assembly tool in the PacBio SMRT Analysis Software

(RS_HGAP_Assembly.3) with default settings except that the

expected genome size was set to 1.4 Mb and the minimum

seed read length was set to 4 kb. Detection of methylation and

phosphorothioation modification were performed using the

RS_Modification_and_Motif_Analysis.1 protocol in the SMRT

Analysis Software using the genome assembled from MiSeq

data as the reference genome. Sites were called as modified if

their QV scores were�30.

Sequence analysis and phylogenetic trees

Homologous proteins from thaumarchaeal genomes were

identified as those that are best reciprocal blastp (RBH) hits to

each other, requiring an E-value of�1e210 and homology

over� 67% of the length both proteins. A set of 38 ortholo-

gous core genes were selected as those that were found

in�20% of all thaumarchaeal genomes (Supporting Informa-

tion Table S2). Each set of orthologous proteins were aligned

using CLUSTALW and the best tree was found via Phylip

using distances computed with the JTT distance matrix and

the FITCH algorithm (Felsenstein, 2005). The phylogeny of

the 16S rRNA gene was constructed in the same manner

except using the F84 DNA substitution model (Kishino and

Hasegawa, 1989).

Viral regions were predicted using VirSorter (Roux et al.,

2015), PHAST (Zhou et al., 2011), and phiSpy (Akhter et al.,

2012). The online tool CRISPRfinder was used to find Clus-

tered regularly interspaced short palindromic repeats

(CRISPRs) (Grissa et al., 2007). To assess if predicted pro-

teins of strain SPOT01 are likely to be cellular or viral, each

protein was searched with blastp or tblastn using default set-

tings against nr representing mostly cellular proteins and two

viral databases: the Pacific Ocean Virome (POV) protein clus-

ters (Hurwitz and Sullivan, 2013) (downloaded from http://

data.imicrobe.us/project/view/94) and the Moore Foundation

Marine Page/Virus metagenome database which includes

viral isolate genomes and marine viral metagenomes (http://

data.imicrobe.us/project/view/11). Only blast results with an E-

value of�1e25 and a bit score of�50 were considered signif-

icant. To compare results, we computed normalized bit

scores, the bit score divided by the length of the blast search

alignment to control for the fact that the viral databases gener-

ally have shorter sequences than those in the nr database.

Conserved domains of the putative restriction enzyme operon

were identified using CD-Search at The National Center for

Biotechnology Information (NCBI).

Competitive blast searches

Following the competitive fragment recruitment methods of

(Santoro et al., 2015), metagenomic reads were searched

against a database of all available thaumarchaeal genomes

(Supporting Information Table S3) with their 5S, 16S and 23S

rRNA operons excluded. Requiring a maximum E-value of

1e210,� 85% identity to any thaumarchaeal genome and an

alignment length of� 100 bp, the top matches were retained.

The number of reads matching genomes from each clade

were normalized to genome length to calculate the relative

abundance of each clade in a sample. Genome length was

taken as the average genome length for complete genomes

within each clade. Since the Deep group consists of only

incomplete SAGs, the complete genome size was estimated

as 1.63 Mb, the average genome size of all complete marine

thaumarchaeal genomes. For metagenomic analysis of com-

munities at the San Pedro Time-series (SPOT) site off of Los

Angeles, CA, water samples were collected monthly from

June 2012 to July 2013 at 150 m and from 5 m, 45 m (the

deep chlorophyll maximum), 500 and 890 m on September

28, 2012. Microbial cells were collected on 0.22 mm filters and

DNA was extracted following the protocol in (Cram et al.,

2015). Illumina compatible metagenomic libraries were con-

structed as described above and were sequenced on an

Illumina HiSeq sequencer, 2 X 250 bp run. Reads were quality

filtered with using the Minoche method as described in

(Minoche et al., 2011) and Eren et al. (Eren et al., 2013),

before recruitment analysis. These metagenomes have been

submitted to the European Nucleotide Archive accession

PRJEB17887. Metagenomes from the Bermuda Atlantic

Times Series (BATS) from August 2002 (samples BATS-167)

were downloaded from http://data.imicrobe.us (project CAM_-

PROJ_BATS) (Glass et al., 2015). Metagenomes from the

Hawaii Ocean Time-series (HOT) on March 2006 were down-

loaded from http://data.imicrobe.us (project CAM_PROJ_HOT,

‘HOT179_SG’ samples) (Martinez et al., 2010).

Abundance of PT, viral and urease genes

To estimate the prevalence of PT genes and the viral region in

natural populations of close relatives to strain SPOT01, we

first identified metagenomic reads with �85% identity over-

� 100 bp to the strain SPOT01 genome with the 5S, 16S and

23S rRNA genes excluded, and then calculated the ratio of

length normalized read coverage of the gene region to that of

the whole genome. The average fraction of Thaumarchaeota

that possess the urease operon was estimated by calculating

the ratio of length-normalized ureC to amoA coverage for

reads that had �85% identity for� 100 bp to any marine

Thaumarchaeota ureC gene found in genomes or environ-

mental clones in Smith et al. (2016) and amoA genes shown

in the tree in Supporting Information Fig. S3. The prevalence

of urease operons in the SPOT01 clade was similarly calcu-

lated only when using reads whose best hit was to a strain

SPOT01 ureC or amoA sequence and requiring �85% and

�95% identity respectively, which represent appropriate

thresholds of sequence divergence between clades for each

gene (Supporting Information Figs S3 and S4).
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Supporting information

Additional Supporting Information may be found in the

online version of this article at the publisher’s website:

Table S1. Fraction of shared genes (reciprocal best blast

hits, RHBs) shared between isolate or enrichment thau-
marchaeal genomes. Values below the diagonal are the

fraction of shared genes divided by the number of genes in

the genomes listed by row and values above the diagonal
are the fraction of shared genes divided by the number of

genes in the genomes listed by columns.
Table S2. The 38 core genes shared among marine thau-

marchaeal genomes and used to construct the
concatenated phylogenomic tree in Figure 1. See spread-

sheet file available online: Suppelemental_Table_2.xlsx.
Table S3. Thaumarchaeal genomes from enrichments or

single-cell amplified genomes (SAGs) used in this study.
Accessions with letters are NCBI accessions, 10 digit num-

bers are IMG accessions.
Table S4. Average nucleotide identity (ANI) between

genomes of ‘Shallow’ group marine thaumarchaeal strains.

ANI is calculated as the average nucleotide identity of recip-
rocal best blast hits (RBHs) between two genomes whereby

RBHs must have an evalue�1e-10 over� 67% of the

length of the gene and only genes with a nucleotide identity

of �70% are included. Within clade ANI values are shaded

in colors corresponding to the clade colors designated in

Fig. 1, to highlight that within clade ANI values are typ-

ically� 84% whereas between clade ANI values are almost

always< 84%. For reference, ANI values between all ‘Deep’

group SAG genomes are�84% (on average 90%) and ANI

values between ‘Deep’ group SAG genomes and ‘Shallow’

group genomes are� 78.3% (data not shown for simplicity).
Table S5. Table adapted from Santoro et al. (2015) that

identifies in SPOT01, homologs of N. brevis proteins

involved in key metabolic pathways. Spreadsheet file avail-

able online: Supplemental_Table_5_Nbrevis_homologs.xlsx.

Fig. S1. Prokaryotic composition of SPOT01 enrichment

cultures assessed by 16S rRNA amplicon sequencing (Illu-

mina MiSeq). A) In the representative culture experiments

from Fig. 2A, nine ribotypes were found in the SPOT01

enrichment cultures: seven belonged to Thaumarchaeota,

and one each belong to the genera Sphingomonas and

Erythrobacter. The dominant ribotype corresponding to the

strain SPOT01 (‘SPOT01’) represented� 97% of the Thau-

marchaeota in the enrichment culture. Community composi-

tion is shown for samples from the representative growth

curve shown in Fig. 2 (‘Day n’) and the DNA used for Pac-

Bio sequencing and the PT iodine assay in Fig. 4 (‘PacBio’).

B) Composition of archaeal and bacterial oligotypes in

enrichment cultures grown at different temperatures and

sampled during exponential phase. Twelve thauarchaeal oli-

gotypes were found (each labeled with a unique node num-

ber, e.g. ‘_N101’ or with ‘SPOT01’ for the oligotype

corresponding to strain SPOT01). Sixteen bacterial oligo-

types were found and belonged to the genera Sphignomo-

nas (‘Sphingo_’), Erythrobacter (‘Erythro_’), Mesorhizobium

(‘Mesorhiz_’); the SAR86 or SAR11 marine bacteria clades;

the classes Gammaproteobacteria (‘Gamma’) or Alphapro-

teobacteria (‘Alpha’); or unknown phylogeny (‘Unkn_’).
Fig. S2. Temperature versus growth rate curves from Fig-

ure 2B whereby for each strain points are replotted as rela-

tive growth rates normalized to the maximum growth rate

(set as 1) for each strain.
Fig. S3. Phylogeny of representative amoA nucletoide

sequences from isolate or enrichment genomes (red), sin-

gle cell amplified genomes (blue) or environmental clone

sequences (blue). The corresponding Water Column groups

A and B (WCA and WCB) as defined by Francis et al.

(2005) are shown. Note that the SPOT01 amoA sequence

belongs to a distinct clade of sequences that was previously

only represented by uncultured sequences (SAG or environ-

mental clones). The tree was constructed using the F84

nucleotide substitution model and the FITCH algorithm in

phylip. Values at the nodes indicate bootstrap values (100

replicates) when> 50. Listed in parentheses are gene locus

tags for sequences from genomes or NCBI protein acces-

sions for environmental clone sequences.
Fig. S4. Phylogeny of thaumarchaeal ureC sequences from

enrichment or isolate genomes (red), SAGs (blue) and envi-

ronmental clones (black) from Smith et al. (2016). ureC

sequences were aligned and a 998 nucleotide region for

which most of positions were present was used for con-

struction of the tree. The tree was constructed using the

HKY85 nucleotide substitution model with gamma
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distributed rates and invariable sites (HKY851i1g) and

minimum evolution as the search criterion. Values at the
nodes indicate bootstrap values (100 replicates) when>50.
Listed in parentheses are gene locus tags for sequences
from genomes or NCBI nucleotide accession numbers for
environmental clone sequences. For simplicity, clades with

several closely sequences are depicted with trapezoids. To
the right of each trapezoid is listed the number of sequen-
ces in that clade and names of representative genome and/
or cloned sequenced in that clade.
Fig. S5. The organization of dnd homologs and adjacent

restriction enzyme genes in SPOT01, other bacteria, and
archaeal contigs. For thaumarchaeal fosmids
KM3_186_C08 and KM3_47_F06, the dnd genes are
located near the end of the fosmid, depicted as a vertical

bar at position zero, and the dashed line on the opposite
end indicates that the fosmid continues on in that direction.

Fig. S6. Results from the virus prediction tool phiSpy. The

purple line depicts gene ranks output from phiSpy and the

dotted lined shows the default threshold used by phiSpy

(half of the maximum rank score) to predict viral regions is

shown as a dashed line. The primary peak in phiSpy scores

(red line) is centered on an operon of ribosomal proteins

and potentially represents a false positive result. The

dashed line represents an alternative threshold: half of the

maximum rank score when excluding the primary peak in

rank scores. Predicted regions are shown at the top of the

graph: phiSpy using the default threshold (red), phiSpy

using the alternate threshold (grey), and the VirSorter pre-

dicted region (green) for reference. The resulting phiSpy

regions using this alternative threshold are those depicted

in Fig. 5.
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