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Organisms within all domains of life require the cofactor cobalamin
(vitamin B,3), which is produced only by a subset of bacteria and
archaea. On the basis of genomic analyses, cobalamin biosynthesis
in marine systems has been inferred in three main groups: select
heterotrophic Proteobacteria, chemoautotrophic Thaumarchaeota,
and photoautotrophic Cyanobacteria. Culture work demonstrates
that many Cyanobacteria do not synthesize cobalamin but rather
produce pseudocobalamin, challenging the connection between the
occurrence of cobalamin biosynthesis genes and production of the
compound in marine ecosystems. Here we show that cobalamin and
pseudocobalamin coexist in the surface ocean, have distinct micro-
bial sources, and support different enzymatic demands. Even in the
presence of cobalamin, Cyanobacteria synthesize pseudocobalamin—
likely reflecting their retention of an oxygen-independent path-
way to produce pseudocobalamin, which is used as a cofactor in
their specialized methionine synthase (MetH). This contrasts a
model diatom, Thalassiosira pseudonana, which transported pseu-
docobalamin into the cell but was unable to use pseudocobalamin
in its homolog of MetH. Our genomic and culture analyses showed
that marine Thaumarchaeota and select heterotrophic bacteria pro-
duce cobalamin. This indicates that cobalamin in the surface ocean is
a result of de novo synthesis by heterotrophic bacteria or via mod-
ification of closely related compounds like cyanobacterially pro-
duced pseudocobalamin. Deeper in the water column, our study
implicates Thaumarchaeota as major producers of cobalamin based
on genomic potential, cobalamin cell quotas, and abundance. To-
gether, these findings establish the distinctive roles played by abun-
dant prokaryotes in cobalamin-based microbial interdependencies
that sustain community structure and function in the ocean.
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obalamin (vitamin By,) is synthesized by a select subset of

bacteria and archaea, yet organisms across all domains of life
require it (1-3). In the surface ocean, cobalamin auxotrophs (in-
cluding most eukaryotic algae) (3) obtain the vitamin through di-
rect interactions with cobalamin producers (3) or breakdown of
cobalamin-containing cells (4, 5). Interdependencies between ma-
rine cobalamin producers and consumers are critical in surface
waters where primary productivity can be limited by the availability
of cobalamin and the compound is short-lived (1, 6, 7). The ex-
change of cobalamin in return for organic compounds is hypoth-
esized to underpin mutualistic interactions between heterotrophic
bacteria and autotrophic algae (3, 6, 8, 9). The apparent perva-
siveness of cobalamin biosynthesis genes in chemoautotrophic
Thaumarchaeota and photoautotrophic Cyanobacteria genomes
(1, 10, 11) raises the question of whether cobalamin production by
these autotrophs may underlie additional, unexplored microbial
interactions.

Cobalamin is a complex molecule with a central cobalt-containing
corrin ring, an « ligand of 5,6-dimethylbenzimidizole (DMB), and
a p ligand of either OH-, CN-, Me-, or Ado- (12) (Fig. 1). Previous
studies have shown that instead of producing cobalamin, Cyano-
bacteria produce pseudocobalamin (11, 13, 14), an analog of
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cobalamin in which adenine substitutes for DMB as the o ligand
(12) (Fig. 1). Production of pseudocobalamin in a natural marine
environment has not been shown, nor have reasons for the pro-
duction of this compound in place of cobalamin been elucidated.

To explore the pervasiveness of cobalamin and pseudocobala-
min supply and demand in marine systems, we determined the
standing stocks of these compounds in microbial communities
from surface waters across the North Pacific Ocean using liquid
chromatography mass spectrometry (LC-MS). Our LC-MS method
(15) quantifies cobalamin and pseudocobalamin with different
ligands. We found that in the surface ocean, pseudocobalamin and
cobalamin concentrations associated with organisms and detritus
captured on a 0.2-um filter (particulate fraction) were often of
equal magnitude (Fig. 2B). Pseudocobalamin had peak concen-
trations within the euphotic zone at each station and was not de-
tected below the euphotic zone. In contrast, cobalamin was
measurable throughout the sampled waters and maintained
similar or higher concentration from the lower euphotic zone to
our deepest samples (Fig. 24 and Fig. S1).

The overlapping spatial distribution of cobalamin and pseudo-
cobalamin suggests that these cofactors are produced in each other’s
presence, likely with different sources and sinks. To investigate cor-
relations between Cyanobacteria and pseudocobalamin abundance,
we compared observations of Cyanobacteria carbon inferred from
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Fig. 1.
conserved corrin ring with various upper () and lower () ligands. Structures
of cobalamin analogs monitored in this study (eight total) are shown.

flow cytometry with pseudocobalamin measurements taken at the
same depth. In cases where we had both continuous measure-
ments (by SeaFlow) (16) and discreet flow cytometry data, we
used the discreet measurements, as collection of these samples
was closely coupled in time and space to pseudocobalamin sam-
pling (n = 16 for discreet, n = 4 for continuous). Pseudocobalamin
concentrations are statistically correlated with carbon from Syn-
echococcus and Prochlorococcus (R* = 0.71, P < 0.001), both in
the surface and into the subsurface ocean (Fig. 2C), suggesting a
primarily cyanobacterial source. No significant correlation existed
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between Cyanobacteria carbon and cobalamin concentrations
(Fig. S2).

To identify the major producers of cobalamin and pseudoco-
balamin in the environment, we investigated representative
marine isolates and then expanded our search into available
genomes that encompass the phylogenetic diversity at our study
site. As expected (1, 8), two strains of marine Alphaproteobac-
teria with cobalamin synthesis genes (Sulfitobacter sp. SA11 and
Ruegeria pomeroyi DSS-3) produced cobalamin, whereas the
gammaproteobacterium Vibrio fischerii ES114 (which lacks co-
balamin biosynthesis genes) did not (Table S1). Four pure strains
of marine chemoautotrophic Thaumarchaeota (Nitrosopumilus
spp. SCM1, HCE1, HCA1, and PS0) also produced cobalamin
(Table S1), confirming earlier suggestions based on the presence
of cobalamin biosynthesis genes in Thaumarchaeota genomes
(10). Like other Cyanobacteria (11, 13, 14), four axenic strains of
marine Cyanobacteria (Prochlorococcus MED4 and MIT9313
and Synechococcus WH8102 and WH7803) produced pseudo-
cobalamin (Table S1). In all of the cobalamin or pseudocoba-
lamin producers, we detected compounds with f ligands Me-,
Ado-, and OH- but not CN- (Table S1).

The observed cell quotas of cobalamin or pseudocobalamin per
cellular carbon varied greatly among producers (Table S1). Lab-
oratory cultures of Alphaproteobacteria and Procholorococcus strains
had lower amounts of cobalamin or pseudocobalamin (less than
1,200 nmol cobalamin analog per mole carbon) than Synechococcus
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Fig. 2. Pseudocobalmin and Cyanobacteria cooccurrence. (A) Depth profiles of particulate pseudocobalamin (orange circles), in situ chlorophyll a (gray), and cell
abundance of Synechococcus (closed triangles) or Prochlorococcus (open triangles), whichever was the dominant Cyanobacteria at each station. (B) Location of
sampling with surface concentration of particulate cobalamin (dashed blue circles) and pseudocobalamin (orange circles). Closed circles are cyanobacterial
(Synechococcus, black; Prochlorococcus, gray) carbon content calculated from cell abundance and size estimates (at 5 m via SeaFlow) (16). (C) Correlation between
environmental pseudocobalamin and calculated Cyanobacteria carbon content (n = 20, R?=0.71, P < 0.001). Cobalamin and pseudocobalamin concentrations are
summed values of the detected f ligands for these compounds (Ado-, Me-, and OH- for cobalamin; Me- and OH- for pseudocobalamin); contributions of each beta
ligand are provided in Dataset S2. Pseudocobalamin concentrations are presented in cobalamin equivalents (see S/ Materials and Methods).
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and Thaumarchaeota isolates (1,480-11,600 nmol cobalamin ana-
log per mole carbon). Published values (17) for sea ice bacterial
isolates estimated using a bioassay were highly variable (0.6-6,800
nmol cobalamin analog per mole carbon). In our environmental
samples, we observed an average stoichiometry of 87 nmol pseu-
docobalamin per mole cyanobacterial carbon, lower than the cya-
nobacterial isolates (Fig. 2C). This finding suggests that the cellular
stoichiometry of pseudocobalamin is variable and possibly influenced
by environmental factors like nutrient availability and growth rate.

To expand the breadth of our survey beyond laboratory isolates,
we inspected publically available whole genome sequences from
bacteria and Thaumarchaeota for evidence of cobalamin bio-
synthesis. This analysis expands on previous work (18) while fo-
cusing on the phylogenetic groups present at our study site.
We analyzed full genomes from the Integrated Microbial Ge-
nomes (IMG) database (https://img.jgi.doe.gov) from phylogenetic
groups that encompassed >99.9% of the Bacterial 16S rRNA gene
sequences from our environmental samples to develop a system-
atic inference of cobalamin synthesis capacity (3,410 genomes).
Alpha- and Gammaproteobacteria are hypothesized to be major
marine cobalamin producers (1, 10), and 94% of the surveyed
genomes from these groups that contain genes necessary for corrin
biosynthesis (i.e., cbid/cobB, cbiH/cob]) (2) also have genes for
DMB synthesis and activation (bluB, cobT) (2, 19, 20) (Fig. 3),
consistent with the synthesis of cobalamin and the results from our
representative cultures. All of the eight available high-quality
Thaumarchaeota genomes in the IMG database code for corrin
and DMB biosynthesis genes (Fig. 3). Most of the lower quality,
incomplete genomes available follow this same pattern (17/19,
Dataset S1). No Thaumarchaeota genomes possess the cobT gene
and thus must activate DMB through a different pathway. Of the
255 cyanobacterial whole genomes, 247 possessed genes for the
synthesis of the corrin ring, but only one genome possessed an
annotated bluB or cobT gene (Fig. 3), suggesting the vast majority
of Cyanobacteria are unable to produce DMB, in agreement with
a recent study that examined a subset of the available Cyano-
bacteria genomes (11).
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Fig. 3. Presence or absence of annotated cobalamin biosynthesis genes in
full-genome representatives. Four major groups of microbes contributing
cobalamin biosynthesis genes in marine surface waters (10) are shown; each
group is split into potential cobalamin producers (top row) and non-
cobalamin producers (bottom row), with the number of genomes in each
group. All of the high-quality Thaumarchaeota genomes are potential co-
balamin producers. The shade of each box indicates the percent of genomes
with that gene. Genes are grouped as follows: (A) corrin ring biosynthesis
genes that are common to both O,-dependent and -independent pathways
in bacteria and archaea, (B) final synthesis and repair genes, (C) genes for
DMB synthesis and activation, and (D) O,-dependent cobG in the O,-dependent
corrin ring biosynthesis pathway. In Archaea, cobY is used in place of cobU/
cobP (10, 55). For the list of genomes in each group, see Dataset S1, sum-
marized in Table S1.
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All of the 49 Prochlorococcus genomes have genes for corrin
synthesis without genes for DMB synthesis or activation, and our
analysis demonstrated that Prochlorococcus MED4, with its highly
streamlined genome (21), has maintained these genes to synthesize
pseudocobalamin. We propose this originates from an ancient
specialization to the production and use of pseudocobalamin in
lieu of cobalamin among Cyanobacteria. Biosynthesis of the corrin
ring can occur via two separate pathways: an O,-dependent or an
Oy -independent pathway (2, 18). DMB synthesis can also oc-
cur via two separate routes, the O,-dependent BluB (19) or the
Oy-independent and O,-sensitive Bza pathway (22). Rhodobacters
have the O,-dependent corrin ring and DMB pathways (11),
whereas Thaumarchaeota likely possess the O,-independent path-
way for the corrin ring and the O,-dependent DMB pathway (10).
In some bacteria, pseudocobalamin can be produced if DMB
synthesis is impaired; this is due to the natural presence of adenine
in cells and enzyme substrate promiscuity that allows adenine to
substitute for DMB in some organisms’ CobT (22-27). Cyano-
bacteria use the O,-independent pathway for corrin ring synthesis
and neither pathway for DMB synthesis (11, 18) (Fig. 3). The
use and production of cobalamin as a cofactor predates oxygenic
photosynthesis (28, 29). Possessing an O,-independent mode for
producing a cobalamin analog that is not impaired by O, may have
been necessary for the success of oxygenic photosynthetic Cyano-
bacteria that were largely responsible for the rise of O, on earth
and likely endured variable O, concentrations over time (30).

Cyanobacteria use pseudocobalamin as a cofactor in two en-
zymes: methionine synthase (MetH) and class II ribonucleotide re-
ductase (NrdJ). The 3D structure of MetH contains three f§ pleated
sheets and two o helices that form a pocket for the DMB ligand of
cobalamin in Escherichia coli (31, 32). Cyanobacterial MetH is
predicted to form the same pocket (13). However, conserved amino
acids within this pocket in the cyanobacterial MetH differ from se-
quences of organisms known to use cobalamin (Figs. S3 and S4),
suggesting a structure that preferentially binds pseudocobalamin in
place of cobalamin as experimentally demonstrated in the Cyano-
bacteria Arthrospira (13). Many Cyanobacteria also code for O,-in-
dependent NrdJ (33), which has limited sequence similarity to
noncyanobacterial NrdJ (34, 35). Similar to pseudocobalamin bio-
synthesis in Cyanobacteria, NrdJ is both O,-independent and
Oy -insensitive and has been hypothesized as an important bridge
between the pre- and postoxygenated oceans (36). The continued
maintenance of both the biosynthetic pathway and pseudocobala-
min-dependent enzymes throughout the diverse Cyanobacteria
phylum (from Arthrospira and Synechocystis to the highly stream-
lined Prochlorococcus) suggests the production of pseudocobalamin
is an ancient relic that persists in the oxic marine environment today.

For many eukaryotic algae, pseudocobalamin supports lower
growth yields than cobalamin (11, 37, 38). We examined the un-
derlying cause of this reduced growth by supplying the model
diatom Thalassiosira pseudonana (CCMP 1335) with pseudoco-
balamin and tracking it into the cells. Like others, we found that
growth of T. pseudonana is limited at 1 pM cobalamin (39), and
the addition of pseudocobalamin (at 200 pM) is unable to over-
come this limitation (11, 38). We observed that T. pseudonana
takes up the inactive OH-pseudocobalamin from their growth
media and converts it into the cofactor form Ado-pseudocobala-
min yet is unable to recover to cobalamin-replete growth rates
(Fig. 4, Fig. S5, and Table S2). The role of Ado-cobalamin in
diatoms is unclear, although T. pseudonana does code for Ado-
cobalamin—-dependent methylmalonyl-CoA mutase (MCM) and
actively transcribes a putative adenosylcobalamin transferase
(which converts OH-cobalamin to Ado-cobalamin) under co-
balamin limitation (39). Previous studies suggest that when dia-
toms are starved for cobalamin, low Me-cobalamin (required for
MetH activity) deprives cells of S-adenosylmethionine (SAM)
(7, 39). We found that when pseudocobalamin is supplied to co-
balamin-limited 7. pseudonana, they contain significantly less
SAM per cell than cobalamin-replete conditions (Fig. 4, Fig. S5,
and Table S2). The depressed levels of SAM and lack of detect-
able Me-pseudocobalamin within cells suggest that 7. pseudonana
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Fig. 4. Growth of the diatom T. pseudonana with pseudocobalamin. (4) Growth
of diatoms under Control (1 pM cobalamin, circle), +Pseudocobalamin (1 pM
cobalamin with 200 pM pseudocobalamin, triangle), and +Cobalamin (200 pM
cobalamin, square) treatments over time; error bars, SD from three repli-
cates. Inset shows the final SAM, cobalamin, and pseudocobalamin cellular
contents compared with Control treatment on a per cell basis: not detected
(white), similar range to control (light gray), or statistically higher than
control (Student’s unpaired t test, P < 0.05, dark gray). Black stars indicate
what forms of cobalamin or pseudocobalamin were added to each treat-
ment. See Fig. S5 for absolute values of cobalamins and SAM.

are unable to efficiently use pseudocobalamin in their MetH. This
same phenomenon has been demonstrated physiologically in
marine cobalamin-dependent bacteria: Cobalamin or methionine
stimulates growth, but pseudocobalamin does not (40). These
combined findings demonstrate that marine Cyanobacteria
achieve both independence and a competitive advantage by pro-
ducing and requiring only pseudocobalamin; they meet their own
need for their preferred cofactor while also not directly supplying
cobalamin to other photoautotrophs.

Corrin synthesis genes in oligotrophic surface water meta-
genomes are dominated by pseudocobalamin-producing Cyano-
bacteria (10), suggesting that de novo production of true
cobalamin in these regions is limited to a small subset of hetero-
trophic bacteria, including clades like Rhodobacterales that are
commonly associated with eukaryotic algae (9). Cobalamin auxo-
trophs may foster close physical or chemical relationships with
these cobalamin producers, offsetting the expense of cobalamin
biosynthesis to secure a consistent cobalamin source. Alterna-
tively, organisms may employ techniques to use closely related
compounds like pseudocobalamin. Many organisms without the
biosynthetic capacity for de novo production of cobalamin have
salvage or remodeling strategies for reactivating cobalamin ana-
logs (11, 20, 41). A recent study has shown that some eukaryotic
algae have the genetic capacity to make cobalamin when supplied
with pseudocobalamin and DMB, although this phenomenon may
be limited by low DMB concentrations in natural seawater (11),
and DMB biosynthesis seems to be limited to bacteria and ar-
chaea. Of the 3,408 phylogenetically representative prokaryote
genomes we surveyed, we found 73 genomes that did not have the
biosynthetic pathway for the corrin moiety of cobalamin but did
have genetic capacity for cobalamin repair as well as synthesis and

Heal et al.

activation of DMB, which has no known role in cells beyond o
ligand of cobalamin. These organisms include several heterotrophic
bacteria known to occur in marine environments such as Methylophaga
and Marinobacter (Dataset S1). Previous work has suggested that
ligand-bound cobalt in low latitudes may be cobalamin degradation
or precursor compounds, which are present at concentrations much
higher than has been observed for dissolved cobalamin (1, 15, 42).
In these environments, organisms capable of salvaging and repair-
ing cobalamin degradation products or precursors could be major
suppliers of cobalamin to the environment and de novo biosyn-
thesis may take a minor role. The prevalence of cobalamin salvage
pathway transcripts in marine systems (6) suggests that synthesizing
DMB or remodeling cobalamin is a common strategy that plays an
important role connecting the production of pseudocobalamin to
the growth of cobalamin auxotrophs in the low latitude oceans
where Cyanobacteria are abundant.

We inspected genomes of marine prokaryotes to identity likely
cobalamin producers in our study site. We combined bacterial
16S rRNA gene sequence-derived phylogenetic data with current
knowledge of corrin biosynthesis genes (including our analysis)
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Fig. 5. Pseudocobalamin and cobalamin producers at station 3. Shown are
particulate cobalamin (closed blue circles), pseudocobalamin (orange open
circles), prokaryote cell abundance (black diamonds), and in situ fluorescence
(gray). Bar graphs show prokaryote population with the following predicted
cobalamin strategies: unlikely producers (gray), bacteria with unknown co-
balamin biosynthesis capacity (gray/blue striped), bacteria that are likely to
produce cobalamin (blue), Thaumarchaeota (likely to produce cobalamin,
white), and Cyanobacteria (likely to produce pseudocobalamin, orange) at
the corresponding depths. Cobalamin and pseudocobalamin concentrations
are as in Fig. 2.
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across different phylogenetic groups to infer the cobalamin
biosynthetic capacity of organisms in the microbial communities
at our study site as likely, unknown, or unlikely (Table S3). We
quantified Thaumarchaeota by quantitative PCR (qPCR) (43,
44) and calculated their contribution to the microbial population
by comparing this value to direct counts of prokaryotic cells
determined for each sample. Our analysis at five targeted loca-
tions in the North Pacific suggested that Thaumarchaeota rep-
resent 30-80% of prokaryotes having likely or unknown genetic
capacity to synthesize cobalamin in the lower euphotic zone and
deeper (Fig. 5 and Fig. S1). High cobalamin contents on a per
carbon basis in cultured Thaumarchaeota implicate them as a
major source of cobalamin in deeper waters (Table S1).

Like Prochlorococcus, marine Thaumarchacota have main-
tained several genes committed to the biosynthesis of cobalamin
in their small genomes. Detection of MCM, NrdJ, BluB, and
cobalamin biosynthesis proteins in the proteome of an oceanic
thaumarchaeote with a highly streamlined genome, “Candidatus
Nitrosopelagicus brevis,” implies that cobalamin is actively pro-
duced and used in these microbes (45). In Thaumarchaeota, the
cobalamin-dependent MCM catalyzes a key step in their excep-
tionally energy-efficient pathway for carbon fixation (46-48).
The scarcity of dissolved cobalamin in the water column (often
<1 pM as assessed by bioassay) (1) and enzymatic demands like
MCM may have necessitated that Thaumarchaeota retain the
ability to synthesize cobalamin. Thaumarchaeota likely play a
critical role in the microbial loop in the lower euphotic zone and
deeper by providing an essential nutrient to cobalamin auxo-
trophs. In turn, the auxotrophs provide substrates that promote
Thaumarchaeota growth (49, 50)—most critically the ammonia
required by the ammonia-oxidizing Thaumarchaeota (46).

Although Thaumarchaeota and select heterotrophic bacteria
synthesize cobalamin, undoubtedly benefiting from being their
own source of their preferred cofactor, the production of dis-
similar cobalamin analogs by marine Cyanobacteria is likely a
result of their distinct ecological niches, enzymatic demands, and
interactions with other cobalamin-dependent organisms. Pro-
ducers of cobalamin and related compounds thus play distinct
roles in cobalamin-based microbial interdependencies that sus-
tain primary productivity and shape marine community structure.

Materials and Methods

Environmental samples for cobalamin and pseudocobalamin, phytoplankton
abundance, archaeal gene quantification, prokaryotic cell abundance, and
DNA for 16S rRNA sequencing were collected in August 2013 along the
historical transect Line P to ocean station papa (our station 3), then following
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150 W to the south into the North Pacific subtropical gyre sampling from the
surface down to a maximum depth of 300 m, as shown in Fig. 2. Culture and
environmental samples were analyzed for cobalamins, pseudocobalamins, and
SAM using an organic solvent extraction (51) paired with LC-MS (15), both
modified as described in S/ Materials and Methods (Figs. S6 and S7 and Table S4).
Phytoplankton abundance was monitored continuously using SeaFlow (16), in
addition to discreet samples taken at depth and analyzed by flow cytometry.

We investigated 11 axenic strains of marine prokaryotes for demonstrable
evidence of cobalamin or pseudocobalamin production: four strains of
Nitrosopumilus spp. (SCM1, HCA1, HCE1, and PS0), two strains of Prochlorococcus
(MED4 and MIT9313), two strains of Synechococcus (WH7803 and WH8102),
Sulfitobacter sp. SA11 (52), R. pomeroyi DSS-3, and V. fischerii ES114. We
used the model diatom T. pseudonana to investigate the fate of pseudoco-
balamin in eukaryotic algae by culturing it under three conditions: cobalamin
limited, cobalamin replete, and cobalamin limited with pseudocobalamin. To
compare cobalamin- and pseudocobalamin-binding sites in MetH, we gath-
ered MetH amino acid sequences from organisms known to use true cobala-
min or pseudocobalamin as their cofactor. We then aligned the sequences and
used a known crystal structure (32, 53) to visualize the binding pocket.

We used publically available full genomes from the IMG database that
phylogenetically represent organisms at our study site and searched for
cobalamin biosynthesis genes in these genomes (genomes and functions we
used are listed in Dataset S1). We quantified Thaumarchaeota via qPCR and
performed direct cell counts to quantify total prokaryotes as previously
described (43, 44, 54). DNA for 16S rRNA sequencing was extracted, ampli-
fied, and sequenced as described in S/ Materials and Methods. Operational
taxonomic units (OTUs) were called using a 97% nucleotide identify
threshold, and taxonomic inference was based on the SILVA rRNA gene
database (https://www.arb-silva.de). This yielded phylogenetic information
we combined with the current knowledge of cobalamin-biosynthesis ca-
pacity (from the literature and our whole genome analysis) to estimate the
contribution of Thaumarchaeota to the prokaryotic community with the
potential for cobalamin biosynthesis capacity at our sampling sites. Further
details on all aspects of the methods are given in SI Materials and Methods.
Environmental data are supplied in Dataset S2.
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Cultures of Representative Cobalamin Producers. We analyzed four
axenic marine Thaumarchaeota strains in this study: Nitrosopumilus
spp- SCM1, HCA1, HCE1, and PS0. All four strains were cultured
in artificial medium as previously described (56, 57). Triplicate
growth experiments with these strains were carried out in dark
without shaking at 25 °C, except SCM1, which was grown at 30 °C.
Growth was monitored by NO,~ production and microscopic cell
counts as previously described (49). Cultures of SCM1 (100 mL)
were harvested at five different time points on 0.2 pm Nylon
membrane filters (Millipore Co.) to obtain samples representing
actively growing cultures at different growth phases. Late expo-
nential phase cells of HCE1, HCA1, and PSO (100 mL) were
harvested on 0.2 pm Durapore membrane filters (Millipore Co.)
with a vacuum filter system. To minimize photodegradation, cell
harvesting was performed in the dark. All samples were stored at
—80 °C until further analysis. For cell quotas reported, we used an
estimate of dry weight at 16-20 fg per cell (46) and an estimate of
48% carbon to dry weight to get cobalamin per unit carbon. For
reported SCM1 quotas in Table S1, we used the exponentially
growing cells; quotas at other growth points are given in Dataset S2.

We analyzed four representative axenic marine Cyanobacteria:
Prochlorococcus MED4 and MIT9313 and Synechococcus WH7803
and WHS8102. The Prochlorococcus strains were both cultured in
natural seawater-based Pro99 medium (58) prepared with 0.2 pm
filtered, autoclaved seawater collected from Vineyard Sound,
Massachusetts and supplemented with 10 mM sterile sodium
bicarbonate. Prochlorococcus were grown in acid-washed poly-
carbonate carboys under constant light conditions (40 pmol-Q-m 25"
for MED4, 15 pmol-Q-m~%s~! for MIT9313) at 24 °C in the
Chisholm laboratory (Massachusetts Institute of Technology).
Prochlorococcus axenicity was verified by testing for contaminant
growth in three purity broths (ProAC, ProMM, and MPTB) (59—
61). Synechococcus (WH7803 and WHS8102) were cultured in
artificial seawater-based Pro99 medium (58) prepared with
Turks Island Salt Solution and supplemented with 6 mM sterile
sodium bicarbonate and 1 mM N-Tris(hydroxymethyl)methyl-3-
aminopropanesulfonic acid (62). These strains were grown in
combusted borosilicate glass tubes under 16:8 light:dark condi-
tions (20 pmol-Q-m~%s~') at 20 °C. We verified that Synecho-
coccus were axenic by testing for contaminant growth in liquid
MPTB and on 1/2YTSS plates as well as by SYBR Green
staining and observation on Influx high-speed cell sorter flow
cytometer (BD Biosciences). All Cyanobacteria cells were col-
lected in the mid- to late exponential growth phase. For each
culture, replicate cell biomass filters (five for each Prochlorococcus
strain and three for each Synechococcus strain) were collected by
gently filtering 10 mL (for Prochlorococcus) or 24 mL (for Syn-
echococcus) of culture onto a 0.2-um nylon filter and freez-
ing at —80 °C. Cell counts were performed by flow cytometry
(for Prochlorococcus, GUAVA 8HT). For per carbon quotas for
Cyanobacteria, we used a diameter range of 0.8-1.2 pm for
Prochlorococcus MIT9313, 0.5-0.7 um for MED4 (63), and di-
ameters measured by flow cytometry for the Synechococcus with
a conservative estimate of 325 fg-C-um™ (64).

Heterotrophic bacterial strains used in this study were Sulfito-
bacter strain SA11 (52), R. pomeroyi DSS-3, and V. fischerii ES114.
All strains were cultured in an artificial seawater—tryptone media
(30 g Instant Ocean salts, 5 g tryptone in 1 L MQ water). For
cobalamin and pseudocobalamin analysis, cultures were grown
overnight at room temperature, with shaking at 250 rpm on a
Thermo Scientific Compact Digital Mini Rotator shaker table,

Heal et al. www.pnas.org/cgi/content/short/1608462114

using standard aseptic techniques. Overnight cultures were har-
vested by centrifugation (30 min at 4,100 rcf, 4 °C). Cell density was
determined by enumerating plated culture forming units (cfus).
R. pomeroyi and Sulfitobacter SA11 were harvested in mid-to late
exponential growth phase; V. fischerii were harvested during the
stationary phase. For cell quotas, we used a previously measured
142 fg C per cell for R. pomeroyi (65). We do not yet have a cellular
carbon estimate for Sulfitobacter SA11, so we used a wide estimate
of 32-292 fg C per cell previously measured from 13 species of
marine Proteobacteria (65).

Diatom Growth Experiment. Cultures of 7. pseudonana CCMP
1335 were maintained on previously described defined media
(66) with /2 concentrations of nutrients, with the exception of
cobalamin, which was added to a final concentration of 1 pM
OH-cobalamin (a concentration previously shown to limit the
growth rate of T. pseudonana) (39). Although our diatom cul-
tures are not axenic, 7. pseudonana could not be maintained on
cobalamin-free media (with or without pseudocobalamin), so any
bacterial production of or conversion to cobalamin was not
sufficient to disrupt our experiment. After observing the high
Ado-cobalamin content of our experimental cells, we compared
them to an axenic population (axenicity monitored by marine
purity test broth) (61) and observed the same pattern in which
Ado-cobalamin ~ OH-cobalamin > Me-cobalamin.

To assess the bioavailability of pseudocobalamin, we used a single
culture to inoculate a set of cultures with three different treatments:
Control (1 pM OH-cobalamin, same as maintained conditions),
+Cobalamin (200 pM OH-cobalamin), and +Pseudocobalamin
(1 pM OH-cobalamin with 200 pM OH-pseudocobalamin). Trip-
licates of each treatment were grown in 50 mL borosilicate culture
tubes with 35 mL media at 20 °C with a 12-h light-dark cycle.
Cultures were monitored by fluorescence and harvested by gentle
vacuum filtration onto a 0.2-pm nylon filter at midexponential
phase. We took 1-mL samples (fixed with 1% formaldehyde) at
four time points throughout the growth curve for cell counts and
used a Beckman Coulter Z2 Particle Count and Size Analyzer
(Beckman Coulter) to measure diatom densities and diameters. To
estimate carbon content of T. pseudonana in our experiment, we
used the average observed diameter (5.36 pm) to calculate carbon
using pg C = 0.1091%°! (17, 67).

Genomic and Phylogenetic Analysis of Cobalamin Biosynthetic Capacity.
We analyzed full genomes from the IMG database (https://img.jgi.
doe.gov) from phylogenetic groups that encompassed >99.9% of
the Bacterial 16S reads from our environmental samples to de-
velop a systematic inference of cobalamin synthesis capacity. We
only included bacterial genomes of high quality (denoted finished
or published) and removed all organisms noted as engineered. We
included finished or published Thaumarchaeota genomes (in-
cluding lower quality sequences), excluding Aigarchaeota Cal-
diarchaeum spp., whose phylogenetic placement is still unknown
but likely outside of Thaumarchaeota (68). This resulted in
3,410 full genomes, which we split into six phylogenetic groups:
Flavobacteriia, Alphaproteobacteria, Gammaproteobacteria,
Cyanobacteria, Thaumarchaeota, and a final group made up of
265 genomes from mixed Bacteria groups with poor phylogenetic
coverage in the database such as Chlorobi and Deltaproteobac-
teria (see Dataset S1 for phylogenetic groups used, functional
enzymes searched, and lists of surveyed genomes in each sub-
group). Next, we searched these genomes for annotations of
functional enzymes related to cobalamin synthesis and clustered
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them according to the annotated presence or absence of the genes
of interest. Each phylogenetic group clustered easily into two
groups: genomes with many genes related to the central corrin ring
synthesis, and genomes with few genes related to the central corrin
ring synthesis.

Beyond relying on annotations, we also searched for potential
homologs of genes related to DMB synthesis and activation in
Thaumarchaeota and Cyanobacteria genomes. No BLASTp (69,
70) hits below an e-value threshold of 10~ with bit score greater
than 50 could be identified as cobT in the 27 surveyed Thau-
marchaeota genomes or 255 Cyanobacterial genomes. Using the
same thresholds, we were unable to identify any bluB homologs in
any Prochlorococcus or Synechococcus genomes. The newly de-
scribed anaerobic pathway for synthesizing DMB is not yet anno-
tated, so we searched Prochlorococcus and Synechococcus genomes
for evidence of sequence similarity to bzaC, bzaD, and bzaE (22).
We were unable to find any BLASTp hits with an e-value threshold
of 107 with bit score greater than 50 for bzaC. Although there
were several BLASTDp hits with a lower e-value for bzaD and bzaE,
the hits never yielded an alignment that covered greater than 50%
coverage of either protein with greater than 30% identical se-
quences. Given the low sequence similarity and the observation in
the obligate anaerobe Eubacterium limosum bzaD and bzaE de-
pend on bzaC to synthesize DMB (22), we concluded that this was
not persuasive evidence for DMB synthesis capacity in Pro-
chlorococcus or Synechococcus.

MetH Alignment and Comparison. We gathered MetH amino acid
sequences from the Cyanobacteria genomes in our surveyed full
genomes. We added in MetH sequences from organisms known
to use true cobalamin as their cofactor: E. coli, Pseudomonas,
T. pseudonana, and Homo sapiens (12, 37, 71). Sequences were
aligned using MAFFT v6.864 (www.genome.jp/tools/mafft/) (72)
and trimmed to include only the cobalamin-binding motif (31,
32). A selection of aligned sequences is shown in Fig. S3. Using
the cobalamin-binding motif of Prochlorococcus MIT9313, we
used SWISS-MODEL (73) to visualize a rough proposed struc-
ture of MetH from Prochlorococcus MIT9313 based on the same
enzyme in E. coli (53) (37.6% identical in cobalamin binding
domain). For protein graphics, we used the University of Cal-
ifornia, San Francisco (UCSF) Chimera Package (74) (Resource
for Biocomputing, Visualization, and Informatics at UCSF,
www.cgl.ucsf.edu/chimera) to edit the crystal structure to include
pseudocobalamin in place of cobalamin. Using the built-in pa-
rameters on the UCSF Chimera Package, we elucidated possible
hydrogen bonds between adenine and the protein as shown in
Fig. S4.

Field Sampling. At sea, samples for particulate cobalamin and
pseudocobalamin, archaeal gene quantification, prokaryotic cell
abundance, and phytoplankton abundance were collected using
Niskin bottles mounted onto a rosette system equipped with a
conductivity—temperature—depth sensor package (CTD, Seabird
SBE). Cobalamin and pseudocobalamin sampling was performed
in a single cast at ~11 AM local time at each location; fluores-
cence profiles are reported as uncorrected relative fluorescence
units (RFUs) for qualitative purposes only. Other reported mea-
surements were taken no more than 7 h earlier. Samples for DNA
were collected using in situ McLane large volume pumps col-
lecting particles from the 0.2-1.6-pm size range by using a GF/A
prefilter (Whatman) and a 0.2 pm Supor (Pall) filter.

Cobalamin, Pseudocobalamin, and SAM Extraction and Quantification.
At sea, 2 L samples for particulate analysis of cobalamins and SAM
were filtered onto 0.2 pm Nylon membrane filters and frozen in
combusted Al foil at —20 °C (preliminary tests showed no differ-
ence between samples frozen at —20 °C or —-80 °C). Culture sam-
ples were processed in the same way as environmental samples but
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with smaller volumes as noted. For the archaea and bacteria
cultures, we processed and analyzed blank media from all cultures
according to previously described methods (15) and verified that
there was no detectable cobalamin or pseudocobalamin in the
starting media.

To extract metabolites from cellular matter in culture and en-
vironmental samples, we used an organic solvent extraction that has
previously been used for marine environmental and culture sam-
ples (51, 75) paired with physical bead beating. We placed filters
into bead beating tubes containing 100 and 400 pm beads of equal
volume, added 1 mL of cold (=20 °C) acidic acetonitrile:methanol:
water mixture (40:40:20 with 0.1% formic acid) (51). Over the
course of 20 min, we bead beat the samples for 40 s three times
and kept the samples in a —20 °C freezer when possible. After
centrifugation, the supernatant was removed and the filter was
rinsed once with the 40:40:20 solvent and twice with methanol,
centrifuging and combining the supernatants after each step. The
supernatant and rinses were dried down under clean N, or under
vacuum with minimal heat (less than 40 °C). Due to the light-
sensitive nature of these compounds, extractions were performed
under dimmed lights, and samples were protected from light ex-
posure whenever possible. Without a consensus standard, it is
difficult to ascertain if this is the most effective extraction, but our
reproducibility suggests it is a consistent technique that yields
comparable data between samples.

Samples were reconstituted with an internal standard mixture
and quantified by standard addition curves using ultra-high pres-
sure LC coupled to a triple quadrupole mass spectrometer (Waters
I-Class Aquity UPLC coupled to a Waters Xevo TQS) as previously
described (15) but altered to include four additional transitions
corresponding to the CN-, OH-, Me-, and Ado-pseudocobalamin
as well as SAM (Table S4). Internal standard concentrations were
identical to previous work on the same LC-MS system (15). In-
jection volumes were 40 pL for all environmental samples. Total
cobalamin or pseudocobalmin values presented in all figures are
the summed total of all detected p ligands for the corresponding
cobalamin analog. Transitions, collision energies and cone volt-
ages for the pseudocobalamins were optimized using a quantified
pseudocobalamin stock from a recognized pseudocobalamin
source, obtained and quantified as described in the following
section. These quantified pseudocobalamin stocks were also used
for the standard addition curves for quantification. We used a
standard of SAM to optimize transitions, collision energies, and
cone voltages for this compound. See Fig. S6 for example chro-
matograms.

Limits of detection in LC-MS analyses can vary among sample
matrices (affecting background or analyte ion suppression), in-
jection volume, chromatography quality, and instrument perfor-
mance. Instead of using a preset concentration as our limit of
detection, we assessed data quality on a batch-by-batch basis (i.e.,
environmental samples and culture samples were run at separate
times and therefore treated as separate batches). Each peak is
subject to the following criteria during our quality control: Peaks
must be at the same retention time (+0.2 min) as a standard, at least
two daughters must be present, signal-to-noise ratio greater than 5,
and the integrated peak area at least five times greater than any
peak found in the blank in the appropriate retention time window.

Preparation of Pseudocobalamin Stocks. Pseudocobalamin is not
available for purchase in its most ecologically relevant forms (with
ligands of OH-, Me-, or Ado-). To quantify the compound, we
concentrated and quantified pseudocobalamins from a known
pseudocobalamin source: Spirulina powder (GNC SuperFoods
Spirulina) (76). First we extracted pseudocobalamin from ~6 g of
Spirulina powder using the extraction method described in this
publication. The extract was dried and reconstituted in 20 mL
Milli-Q water (>18.2 MQ-cm, MQ). A clean-up step aimed at
obtaining a pseudocobalamin-enriched fraction of the extract was
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performed by loading the aqueous mixture onto a conditioned
C18 solid-phase extraction column (Waters, 35 mL capacity, 10 g
resin). The column was rinsed with 40 mL MQ water, 20 mL 5%
(vol/vol) MeOH in MQ, and 20 mL 30% (vol/vol) MeOH in MQ,
before eluting the pseudocobalamin-containing fraction with
60 mL 50% (vol/vol) MeOH in MQ.

Further purification of the pseudocobalamin-containing fraction
was achieved by a two-step HPLC method with fraction collection
(HPLC, Agilent 1100). For purification, we carried out 50 pL
injections onto a C18 column (4.6 x 150 mm Agilent Eclipse).
Initial conditions were 92% (vol/vol) solvent A (water with 20 mM
ammonium formate and 0.1% formic acid) and 8% (vol/vol) sol-
vent B (acetonitrile). The gradient ramped from 8% to 25%
(volivol) solvent B over 25 min with a flow rate of 2 mL-min~".
Fractions were collected in 5-mL aliquots, and each aliquot was
analyzed for Me- and Ado-pseudocobalamin by ultra-performance
liquid chromotography (UPLC) MS/MS as described for sample
quantification in this text (Waters Aquity UPLC coupled to Xevo
TQS mass spectrometer). Pseudocobalamin-containing fractions
were dried down and subjected to a second round of HPLC pu-
rification consisting of an isocratic HPLC run of 8% (vol/vol) B
and 13% (vol/vol) B to isolate Ado- and Me-pseudocobalamin,
respectively (modeled after previous purifications) (77). Fractions
containing each analyte were collected and pooled. At this point,
our fractions are not pure (bulk UV-VIS does not show charac-
teristic corrin ring peaks), but UPLC MS/MS analysis (the most
sensitive analysis available to us) confirmed that fractions con-
tained only the pseudocobalamin of interest and no detectable
cobalamin forms, imperative to our diatom experiment. To
make OH-pseudocobalamin, we exposed glass vials containing an
aqueous solution of the Me-pseudocobalamin containing fraction
to full spectrum light for 10 min (78). Throughout the preparation
of pseudocobalamin stocks, we took great care to protect the
quantified stocks from light to avoid degradation. To make CN-
pseudocobalamin, we exposed this fraction to 50:50 acetonitrile:
water in full spectrum light for 10 min. This produced a mixture of
both CN-pseudocobalamin and OH-pseudocobalamin.

Quantification of Pseudocobalamin Stocks. OH- and Me-pseudoco-
balamin were analyzed spectrophotometrically by HPLC-diode
array detection (DAD) using 362 nm for OH- and 259 nm for Me-
pseudocobalamin detection. To our knowledge, no UV-VIS data
exist for Me- or OH-pseudocobalamin, so we used the observed
extinction coefficients of Me- and OH-cobalamins (39,700 and
74,600 cm™'-mol™', respectively) to quantify the corresponding
pseudocobalamins as previously done for cobalamin analogs with
CN B ligands (77), with chromatograms shown in Fig. S7. All data
are therefore presented as cobalamin equivalents as noted in the
figure legends. Although cobalamin and pseudocobalamin likely
have different extinction coefficients, this approach provides a first
attempt to compare concentrations of these analogs. Further-
more, if UV-VIS-based extinction coefficients become available
in the future for Me- or OH-pseudocobalamin, a simple conver-
sion at the wavelengths measured will provide true pseudocoba-
lamin concentrations. Although we were able to confirm the
structure and continue to monitor for Ado- and CN-pseudoco-
balamin by UPLC MS/MS, we were unable to purify enough Ado-
or CN-pseudocobalamin to quantify by DAD due to the much
lower concentration in Spirulina; we were only able to detect these
forms in the Prochlorococcus and Synechococcus cultures (where
the peaks were 50-100 times smaller than the OH- or Me-pseu-
docobalamin peaks) and in the diatom experiment. The HPLC-
DAD mobile phases and column used for quantification of
pseudocobalamin standards mobile phases were the same as for
purification but with a flow rate of 0.3 mL-min~" and a gradient
from 9% to 32% (vol/vol) B over 30 min.
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Confirmation of Pseudocobalamin Structure. To confirm the pres-
ence of OH-, Me-, CN-, and Ado-pseudocobalamin, we obtained
accurate mass data for our analytes using an LC-MS system
consisting of a Waters Acquity UPLC coupled to a quadrupole
time-of-flight mass spectrometer (Waters Xevo G2-S QTOF) in
positive ion mode. We used observed accurate masses, frag-
mentation patterns, and retention times to confirm compound
identities. Electrospray ionization source conditions for the
QTOF method were the same as those used during sample
quantification, as previously described (15). We used MS/MS
conditions and extracted the predicted accurate mass from as-
sociated spectra of each parent without collision energy (doubly
charged; OH-, 659.7750; Me-, 667.7907; Ado-, 784.8220; CN-,
673.2805) and corresponding daughters (described in Table S4:
adenine, 136.0623; adenine with sugar and phosphate, 348.0709;
loss of p ligand, 660.2789 m/z). For each compound, we detected
the doubly charged parent and each of its daughters at the same
retention time with a 0.01 Dalton mass tolerance. Retention
times matched those shown in Fig. S6. As expected from pre-
vious work with CN-pseudocobalamin (22, 77), each of the
pseudocobalamins eluted earlier than its corresponding co-
balamin (same P ligand) in both the HPLC (purification and
stock quantification) and UPLC (for stock confirmation and
sample quantification, Figs. S6 and S7) analyses.

Phytoplankton Abundance and Composition. While at sea, contin-
uous measurements of picophytoplankton abundance and cell
size were made using SeaFlow (16). The instrument was equipped
with a 457-nm, 300-mW laser (Melles Griot). Forward light
scatter (a proxy for cell size) and orange and red fluorescence
were collected using a 457-50 bandpass filter, 572-27 bandpass
filter, and 692-40 bandpass filter, respectively. Seawater was
prefiltered through a 100-pm stainless steel mesh (to eliminate
large particles) before analysis. The flow rate of the water stream
was set at 15 mL-min~' through a 200-pm nozzle for field and
laboratory experiments; this corresponded to an analysis rate of
15 pL-min~" by the instrument (16). A programmable syringe
pump (Cavro XP3000, Hamilton Company) continuously in-
jected fluorescent microspheres (1 pm, Polysciences) into the
water stream as an internal standard. Data files were created
every 3 min. Data were analyzed using the R package Popcycle
version (.2, which uses a SQLite relational database manage-
ment system to retrieve flow cytometry data (https://github.com/
uwescience/popcycle).

Discrete 2-mL samples for cytometry analysis were collected at
different depths and fixed to a final concentration of 1% para-
formaldehyde and 0.01% glutaraldehyde, frozen in liquid nitro-
gen, and analyzed onshore by an Influx high-speed cell sorter (BD
Biosciences). A sequential bivariate manual gating scheme was
used to cluster the different phytoplankton populations in both
continuous and discrete samples. Phycoerythrin (PE)-positive
cells (Synechococcus) were classified based on orange fluores-
cence. Light scattering and red fluorescence were used to dis-
tinguish Prochlorococcus and picoeukaryotes.

To estimate carbon content of environmental Prochlorococcus
and Synechococcus populations, we first estimated Prochlorococcus
and Synechococcus cell volumes using an empirical relationship
between light scatter measured by the flow cytometer and cell
volume measured by a Coulter Counter for different exponentially
growing phytoplankton cultures of cell sizes with diameters rang-
ing from 1 to 10 um (79) and again used a conservative estimate of
325 fg C:um™ (64). The carbon per cell was multiplied by cell
abundance to obtain the carbon content (ug-L™") and averaged
and binned into 0.5 x 0.5 degree bins.

qPCR Analysis of amoA. The archaecal ammonia monooxygenase

subunit A (amoA) gene abundances were estimated by qPCR
analysis. Environmental samples (1 L) for qPCR were filtered on
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0.2-pm Sterivex-GP filters (Millipore Co.) with a peristaltic pump,
immediately frozen in liquid nitrogen, and stored in a -80 °C
freezer until analysis. DNA was extracted in the laboratory using
the modified phenol-chloroform protocol and quantified using
the ND-1000 spectrophotometer (NanoDrop Technologies) as
described previously (43, 44, 80). qPCR targeting archaeal amoA
gene copy number was performed using the Roche LightCycler
FastStart DNA Master SYBR Green I kit and Roche LightCycler
capillary system with the cycling conditions described previ-
ously (43, 44). The primer sets used for targeting archaeal amoA
genes were CrenAmoAQ-F and CrenAmoAModR (81). The
amplification efficiencies for qPCR reactions were in the range of
96.6-97.4%.

Prokaryotic Cell Counts. Environmental water samples for total
prokaryotic cell counts (50 mL) were fixed with 2% (vol/vol)
glutaraldehyde and filtered (1 mL) onto a 0.02-pm Anodisc 25
filter (Whatman). Cells were stained with Moviol-SybrGreen mix
and counted with an Olympus BHS/BHT system microscope on
board (54). At least 20 random fields of view with 10-100
SybrGreen stained cells per field were counted.

Environmental 16S Sequencing and Analysis. DNA extraction meth-
ods were adapted from the spin-column protocol for the Qiagen
DNeasy Blood & Tissue Kit. A section from each 0.2-pm Supor
filter (collected with large volume in situ McClane pumps) was
placed in a falcon tube, submerged in 4 mL sucrose lysis buffer,
and flash frozen in liquid nitrogen. After thawing, 200 pL of
1 mg/mL lysozyme was added, and the tube was incubated at
4 °C for 1 h, shaking every 10 min. Next, 930 pL 10% (vol/vol)
SDS and 500 pL proteinase K were added, and the tube was
placed in a shaking incubator at 55 °C for 2 h. After the in-
cubation, 5 mL AL buffer and 5 mL 100% ethanol were added
to the tube, and the solution was centrifuged through three Mini
Spin Columns for 1 min at 6,973 x g. Wash buffers AW1 and
AW?2 were then applied as described in the Qiagen Blood &
Tissue Kit Protocol. The DNA was eluted with 30 pL water,
which was added to the spin column membrane for 2 min at
room temperature and centrifuged 1 min at full speed into
microfuge tubes. The elution step was repeated with another
30 pL of water to yield 60 pL of eluent.

Genomic DNA was amplified for 16S rRNA genes with pre-
viously described primer sets (82), independently followed by
sample-specific barcoding using a microfluidic array (Fluidigm
Access Array TM, Fluidigm INC). Barcoded samples were
quantified using pico-green, diluted to equal-molar concentra-
tions, pooled, and sequenced in paired-end mode on an Illumina
MiSeq. Fastq files were trimmed (200 bp) and quality filtered in
QIIME with default setting adjustments according to previous
methods (83). Quality sequences were then analyzed using the
usearch software as suggested in “UPARSE” (84). Briefly, OTUs
were called using a 97% nucleotide identity threshold and der-
eplicated sequences mapped to OTUs using “usearch_global”
with the default settings.

Taxonomic inference was used based on comparison of OTU
sequences to the SILVA rRNA gene database (version 119) using
nucleotide basic-local alignment searches (i.e., BLASTN and
BLAST 2.2.28+) (85). Sample matrices were converted to biom
format, and taxonomic metadata were incorporated from SILVA
and summarized at varying resolutions using “summarize_taxa.
py” in QIIME. Data from this study can be found in the Euro-
pean Nucleotide Archive under accession no. PRJEB10943
(ERP012248) (Project Title “Variable Influence of Light on the
Activity of Thaumarchaea”).
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Estimation of Thaumarchaeota Contribution to the Microbial Community
with Potential for Cobalamin Synthesis. We summarized the potential
for cobalamin synthesis in important marine prokaryotes by using
our full genome analysis (grouped taxonomically) and previous
literature (1, 8, 10, 86, 87) (results summarized in Table S3). Al-
though inferences from phylogeny are most valuable when done
using specific phylogenetic classification, many groups have few
high-quality genomes available (i.e., the Actionobacter and Planc-
tomycetes phyla). For groups with few genomes available, we used
any genomes available at the wider classifications (Phylum and
Class). When possible, we collected genomes at the Order level.
Groups were generally considered unlikely, likely, or unknown to
have cobalamin biosynthesis capacity if less than 10%, greater than
80%, or between 10% and 80% of the genomes had corrin
biosynthetic capacity, respectively. Most of the genomes from
the Pseudomonadales order with cobalamin biosynthetic ca-
pacity were from one species (Dataset S1), which is not marine.
Of the marine genomes available (six genomes), none have the
biosynthetic capacity (1), thus we categorized them as unknown
rather than likely cobalamin producers. Similarly, no high-
quality genomes of the abundant SAR86 Clade are available,
but other studies have shown that they are unlikely to have the
genetic capacity for cobalamin biosynthesis (87), so we sepa-
rated these organisms from the remaining Oceanospirillales.

We then applied the categories to our genomic 16S rRNA-
derived taxonomy (after filtering out mitochondria and chloro-
plast reads). This step assumes that the categories of cobalamin
biosynthesis capacity derived from high-quality genomes in the
IMG database reflect the microbial population present in our
study site and yields the percentage of bacteria with the likely,
unlikely, and unknown genomic potential for cobalamin bio-
synthesis. Using 16S rRNA-based abundances imperfectly de-
scribes bacterial community composition due to variable copy
numbers of 16S among bacteria (88). In the ocean, this can lead to
an overestimation of taxa with high 16S rRNA copy numbers like
Alteromonadales and a slight underestimation of taxa with low
16S rRNA copy numbers like Rhodobacterales (89).

To investigate the Thaumarchaeal contribution to cobalamin
biosynthetic capacity, we first used the qPCR amoA data to cal-
culate an abundance of ammonia-oxidizing archaea in the water
column (43, 44), as there is one copy of amoA per cell in all
characterized Thaumarchaeota (90). We assumed that the abun-
dance of ammonia-oxidizing archaea was equal to the abundance
of archaeal cells capable of cobalamin biosynthesis [marine group
II euryarchaea are unlikely to have cobalamin biosynthesis capacity
(10, 91) and are a small percentage of total prokaryotes (92)].

We used the difference between the prokaryote cell counts and
qPCR amoA gene counts to estimate the bacterial abundance at
each location; this may be a slight underestimation of bacterial
contribution in the surface ocean as other archaeal groups are
likely present. For the cyanobacterial contribution, we multiplied
the contribution of 16S reads attributed to Cyanobacteria (but
not chloroplasts) by the bacterial cell abundance. In two in-
stances, we had both 16S data and flow cytometry data (St. 4,
70 m; St. 2, 80 m); cyanobacterial contributions to the microbial
population were low (0.5-3%) by direct observations and 16S
data. For all other bacterial contributions, we took the per-
centage of bacteria with the different genomic potentials (likely,
unlikely, unknown) for cobalamin biosynthesis and multiplied it
by our cellular abundance. All data used in these calculations are
reported in Dataset S2.
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Fig. S1. Pseudocobalamin and cobalamin producers at six additional stations. Shown are cobalamin (closed blue circles), pseudocobalamin (orange open

circles), prokaryote cell abundance (black diamonds), and in situ fluorescence (gray). Also shown are bar graphs with the percent of cells with the following
predicted cobalamin strategies: unlikely producers (gray), bacteria with unknown cobalamin biosynthesis capacity (gray/blue striped), bacteria that likely
possess the potential to produce cobalamin (blue), Thaumarchaeota (likely cobalamin producers, white), and Cyanobacteria (likely pseudocobalamin pro-
ducers, orange) at the corresponding depths. Cobalamin and pseudocobalamin concentrations are summed values of the detected beta ligands as in Fig. 2.
Pseudocobalamin concentrations are presented in cobalamin equivalents (see S/ Materials and Methods). Station numbers are as shown in Fig. 2; dashed lines
indicate the depth at which we analyzed prokaryotic diversity by 16S rRNA genes.
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Fig. S2. Environmental cobalamin and Cyanobacteria carbon. No significant correlation exists between calculated carbon from Cyanobacteria and cobalamin.

Shade of circle is the source of the calculated Cyanobacteria carbon (from 100% Synechococcus to 100% Prochlorococcus). Cobalamin concentrations are
summed values of the detected beta ligands for these compounds, as in Fig. 2.
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Fig. $3. Alignment of cobalamin-binding motif in MetH. Data are from six Cyanobacteria (Synechocystis sp. PCC6803, Prochlorococcus spp. MIT9313 and
MEDA4, Gloeobacter violaceus PCC 7421, Synechococcus WH7803, and Arthrospira platensis NIES-39) and four organisms known to use true cobalamin
(H. sapiens, T. pseudonana, Pseudomonas, and E. coli). MetH in A. platensis NIES-39 has been demonstrated to have a higher affinity to pseudocobalamin than
cobalamin (13). Black amino acids are part of o-helixes or p-sheets in the pocket housing the base of cobalamin (31); within that pocket, blue highlighted
residues are conserved in both Cyanobacteria and the four cobalamin users, and orange residues are conserved in >90% of surveyed Cyanobacteria genomes
but are different from the cobalamin-using organisms. These colors are used in Fig. S3 to better visualize the base-housing pocket. *Amino acids that have
potential to hydrogen-bond to the pseudocobalamin’s base, adenine.
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Fig. S4. Adenine-housing portion of the cobalamin-binding motif in MetH. The structure shown is a representation of MetH in Prochlorococcus MIT9313
based on the crystal structure of the same enzyme in E. coli (53), with pseudocobalamin (in black, adenine ligand bolded, cobalt in violet) in place of cobalamin.
Colors correspond to Fig. S2. Dashed lines are possible hydrogen bonds between the adenine base and the enzyme, a well-conserved serine residue previously
suggested to hydrogen bond to DMB (31) (and likely adenine) on #3, and an aspartic acid residue found in all Cyanobacteria that may hydrogen bind to

adenine on o5.
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Fig. S5. Cellular contents of cobalamin and SAM in the diatom experiment. Shown are molecules per cell of SAM and OH-, Ado-, and Me-cobalamin. Colors

and symbols are as in Fig. 4.
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Fig. S6. Example chromatograms. Shown are two transitions from the five most common analytes (OH- and Me-pseudocobalamin and OH-, Me-, and Ado-
cobalamin) in standards, cultures (Nitrosopumilus SCM1 and Prochlorococcus MED4), and the environment (surface sample from Station 1). Both the primary
(used for quantification, black) and secondary (used for identity confirmation, gray) fragment ions are shown with an arbitrary y axis (ion intensity).
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Fig. S7. Chromatograms and standard curves from pseudocobalamin stock preparation and quantification. Shown are chromatograms of 0.50 uM cobalamin
standards (in gray) and pseudocobalamin stocks at (A) 362 nm or (C) 259 nm and standard curves of OH-cobalamin (B, at 362 nm) and Me-cobalamin (D, at
259 nm) 0, 0.2, 0.5, 1, and 2.5 uM.
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Table S1. Summary of cultured archaea and bacteria in this study

Molecules of cobalamin Molecules of pseudocobalamin
per cell per cell nmole cobalamin
analog per mole
Phylum Strain n OH- Me- Ado- OH- Me- Ado- carbon
Proteobacteria V. fischerii 3 nd nd nd nd nd nd 0
Sulfitobacter sp. SA11 3 3+0.1 4+04 7+3 nd nd nd 1-10
R. pomeryoi DSS-3 3 520 + 290 120 + 100 1,200 + 320 nd nd nd 240-260
Thaumarchaeota Nitrosopumilus sp. HCE1 3 420 + 19 52 + 17 1,600 + 140 nd nd nd 4,200-5,300
Nitrosopumilus sp. HCA1 3 1,860 + 14 366 + 55 2,252 + 210 nd nd nd 9,300-11,600
Nitrosopumilus sp. PSO 3 598 + 65 139 +20 1,548 + 177 nd nd nd 4,700-5,900
N. maritimus SCM1 3 670 + 52 13+4 680 + 130 nd nd nd 2,800-3,500
Cyanobacteria Prochlorococcus MED4 5 nd nd nd 240 + 40 990 + 90 trace 430-1,190
Prochlorococcus MIT9313 5 nd nd nd 360 + 57 1,600 + 280 trace 130-450
Synechococcus WH7803 3 nd nd nd 69 + 13 16,600 + 2,000 trace 2,400-3,000
Synechococcus WH8102 3 nd nd nd 270 + 43 9,170 + 1,200 trace 1,480-1,870

Observed cellular quotas of major forms of cobalamin and pseudocobalamin with SD with n replicates of each strain. nd, not detected; trace, detected a
small peak but was unable to quantify (see S/ Materials and Methods).

Table S2. Observed intracellular cobalamin and SAM contents of T. pseudonana

Molecules (x103) of cobalamin Molecules (x103) of
per cell pseudocobalamin per cell
nmole cobalamin  Molecules (x10%)
Treatment OH- Me- Ado- CN- OH- Me- Ado- CN- per mole carbon SAM per cell
200 pM cobalamin 180+14 21+1.1 140+ 20 nd nd nd nd nd 800 + 85 7.1+ 1.6
1 pM cobalamin 61+64 13+36 49 + 13 nd nd nd nd nd 290 + 74 1.7 £ 0.33
1 pM cobalamin + 200 pM 52 +22 1217 57+6.9 nd 990 + 531 nd trace trace 290 + 56 2.2 +0.26

pseudocobalamin

Three different conditions with SD of three replicates of each strain; nd, not detected; trace, detected a peak but was unable to quantify (see S/ Materials
and Methods).
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Table S3. Cobalamin biosynthetic capacity deduced from taxonomy

Genomes with corrin
biosynthetic capacity

Phylum Class Order Clade This study 2014 analysis* Applied category
Actinobacter 1/3 Unknown
Bacteroidetes Flavobacteriia 6/342 0/25 Unlikely
Chlorobi 5/12 Unknown
Chloroflexi 9/32 Unknown
Cyanobacteria Prochlorales 50/52 18/18 Pseudocobalamin
Cyanobacteria Chroococcales 100/104 20/21 Pseudocobalamin
Cyanobacteria All others 97/99 Pseudocobalamin
Deferribacteres 4/6 Unknown
Planctomycetes 5/28 Unknown
Proteobacteria  Alphaproteobacteria Rhodobacterales 162/200 43/50 Likely
Proteobacteria  Alphaproteobacteria Rhodospirillales 83/102 Likely
Proteobacteria  Alphaproteobacteria SAR11 Clade 0/12 0/11 Unlikely
Proteobacteria Betaproteobacteria 0/25 Unknown
Proteobacteria Deltaproteobacteria 106/159 Unknown
Proteobacteria Gammaproteobacteria  Altermonadales 12/226 3/49 Unlikely
Proteobacteria Gammaproteobacteria Oceanospirillales SAR86 Clade Unlikely"
Proteobacteria Gammaproteobacteria Oceanospirillales  All others 36/82 6/13 Unknown
Proteobacteria Gammaproteobacteria Pseudomondales 749/790 0/6 Unknown
Proteobacteria Gammaproteobacteria  Salinisphaerales 1/2 Unknown
Proteobacteria Gammaproteobacteria Thiotrichales 22/117 1/9 Unknown
Proteobacteria Gammaproteobacteria Vibrionales 2/569 1/33 Unlikely
Proteobacteria Gammaproteobacteria Xanthomonadales 0/419 0/1 Unlikely

All others Unknown

Results are summarized from our full genome analysis (this study) and a previous study (2014 analysis). Applied category is the
potential for cobalamin biosynthesis we used for each taxonomic group during our estimation of Thaumarchaeota contribution to
biosynthesis of cobalamin.

*Safiudo-Wilhelmy et al. (2014) (1).
"Dupont et al. (2012) (87).

Table S4. MS conditions used to monitor for pseudocobalamin and SAM

Compound Transitions monitored CE, Vv Vv,V
OH-pseudocobalamin 659.8 — 136.1, 348.1 30 45
CN-pseudocobalamin 673.3 — 136.1, 348.1, 660.3 30 45
Me-pseudocobalamin 668.3 — 136.1, 348.1, 660.3 30 30
Ado-pseudocobalamin 785.3 — 136.1, 348.1, 660.3 30 50
S-adenosyl methionine 399.258 — 136.1, 250.2 26 2

CE, collision energy in volts (V); CV, cone voltage in volts (V). For the pseudocobalamins, parent masses are all of
the [M+2H]** except OH-pseudocobalamin, which loses its OH- during ionization as shown previously (15). 136 m/z,
a ligand (adenine); 348 m/z, a ligand with sugar and phosphate groups; 660 m/z, doubly charged loss of the
ligand. Bolded transitions were used for quantification.

Dataset S1. Genomes and gene search material. Shown are full genomes and functions searched in the IMG database (https://img.jgi.
doe.gov) to make Fig. 3

Dataset S1

Dataset S2. Raw data files of environmental and culture data used to make Figs. 2, 4, and 5 and Fig. S1

Dataset S2
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