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Diatoms are responsible for ∼40% of marine primary production
and are key players in global carbon cycling. There is mounting
evidence that diatom growth is influenced by cobalamin (vitamin
B12) availability. This cobalt-containing micronutrient is only pro-
duced by some bacteria and archaea but is required by many dia-
toms and other eukaryotic phytoplankton. Despite its potential
importance, little is known about mechanisms of cobalamin acqui-
sition in diatoms or the impact of cobalamin scarcity on diatom
molecular physiology. Proteomic profiling and RNA-sequencing
transcriptomic analysis of the cultured diatoms Phaeodactylum tri-
cornutum and Thalassiosira pseudonana revealed three distinct
strategies used by diatoms to cope with low cobalamin: increased
cobalamin acquisition machinery, decreased cobalamin demand,
and management of reduced methionine synthase activity through
changes in folate and S-adenosyl methionine metabolism. One pre-
viously uncharacterized protein, cobalamin acquisition protein 1
(CBA1), was up to 160-fold more abundant under low cobalamin
availability in both diatoms. Autologous overexpression of CBA1
revealed associationwith the outside of the cell and likely endoplas-
mic reticulum localization. Cobalamin uptake rates were elevated in
strains overexpressing CBA1, directly linking this protein to cobala-
min acquisition. CBA1 is unlike characterized cobalamin acquisition
proteins and is the only currently identified algal protein known to
be implicated in cobalamin uptake. The abundance andwidespread
distribution of transcripts encoding CBA1 in environmental sam-
ples suggests that cobalamin is an important nutritional factor for
phytoplankton. Future study of CBA1 and other molecular signa-
tures of cobalamin scarcity identified here will yield insight into
the evolution of cobalamin utilization and facilitate monitoring of
cobalamin starvation in oceanic diatom communities.
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Diatoms are responsible for an estimated 40% of marine pri-
mary production, and are therefore important players in

global carbon cycling (1, 2). Although diatom growth in the oceans
is thought to be controlled primarily by nitrogen and iron avail-
ability (3, 4), recent studies (5–8) support long-standing hypoth-
eses that cobalamin availability can have an impact on marine
phytoplankton growth and community composition (9–12). In the
open ocean, cobalamin is present in exceedingly low concen-
trations and is depleted in irradiated surface waters, largely as
a result of biological utilization (11). Because no eukaryotic or-
ganism is known to produce cobalamin (13), marine bacteria and
archaea must supply auxotrophic (vitamin-requiring) phyto-
plankton with the vitamin, either through direct interaction (14)
or through production and release into the water column upon
death and cell lysis (15, 16). This chemical dependency is one of
many that underlie interactions among marine microbial groups;
assessing the role of these dependencies in oceanic processes is of
considerable interest (17). Cobalamin availability may play a sig-
nificant role in the climatically important Southern Ocean, where

it appears to colimit the growth of diatom-dominated phyto-
plankton communities periodically (6) and is likely in short supply
relative to other marine environments (18, 19).
The available genome sequences of marine diatoms (Phaeo-

dactylum tricornutum, Thalassiosira pseudonana, and Fragilar-
iopsis cylindrus) lack proteins homologous to known metazoan
and bacterial cobalamin acquisition proteins (20). As a result,
the mechanisms by which these phytoplankton acquire the vita-
min from their environment remain unclear. Cobalamin require-
ments in eukaryotic algae like diatoms arise primarily from its
use in the enzyme methionine synthase (14, 21). Methionine
synthase is responsible for generating methionine and tetrahy-
drofolate (THF) from homocysteine and 5-methyltetrahy-
drofolate, thus playing an essential role in cellular one-carbon
metabolism (22). Some eukaryotic algal genomes encode only
one version of this enzyme, cobalamin-dependent methionine
synthase (MetH), which uses methylcobalamin as an interme-
diate methyl group carrier (23). These algae thus have an ab-
solute cobalamin requirement. In contrast, other algal strains
encode MetH as well as cobalamin-independent methionine
synthase (MetE), an enzyme that accomplishes the same reaction
as MetH but without cobalamin and with much lower efficiency
(24). Organisms with MetE and MetH thus have a flexible co-
balamin demand and use cobalamin when available but do not
absolutely require it. Maintenance of the much lower efficiency
MetE enzyme in phytoplankton genomes presumably allows for
ecological flexibility in environments with scarce or variable co-
balamin availability (21).
Because of its influence on methionine synthase activity, low

cobalamin availability to phytoplankton has the potential to have
an impact on a wide range of cellular and ecological functions.
Methionine serves not only as a protein-building amino acid but
as the precursor to S-adenosyl methionine (AdoMet or SAM),
an important methylating agent, propylamine donor, and radical
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source. Methionine is also required for dimethylsulfonium pro-
pionate production, which is used by a subset of diatoms possibly
as a cryoprotectant, osmolyte (25), or antioxidant (26), and is
the precursor to the climatically important gas dimethylsulfide
(27). In addition, impaired methionine synthase activity prevents
efficient folate recycling, which has important implications for
nucleic acid biosynthesis (14, 28).

Here, we used MS-based proteomics and RNA-sequencing
(RNA-seq) transcriptomics to identify diatom gene products in-
volved in cobalamin metabolism and to assess the overall impact
of cobalamin scarcity on diatom molecular physiology. This study
has yielded the identification of a unique protein involved in co-
balamin acquisition and characterized multiple molecular level
responses to cobalamin scarcity in diatoms.

Fig. 1. Effect of low cobalamin and iron availability on growth and protein expression in two diatoms. Cell density over time for T. pseudonana (A) and P.
tricornutum (B) grown under four different nutrient regimes: low vitamin B12, low Fe, low vitamin B12 with low Fe, and replete. Values shown are means of
triplicate cultures, and error bars are 1 SD. Arrows indicate where samples for proteomic and transcriptomic analyses were taken. Low cobalamin availability
had a much larger impact on T. pseudonana growth than on the growth of P. tricornutum, likely attributable to P. tricornutum’s use of MetE as an alternative
to the vitamin B12-requiring MetH. Because of the low iron concentrations used, iron limitation had a more severe impact on growth than low vitamin B12 in
this the experiment. (C–F) Limitation scenarios were verified by resupplying cultures with cobalamin and iron. Fluorescence over time is shown as means of
single measurements of triplicate cultures, with error bars representing 1 SD. Each culture in A and B (at arrows) was split in four and resupplied with nothing
(control), vitamin B12, iron, or vitamin B12 and iron together. (C) Growth in low vitamin B12 with low iron cultures of T. pseudonana was only rescued by the
addition of both vitamin B12 and iron together; fluorescence in +Fe cultures and +vitamin B12 and Fe cultures was significantly different (Student’s paired t
test, P = 0.0004; time = 8 d). (E) Iron addition alone rescued growth in low vitamin B12 and iron P. tricornutum, and coaddition of vitamin B12 and Fe together
further enhanced growth; fluorescence in +Fe cultures and + vitamin B12 and Fe cultures was significantly different (Student’s paired t test, P = 0.0007; time =
4 d). Shotgun MS analyses of T. pseudonana (G) in the low vitamin B12 vs. replete treatment and P. tricornutum (H) in the low vitamin B12 with low iron
treatment vs. low iron treatment reveal vitamin B12-responsive proteins. Each point is an identified protein, with the mean of its technical triplicate abun-
dance scores in one treatment plotted against the mean of abundance scores in another treatment. The solid line is 1:1 abundance, and the dashed lines
denote 2:1 and 1:2 abundances. Protein CBA1, Tp11697 and Pt 48322, is highlighted in pink, and MetE is highlighted in blue. Proteins in green are considered
differentially abundant (Fisher exact test, P < 0.01).
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Results and Discussion
We used quantitative proteomic and transcriptomic methodol-
ogies to investigate the response of two distantly related diatoms,
T. pseudonana and P. tricornutum, to low cobalamin availability.
T. pseudonana has an absolute cobalamin requirement because
its genome encodes only the vitamin B12-dependent methionine
synthase MetH. P. tricornutum has a flexible cobalamin demand
because its genome encodes both MetE and MetH. To facilitate
the identification of gene products that specifically respond to
low cobalamin supply in these diatoms, we used a multifactorial
experimental design to evaluate their response to low cobalamin
under conditions of both high and low iron availability (Fig. 1).
Gene products displaying consistent responses under low co-
balamin, regardless of iron nutritional status, were identified as
specifically involved in cellular responses to cobalamin scarcity.
The low iron treatment provided a control against which to judge
whether gene product abundance changes were more general to
stress or low growth rate, or whether they displayed a specific
response to low cobalamin. Iron was chosen over other nutrients
for this factorial design because simultaneous iron and co-
balamin limitation has been documented in field communities
of diatoms (6, 29). Therefore, any efforts to develop molecular
markers for low cobalamin availability that can potentially be
implemented in environmental samples must consider the im-
pact of iron starvation on those markers.
The growth of diatoms under these limitation scenarios is de-

scribed in Fig. 1 A and B. Proteome and transcriptome analyses
were conducted on single (protein) or duplicate (transcript) cul-
tures from each condition, which were harvested at the time points
denoted with (Fig. 1 A and B, arrows). Later time points for the
iron-limited cultures were chosen to facilitate the harvesting of
additional biomass. Several major patterns emerged from these
analyses. First, we measured a large difference in the extent of
proteome and transcriptome rearrangement under cobalamin
starvation that was dependent on the cobalamin requirements of
each diatom (Fig. 1 G and H and Table 1). Second, we identified
a previously uncharacterized protein [P. tricornutum 48322 and its
ortholog in T. pseudonana 11697, hereafter referred to as co-
balamin acquisition protein 1 (CBA1)] that was more abundant
under low cobalamin availability in both diatoms (Fig. 1). Third,
we identified changes in gene products involved in folate and

methionine cycling, supporting the hypothesis that cobalamin
starvation has implications for cellular one-carbon metabolism.

Verification of Nutrient Limitation Scenarios. Cobalamin and iron
resupply experiments confirmed that these diatom cultures were
starved for nutrients as intended, with iron rescuing growth of
both low iron cultures and cobalamin rescuing growth only in
the low cobalamin cultures of the cobalamin-requiring diatom,
T. pseudonana (Fig. 1 C–F and SI Appendix, Fig. S1). Growth in
the combined low cobalamin and low iron T. pseudonana culture
was only restored upon the addition of both cobalamin and iron
together, demonstrating that this culture was simultaneously
limited by the availability of both nutrients (Fig. 1C). In con-
trast, growth in low cobalamin and low iron P. tricornutum cul-
tures was rescued by iron addition alone and was further
enhanced by the coaddition of cobalamin and iron (Fig. 1E).
These differing responses were expected and are likely attrib-
utable to the different requirements for cobalamin in these
diatom species.

Cobalamin Scarcity-Induced Proteome and Transcriptome Rearrange-
ment. To detect changes in abundant proteins under environ-
mentally relevant conditions, we used shotgun proteomic methods
that allow for a high degree of reproducibility (30) (SI Appendix,
Fig. S2) as opposed to those that are optimized for deep proteome
coverage. In sum, 764 T. pseudonana proteins were detected from
a total of 4,955 unique peptides with a 0.19% peptide false dis-
covery rate. These proteins and peptides are listed with their pu-
tative function inDataset S1. A total of 859P. tricornutum proteins
were detected from 5,172 unique peptides with a 0.22% peptide
false discovery rate (Dataset S1). Of the total mass spectra ac-
quired for T. pseudonana, 46% were assigned to peptides found in
the genomic databases, whereas 52% of P. tricornutum spectra
were assigned, corresponding to the identification of 6% and 8%
of the genome-predicted protein models, respectively.
In the cobalamin-requiring diatom T. pseudonana, 19% of

detected proteins were significantly differentially abundant un-
der low cobalamin availability compared with the replete control
(Fig. 1C and Table 1). This suggests that the diatom conducts
a significant rearrangement of cellular function when grown
under cobalamin limitation. Although some of these changing

Table 1. Pairwise comparisons of growth rate, cell yield, protein abundance changes, and transcript abundance
changes between low cobalamin vs. replete growth, low cobalamin with low iron vs. low iron growth, and low iron
vs. replete growth in two diatoms

Low vitamin B12 vs.
replete

Low vitamin B12 and Fe vs.
low Fe

Low Fe vs.
replete

% proteins differentially abundant
T. pseudonana 19 18 30
P. tricornutum 5 1 20

% transcripts differentially abundant
T. pseudonana 26 5 25
P. tricornutum 6 2 16

Fold cell yield decrease
T. pseudonana 1.8 ± 0.1 1.0 ± 0.1 3.4 ± 0.1
P. tricornutum 1.1 ± 0.1 1.6 ± 0.2 4.1 ± 0.4

Fold growth rate decrease
T. pseudonana 1.2 ± 0.1 1.2 ± 0.1 2.0 ± 0.1
P. tricornutum 1.0 ± 0.1 1.3 ± 0.1 2.8 ± 0.3

The percentage of proteins changing in abundance was calculated from the total number of identified proteins and those that had
significantly different abundance between the two treatments compared (Fisher exact test, P < 0.01). The percentage of differentially
abundant transcripts was calculated from the number of transcripts mapped to genomic locations that had log2-fold change RPKM
values greater than 1 or less than −1 between the two treatments. Fold cell yield and growth rate decreases were calculated by
determining the fold change between the maximum cell density or cell-specific growth rate in each treatment and are given as means
of biological triplicates ± 1 SD. Growth rates are cell-specific and were calculated from the following time periods: T. pseudonana high
iron, days 2–4; T. pseudonana low iron, days 3–5; P. tricornutum high iron, days 3–6; and P. tricornutum low iron, days 5–7.
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proteins are likely responding to the accompanying growth rate
depression, there are many that display different behavior under
cobalamin vs. iron limitation (Dataset S1) and have putative
functions suggesting they are directly related to vitamin B12
metabolism (Table 2 and SI Appendix, Table S1). Even though
iron limitation induced in this study had a much more severe
impact on growth rate than low cobalamin did, changes induced
in the T. pseudonana proteome by cobalamin starvation were
nearly as large as those induced by iron limitation (Table 1 and
SI Appendix, Fig. S3). In contrast, P. tricornutum, which can ac-
complish methionine synthesis without the use of the vitamin,
displayed a relatively minor proteome change in response to
cobalamin scarcity (Table 1 and SI Appendix, Fig. S3). Protein
abundance changes under the combined low vitamin B12 and low
iron treatment vs. treatment with low iron alone showed a similar
pattern. T. pseudonana, even under severe iron limitation, rear-
ranged its protein complement significantly to manage cobala-
min scarcity, whereas P. tricornutum changed the abundance of
less than 1% of the proteins in its detected proteome (Fig. 1H
and Table 1). The small change detected between these two
treatments in P. tricornutum reflects both the minimal metabolic
rearrangement induced in these cells and the efficacy of the
proteomic analyses applied here.
RNA-seq transcriptomic analyses revealed trends in diatom

molecular physiology that were broadly coherent with those ob-
served via proteomics; a similar percentage of the measured
transcriptome and proteome changed as a result of each starvation
scenario (Table 1). Given the deep coverage of the diatom
genomes obtained via these RNA-seq analyses (10,404 genes with
mapped transcripts in P. tricornutum and 11,778 genes with
mapped transcripts in T. pseudonana; Dataset S2) and the co-
herence in the proteome and transcriptome datasets, these data
suggest that the cobalamin-requiring diatom T. pseudonana con-
ducts a significant rearrangement of its molecular physiology un-
der cobalamin starvation. The diatom with a flexible cobalamin

demand, P. tricornutum, changed a much smaller proportion of
transcript abundances in response to cobalamin scarcity compared
with the cobalamin-requiring T. pseudonana, also consistent with
changes observed in the proteome.
Despite similar global trends in percentage of gene products

changing under these conditions, both diatoms showed little
coherence in the abundance patterns of specific proteins and
transcripts observed in this study (Fig. 2 A and B). This is con-
sistent with the limited available previous results, suggesting that
there is substantial decoupling between transcript and protein
abundance patterns in eukaryotic algae (31). Notable exceptions
were certain nutrient-specific gene products that showed co-
ordinated increased protein and transcript abundance in re-
sponse to phosphorus deprivation previously (31, 32) and to
cobalamin scarcity in this study, as discussed in subsequent sec-
tions (Fig. 2).

Identification of a Previously Undescribed Cobalamin Acquisition
Protein. In this shotgun proteomic analysis, the protein that
showed the largest response to cobalamin starvation in T. pseu-
donana was a previously uncharacterized hypothetical protein.
Here, we identify this protein as a cobalamin acquisition protein,
as described below, and refer to it as CBA1 (Figs. 1G and 3). A
protein homologous to the T. pseudonana CBA1 was detected in
the P. tricornutum global proteome, also only under low co-
balamin availability, suggesting that this protein may be playing
a similar role in both diatoms and that it is likely involved in
cobalamin metabolism (Figs. 1H and 3A). These shotgun pro-
teomic results were confirmed through absolute protein quanti-
fication via a more sensitive and quantitative technique, selected
reaction monitoring (SRM) MS, revealing that the concentration
of CBA1 protein was between 10- and 160-fold higher under low
vitamin B12 availability in P. tricornutum (Fig. 2C). These SRM
assays were developed by choosing two tryptic peptides di-
agnostic of CBA1 and designing specific MS detection assays for

Table 2. Proteins in higher concentration and significantly differentially abundant (P < 0.01) in both low vitamin B12 compared with
replete and low vitamin B12 with low Fe compared with low Fe alone, shown with a putative functional description and average
spectral counting scores for each treatment

JGI protein
ID no. Description

Low vitamin
B12 and Fe Low Fe

Low
vitamin B12 Replete

JGI Protein
ID no.

Low vitamin
B12 and Fe Low Fe

Low
vitamin B12 Replete

T. pseudonana Homolog in P. tricornutum
270138 Possible glutamine synthetase 4.0 0.0 118.5 76.1 22357 91.3 74.0 73.5 122.5
269942 SHMT2, mitochondrial 29.5 16.1 49.1 20.2 54015 8.3 7.6 19.7 32.4
22483 Unknown, conserved protein 31.8 15.2 25.9 9.1 54686 31.0 22.0 0.7 2.0
11697 CBA1 42.4 0.0 45.1 0.0 48322 1.9 0.0 8.5 0.0
24346 Unknown protein 22.5 11.4 25.2 14.2 N/A
26031 SHMT1, cytosolic 19.0 1.9 27.6 10.8 18665 19.2 7.2 21.0 0.0
42612 PLP synthase 18.9 5.0 18.0 3.1 29885 0.3 0.0 2.5 0.5
23556 Unknown protein 12.7 5.8 14.0 7.1 N/A
23657 Globin-like protein 6.6 2.2 7.2 1.1 46237 0.0 0.0 0.0 0.0
24639 Unknown protein, conserved

domains
5.4 1.3 8.0 1.4 42442 1.6 1.6 1.1 0.9

22096 Unknown protein with heme
binding domain

3.2 0.0 8.0 2.8 bd1699 0.0 0.0 0.0 0.0

1896 Unknown protein 5.5 1.3 6.0 1.4 N/A
41733 Thiamine biosynthesis

protein ThiC
3.3 0.0 5.2 0.0 38085 0.0 0.0 5.5 0.4

1738 Clp-like protease 2.2 0.0 2.4 0.0 44382 1.6 1.3 0.0 0.0
P. tricornutum Homolog in T. pseudonana
18665 SHMT1, cytosolic 19.2 7.2 21.0 0.0 26031 19.0 1.9 27.6 10.8
28056 MetE, methionine synthase,

cobalamin-independent
32.0 0.0 9.6 0.0 N/A

48322 CBA1 1.9 0.0 8.5 0.0 11697 42.4 0.0 45.1 0.0

The average spectral counting scores for the homologous protein in the other diatom are also given. The two proteins highlighted in bold have protein
abundances that appear to be driven by vitamin B12 availability in both diatoms. JGI, Joint Genome Institute; N/A, absence of a homologous protein encoded
in the genome.
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each, as previously described (30) (SI Appendix, Table S2). This
method involves the use of stable, isotopically labeled versions of
two diagnostic tryptic peptides (Pt48322_1 and Pt48322_2) that
were used as internal standards. Each behaved linearly over four
orders of magnitude (SI Appendix, Fig. S4) and allowed for ab-

solute quantification of each of these peptides, both generated
from the CBA1 amino acid sequence, in P. tricornutum peptide
samples. However, one peptide, Pt48322_2, was measured at
consistently higher abundance in P. tricornutum than the other
diagnostic peptide, Pt48322_1 (Fig. 3C). Careful examination

Fig. 2. Transcriptomic analyses reveal additional patterns in cobalamin-responsive gene products. (A and B) Comparative proteome and transcriptome
responses to cobalamin deprivation are shown. All gene products for which there was both protein- and transcript-based quantitative information are
displayed. The fold change (log2) between the transcript abundance (RPKM value) in the cobalamin-starved and replete treatments is shown on the y axis, and
the fold change (log2) between the protein abundance (spectral counting score) in the cobalamin-starved and replete treatments is shown on the x axis. For
the protein data, any null values were replaced with a spectral counting score of 0.33, the lowest measurable value in our experiments, to facilitate the
computation. Generally, coherence between the proteome and transcriptome responses is limited to specific proteins that display enhanced abundance
under cobalamin starvation in both the transcript and protein pools. These include CBA1, MetE, ThiC, and cytosolic SHMT, as noted by color and identified in
the key. (C) Heat map displays select T. pseudonana transcript responses to cobalamin and iron starvation. Fold change RPKM values are shown for the low
iron vs. replete, low vitamin B12 with low Fe vs. low Fe, low vitamin B12 with low Fe vs. replete, and low vitamin B12 vs. replete treatments, with up-regulation
denoted in red and down-regulation denoted in green. The genes were selected by high-to-low ordering of the log2-transformed fold change RPKM values
and sorted by the comparison between low vitamin B12 vs. replete treatments. Gene products highlighted in A (ThiC, CBA1) are also highlighted in C.

Fig. 3. CBA1 is much more abundant under low vitamin B12 availability via three independent quantitative analyses. (A) Bars are means of spectral counting
abundance scores for protein CBA1 in four treatments in both diatoms as measured via shotgun ion trap MS. Error bars represent 1 SD about the mean of
technical triplicate measurements. (B) Bars are means of transcript RPKM abundance scores for CBA1 sequences in four treatments in both diatoms in RNA-seq
transcriptomic analyses. Error bars represent 1 SD about the mean of biological duplicate measurements. (C) Absolute abundance of two peptides from CBA1
in P. tricornutum measured via the highly sensitive and quantitative technique SRM MS in two low vitamin B12 and two replete cultures. Error bars are 1 SD
about the mean of technical triplicate measurements.
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of nucleic acid sequences amplified from cobalamin-limited
P. tricornutum RNA extracts revealed that this variability was
attributable to SNPs within allelic copies of the CBA1 coding
sequences of this diploid diatom genome. Diatoms possess two
copies of each chromosome, and sequence analysis revealed that
there are minutely different versions of the gene encoding CBA1
on each of these copies. These slightly different genes produce
CBA1 protein with sequences that differ by three amino acid
residues. The diagnostic tryptic peptide target Pt48322_1 con-
tains one of these variable amino acid residues, and hence is
encoded by one of the two chromosomal copies, whereas the
other peptide target, Pt48322_2, does not contain a variable site
and is encoded by both copies (details are provided in SI Ap-
pendix, Fig. S5). The abundance of these peptides was linearly
correlated across all samples (r2 = 0.999; SI Appendix, Fig. S6),
and Pt48322_2, the peptide encoded by both allelic copies, was
more abundant (Fig. 2C). This is therefore an example of ca-
nonical gene expression in a diploid genome, where allelic copies
display similar expression patterns.
RNA-seq analysis revealed that CBA1 transcript abundance

patterns were similar to those observed for the corresponding
proteins via the two proteomic approaches described above.
Much higher CBA1 transcript abundance (4- to 30-fold) was
observed under low cobalamin availability in both T. pseudonana
and P. tricornutum (Fig. 3B). Together, these analyses reveal that
CBA1 protein and transcripts display coordinated behavior un-
der cobalamin scarcity (Fig. 2).
CBA1 has a clear N-terminal signal peptide sequence for se-

cretion [Cello and SignalP- predicted (33, 34)] and no trans-
membrane domains. It contains a partial conserved domain that
is weakly similar to the periplasmic component of a bacterial iron

hydroxamate ATP-binding cassette (ABC) transport system (FepB;
N-terminal end is truncated, Pt48322 BLASTp search E-value
1.33e-4), but the protein otherwise lacks characterized domains.
There appear to be homologous versions of CBA1 encoded in all
currently sequenced diatom genomes as well as in those from
other members of the stramenopile lineage, Ectocarpus siliculosus
and Aureococcus anophagefferens. Outside of the stramenopile
lineage, we find no sequences that clearly encode CBA1 within
available algal genome (SI Appendix, Table S3) or transcriptome
datasets, including extensive dinoflagellate transcriptome se-
quencing. However, because these sequences are not highly
conserved and show some similarities to a class of bacterial
proteins, rigorous analysis of the functional similarity of these
proteins between algal lineages will depend on the future iden-
tification of residues essential for CBA1’s functionality.

Overexpression of CBA1, Subcellular Localization, and Phenotypic
Characterization. We examined the subcellular localization of
CBA1 through overexpression of the P. tricornutum isoform
(Pt48322) in the native host as an YFP fusion construct. Epi-
fluorescentmicroscopy showed that theYFP signal was associated
with the outer membrane and also with an intracellular organelle-
like structure adjacent to the chloroplast (Fig. 4A, white arrow).
YFP fluorescence was not observed throughout the cytoplasm or
within the mitochondria, chloroplast, peroxisome, or nucleus.
Intracellular localization around, but not within, the chloroplast
was verified using confocal microscopy (Fig. 4B) and is similar to
fluorescence microscopy of other proteins localized to the diatom
endoplasmic reticulum (ER), which envelopes the chloroplast in
red lineage algae (35). The most well-characterized eukaryotic
protein secretion pathway begins with translocation of proteins
with signal peptides across the ER membrane into the lumen,
where they are retained for processing and folding and are subject
to quality control. After ER processing, these proteins are
exported to the Golgi network and then relocated to the outside
of the cell via vesicle transport (36). The likely ER lumen locali-
zation detected here for CBA1 may thus be attributable to pro-
cessing of this protein before secretion. This is consistent with the
strong prediction for a signal peptide (D= 0.86, SignalP 3.0) and
observed additional targeting to the periphery of the cell.
We characterized the phenotypic response of this overexpres-

sion in P. tricornutum by measuring cobalamin uptake rates in two
cell lines overexpressing this protein (CBA1-OE1 and CBA1-
OE2) and comparing them with uptake rates in the wild type (wt)
and a line overexpressing an unrelated protein, Urease (Urease-
OE1). To repress native CBA1 expression, uptake rates were
measured in cultures grown in cobalamin-replete conditions. In
the transgenic diatoms, the promoter for a light harvesting com-
plex protein (FcpB), which is highly expressed under exponential
growth, controls CBA1 overexpression. Overexpression of CBA1
enhanced cell-specific, radiolabeled cobalamin uptake rates in
exponentially growing P. tricornutum cells two- to threefold (Fig.
4C). This enhanced uptake rate directly implicates CBA1 in co-
balamin acquisition and, along with its localization to the outside
of the cell, suggests that CBA1 may bind cobalamin and, through
association with additional unidentified proteins, participate in its
transport into the cell. This finding is significant in that CBA1 is,
to our knowledge, the sole identified protein in any marine
eukaryotic microbe to be directly linked to cobalamin acquisition.

CBA1 in Environmental Sequencing Datasets. We identified tran-
scripts that likely encode CBA1 in cDNA libraries generated from
natural phytoplankton communities (Fig. 5 and SI Appendix, Fig.
S7). CBA1 transcripts were detected in each library examined.
These libraries were generated from diverse marine locations,
including sea ice and water column samples from the Ross Sea of
the Southern Ocean and water column samples from the North
Pacific Ocean, Monterey Bay, and Puget Sound, suggesting that

Fig. 4. Protein CBA1 is directly implicated in cobalamin acquisition. Protein
CBA1 appears to be localized to the outside of the cell and likely the ER, and
is directly implicated in cobalamin acquisition. Epifluorescent (A) and con-
focal (B) micrographs of protein CBA1 fused to YFP and overexpressed in
P. tricornutum. YFP fluorescence is false-colored green, whereas chlorophyll
a fluorescence is false-colored red. The side panels of the confocal image
show the fluorescence distribution in the cross-sections of the central image
indicated by the light yellow lines. (C) Cobalamin uptake rates by wt P. tri-
cornutum and transgenic P. tricornutum cell lines overexpressing CBA1
(CBA1-OE1, CBA1-OE2) or Urease (Urease-OE1) measured over 24 h in ex-
ponential growth phase under vitamin B12-replete conditions (n = 3). The
growth rate over the 24-h experiment for the wt (WT) was 0.72 ± 0.07; for
Urease-OE1, it was 1.01 ± 0.02; for CBA1-OE2, it was 1.10 ± 0.03; and for
CBA1-OE1, it was 1.08 ± 0.03, given as mean of measurements on biological
triplicate cultures ± 1 SD.
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CBA1 is widely distributed within the marine environment. These
nucleic acid sequences are displayed as a phylogenetic tree that
uses CBA1 sequences from available genomes of cultured organ-
isms to construct a reference tree onto which metatranscriptomic
sequences are placed (37) (Fig. 5). Although CBA1 is not among
themost abundant diatom transcripts detected, its expression level
is comparable to that of transcripts encoding other essential well-
characterized proteins (SI Appendix, Fig. S7). This suggests that
CBA1 and themicronutrient cobalamin play important roles in the
molecular physiology and ecology of natural diatom communities.
In metagenomic data, DNA sequences most similar to CBA1 were
detected only in the larger size fraction (>3 μm) samples, sug-
gesting that this protein is restricted to larger phytoplankton. The
majority of environmentally derived transcripts encoding CBA1
are most similar to those encoded by cultured diatoms (Fig. 5),
suggesting that diatoms are likely the major reservoir of this pro-
tein in the marine environment.

Other Molecular Responses to Low Cobalamin Availability. Identifi-
cation of CBA1 and its abundance patterns in culture suggests
that diatoms adjust their molecular physiology to increase ca-
pacity for cobalamin acquisition in the face of cobalamin dep-

rivation. We can consider other cobalamin-sensitive transcripts
and proteins to identify additional molecular responses to low
vitamin availability.
Included in the small pool of P. tricornutum gene products

changing under cobalamin starvation is the cobalamin-in-
dependent methionine synthase MetE (28056), which was much
more abundant under low cobalamin availability (Figs. 1D and 2
and Table 2). This suggests that P. tricornutum expresses MetE to
replaceMetHwhen cobalamin is scarce, consistent with transcript
abundance patterns observed previously in this diatom (21).
RNA-seq results revealed that an adjacent two-component histi-
dine kinase sensor appears to be coregulated with metE, and thus
may play a role in the P. tricornutum response to cobalamin star-
vation (Fig. 6). The cobalamin-dependent methionine synthase
MetH was not detected in our proteome study, possibly attribut-
able to low abundance, which is expected becauseMetH has much
higher catalytical activity compared with MetE (24). MetH (Pt
23399, Tp 693) transcripts were detected here via RNA-seq and
did not show significant changes in abundance as a function of
cobalamin availability in P. tricornutum but were more abundant
under low cobalamin in T. pseudonana (Fig. 2C and Dataset S2).

Fig. 5. Transcripts encoding CBA1 are expressed in diverse
marine environments. Phylogenetic tree containing CBA1
sequences from 454 metatranscriptomic (cDNA) libraries
from the Ross Sea of the Southern Ocean, Monterey Bay,
Puget Sound, and North Pacific Ocean. Reference sequen-
ces from P. tricornutum, F. cylindrus, T. pseudonana,
A. anophagefferens, and E. siliculosus genomes were used
to construct these trees (37) and are shown in black. CBA1-
like sequences from environmental samples are shown in
color, as described in the key. CBA1 transcripts were de-
tectable in diverse marine environments, suggesting that
cobalamin acquisition is an important component of di-
atom molecular physiology.

Fig. 6. RNA-seq analysis reveals coregulation of MetE and a two-component sensor. RNA-seq coverage for an 11-kb region of the P. tricornutum genome is
shown. Individual tracks are shown for each treatment, cobalamin and iron starvation, cobalamin starvation, iron starvation, and the replete control. The x
axis shows the position in the genome, and the y axis (gray shading) shows the relative coverage of transcript data. Vertical color lines represent areas in the
coverage mapping where there were mismatches of the reads to the reference genome (A = green, C = blue, G = yellow, T = red). The bottom track shows the
gene models from the Joint Genome Institute 2.0 genome project. Transcripts mapping to cobalamin-independent methionine synthase (metE) are much
more abundant under cobalamin scarcity and with low cobalamin and low iron. In addition, a two-component histidine kinase sensor appears to be cor-
egulated with metE, and may thus play a role in the P. tricornutum response to cobalamin starvation.
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Another potential use for cobalamin in diatom cells is as a co-
factor for methylmalonyl CoA mutase (MmcM; Pt 51830, Tp
33685). This enzyme’s function remains unclear in diatoms, al-
though it may be important in the citric acid cycle as well as in
propionate and fatty acid metabolism (20). MmcM uses adeno-
sylcobalamin as a cofactor, which could be produced via an ade-
nosylcobalamin transferase enzyme encoded in these diatom
genomes (CblB; Pt 45992, Tp 263198). MmcM encoding tran-
scripts did not respond to low cobalamin, but those encoding CblB
were more abundant under cobalamin scarcity (Fig. 3C and
Dataset S2). Because this protein may be responsible for gener-
ating adenosylcobalamin, a biologically active form of the vitamin

that is not used by MetH, the reason for this response remains
unclear and leaves open the possibility that there are additional,
unrecognized cobalamin-dependent metabolisms in diatoms.
Another potentially important consequence of low cobalamin

availability to diatom cells is methyl folate trapping (14, 38). Under
conditions of reduced methionine synthase activity, 5-methylte-
trahydrofolate (MeTHF) buildup can prevent efficient folate
cycling, and thus have an impact on other folate-dependent
metabolisms, such as DNA synthesis (28). We find molecular ev-
idence for this phenomenon in these diatoms, as summarized in
Fig. 7. A protein involved in folate one-carbon metabolism, cyto-
solic serine hydroxymethyltransferase (SHMT) (36, 37), is more
abundant under low cobalamin (Figs. 2 and 7 and Dataset S2).
SHMT is pyridoxal 5′ phosphate (PLP, vitamin B6)-dependent and
catalyzes the interconversion of THF and 5,10-methylene tetra-
hydrofolate [5,10 MTHF (39)]. The 5,10 MTHF can then be
converted irreversibly to MeTHF, which accumulates under low
methionine synthase activity and leads to folate trapping in other
organisms (28). The increase in cytosolic SHMT abundance under
cobalamin scarcity suggests that diatoms may increase their ca-
pacity for THF and 5,10 MTHF interconversion under low co-
balamin conditions, perhaps in an effort to mediate folate cycling.
This is consistent with assertions that SHMT mediates the parti-
tioning of one-carbon units between DNA synthesis and methio-
nine cycling in other organisms (40). Additionally, an enzyme
putatively involved in PLP synthesis is much more abundant under
low cobalamin in T. pseudonana (Figs. 2 and 7). This increase is
consistent with a higher demand for PLP under low cobalamin,
potentially for use by the PLP-dependent SHMT enzymes. Taken
together, these data suggest that folate, cobalamin, and PLP me-
tabolism are linked in diatoms, as observed previously in meta-
zoans (41).
These results also suggest that AdoMet starvation may be an

important consequence of cobalamin deprivation in diatoms (Fig.
7). Methionine adenosyltransferase (MetK), which converts me-
thionine to AdoMet, was more abundant under low cobalamin in
both diatoms (Fig. 7 and SI Appendix, Table S1). In addition to
many other cellular functions, AdoMet is responsible for re-
ductive repair and remethylation of cobalamin in MetH (42). In-
creasedMetK levels may enhance AdoMet production, leading to
more efficient repair of oxidized cobalamin in MetH. It is also
possible that enhanced MetK abundance results from attempts to
meet cellular AdoMet demand despite methionine scarcity. ThiC,
a thiamine biosynthesis protein, which uses an AdoMet-dependent
radical reaction to form the nonsulfur-containing branch of thi-
amine, 4-amino-5-hydroxymethyl-2-methylpyrimidine (43), was
more abundant under low cobalamin (Figs. 2 and 7). Because the
other proteins involved in thiamine biosynthesis were not ob-
served to be more abundant under cobalamin scarcity, it may be
that ThiC is up-regulated in response toAdoMet deprivation (Fig.
7), supporting the notion that AdoMet starvation is an important
consequence of low cobalamin availability.
Although some proteins that display cobalamin-responsive

abundance patterns have predicted cellular functions as described
above, more than half of them play unknown roles (Table 2 and
SI Appendix, Table S2). Three proteins of unknown function in
T. pseudonana (24346, 23556, and 1896; Table 2) do not have
homologs in P. tricornutum, were more abundant under low co-
balamin availability, and did not increase in abundance under low
iron. These unknown proteins may be involved in the T. pseudo-
nana response to cobalamin scarcity and warrant further evalua-
tion of their potential role in cobalamin acquisition.

Implications for Cobalamin Biochemistry andMarine Biogeochemistry.
Our results suggest that diatoms use at least three strategies in
response to cobalamin scarcity, including efforts to increase co-
balamin acquisition machinery, reduce cobalamin demand, and
mitigate damage induced by reduced methionine synthase activity

Fig. 7. Interconnections between methionine, folate, PLP metabolism, and
cobalamin availability. (A) Schematic diagram describes the connections
between PLP, folate (THF), methionine, and thiamine metabolism in two
diatom species, displayed with supporting protein abundance data. The
gene products involved in these pathways and their responses to cobalamin
scarcity are shown for each diatom, as denoted in the key. The behavior of
both transcripts and proteins are shown, with Pt indicating P. tricornutum
(Left) and Tp indicating T. pseudonana (Right). Dark blue indicates that the
gene product is more abundant under −vitamin B12 vs. replete conditions
and −vitamin B12Fe vs. −Fe conditions, and lighter blue indicates that the
gene product was more abundant under one of those conditions. Black
denotes that there was no change observed between these conditions, and
white indicates that the product was not detected. AHCase, adenosylho-
mocysteinase; cSHMT, cytosolic serine hydroxymethyltransferase; MTHFR,
methylenetetrahydrofolate reductase. (B–E) Abundance patterns for select
proteins included in the schematic above are displayed. Bar graphs of
spectral counting abundance scores for proteins of interest are given for
each of four treatments in both diatoms, where bars are means of technical
triplicate measurements and error bars are 1 SD about the mean. Overall,
these patterns suggest that there are interconnections between methionine,
folate, PLP, and thiamine metabolism and cobalamin availability in diatoms.
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(Fig. 8). These results implicate enhanced CBA1, MetE, and
SHMT abundance as well as altered folate and PLPmetabolism in
the acclimation of diatom cells to low cobalamin availability and
suggest that AdoMet starvation is an important consequence of
cobalamin deprivation in diatoms. Future metabolomic mapping
of the folate, PLP, homocysteine, and methionine-derived com-
pounds involved in these processes could yield important addi-
tional insight into these dependencies.
Because CBA1 is a component of a previously undescribed

cobalamin acquisition pathway that differs from the well-charac-
terized bacterial and metazoan mechanisms, its identification may
advance efforts to understand the biochemistry and evolution of
cobalamin acquisition. Further analyses are required to elucidate
the specific role served by CBA1 in cobalamin acquisition and to
identify the other proteins involved in this process. Subsequent
comparative studies of different cobalamin acquisition pathways
may then yield valuable insight into cobalamin biochemistry and
utilization through time.
Previous work revealed that diatoms and other algae exude

a protein into their growth media that binds vitamin B12 very
strongly (44, 45). In T. pseudonana, this protein was shown to be
a distinct, large, multimeric complex (46), but the identity of its
components remains unknown. It is possible that CBA1 repre-
sents a part of this multimer, although this is unlikely because
overexpression of CBA1 without any other components of a
complex enhances cobalamin uptake, whereas the exuded vita-
min B12 binder is thought to restrict vitamin uptake (44, 45). It is
also possible that CBA1 interacts with this complex to move
cobalamin from the growth media into the cell (47). Future study
will be required to elucidate the relationship between CBA1 and
the strong exuded vitamin B12 binders produced by algae.
Detection of CBA1 transcripts in existing marine environ-

mental datasets (Fig. 5 and SI Appendix, Fig. S7) implies that this
protein is abundant and used by natural phytoplankton pop-
ulations, and that cobalamin acquisition is thus an important
component of diatom molecular physiology in the natural envi-
ronment. This, along with the large-scale proteome and tran-
scriptome rearrangement induced by cobalamin scarcity in
diatoms, supports including cobalamin availability and its pro-
duction and consumption dynamics in efforts to predict and
model marine primary productivity. Future studies mapping the
abundance of CBA1 and other cobalamin-responsive gene
products identified here, along with traditional measures of
productivity and community composition, may prove useful for
elucidating the major oceanic controls on cobalamin starvation
and utilization in phytoplankton communities and could yield

insights into the influence of cobalamin availability on marine
primary productivity and microbial community composition.

Methods
Axenic cultures of T. pseudonana CCMP 1335 and P. tricornutum CCMP 632
were grown in f/2-type media with a natural seawater base, with modified
vitamin, EDTA, and trace metal concentrations (48). For the P. tricornutum
experiment, cells were acclimated with 5 nM added total iron (10−11 M Fe′)
and 0.5 pM added vitamin B12 for four transfers, allowing at least three
doublings per transfer. Cells were then inoculated (3.2% vol/vol) into twelve
2.2-L bottles containing 1.8 L of media (4 treatments, biological triplicates).
The media was as described above except for variable iron and vitamin B12

concentrations, which were chosen based on previous studies to result in
cultures experiencing replete, iron-limited, low cobalamin and low co-
balamin with iron limitation conditions (49, 50). The low iron treatment had
2.5 nM Fetotal (10

−11.3 M Fe′) and 100 pM added vitamin B12, the low vitamin
B12 treatment had no added vitamin B12 and 100 nM Fetotal (10

−9.69 M Fe′),
and the low vitamin B12 and low iron treatment had no added vitamin B12

and 2.5 nM Fetotal (10
−11.3 mol L Fe′), whereas the replete treatment had 100

pM added vitamin B12 and 100 nM Fetotal (10
−9.69 M Fe′). Samples were taken

daily for fluorescence and cell counts, and were harvested for protein and
RNA after 6 d for the high iron conditions and after 9 d for the low iron
condition (Fig. 1 A and B, arrows). Just after the harvest time point, each
remaining culture was split in four and resupplied with either nothing, 100
pM vitamin B12, 100 nM Fetotal, or both vitamin B12 and Fe, and growth was
monitored via in vivo fluorescence.

The T. pseudonana experiment was conducted as above except with dif-
ferent vitamin B12 and iron concentrations chosen due to known differences
in cobalamin and iron requirements for these diatoms (49–51). Acclimation
cultures had 1 pM added vitamin B12 and 65 nM added Fetotal (10

−9.88 M Fe′).
The low iron treatment had 50 nM Fetotal (10

−10.0 M Fe′) and 100 pM added
vitamin B12, the low vitamin B12 treatment had 0.3 pM added vitamin B12 and
400 nM Fetotal (10

−9.09 M Fe′), and the low vitamin B12 and low iron treatment
had 0.3 pMadded vitamin B12 and 50 nM Fetotal (10

−10.0M Fe′), and the replete
treatment had 100 pM added vitamin B12 and 400 nM Fetotal (10

−9.09 M Fe′).
Just after the harvest time point, each culture was split in four and resupplied
with either nothing, 100 pM vitamin B12, 400 nM Fetotal, or both vitamin B12

and Fe, and growth was monitored via in vivo fluorescence.
Protein was extracted, digested, and analyzed via shotgun MS as pre-

viously described, with minor modifications (30, 31, 52). Briefly, protein
digests from one of the three replicates were analyzed in technical triplicate
via liquid chromatography MS using a Paradigm MS4 HPLC system (Michrom)
with reverse phase chromatography, a Michrom ADVANCE source, and
a Thermo Scientific LTQ ion trap mass spectrometer. The mass spectra were
searched using SEQUEST (Thermo, Inc.). Database search results were further
processed using the PeptideProphet statistical model (53) and spectral
counting abundance scoring within Scaffold 3.0 (Proteome Software, Inc.).
Proteins discussed as “differentially expressed” in pairwise comparisons
were determined by the Fisher exact test (P < 0.01) (54).

Targeted MS was conducted via SRM as previously described (30) for two
tryptic peptides found to be unique to CBA1 in P. tricornutum, using a Thermo
Vantage TSQ Triple Quadrupole Mass Spectrometer (Thermo Scientific). Iso-
topically labeled versions of each tryptic peptide (Sigma–Aldrich) (55) were
used as internal standards. Method details are given in SI Appendix, Table S2.

RNA from duplicate samples from each treatment was purified, amplified,
and then used to prepare SOLiD Total RNA-Seq Kit (Life Technologies) li-
braries according to the instructions of the manufacturer. The raw SOLiD
sequence data were mapped and aligned against the reference genome,
and reads per kilobase of exon model (RPKM) values for each sample were
assigned. These RPKM values were pooled for replicates, and differentially
abundant transcripts were identified as those that had a log2-fold change in
RPKM values greater than 1 or less than −1 between the different treatments.

For CBA1 overexpression, full-length P. tricornutum 48322 cDNA was PCR-
amplified and cloned into a TOPO pENTR (Invitrogen) and then subjected to
Gateway (Invitrogen) recombination with a diatom C-terminal YFP pDONR
vector (56), which was transformed into P. tricornutum via particle bom-
bardment (57). For localization, epifluorescent microscopy was performed
on a Zeiss Axioscope. Confocal microscopy was performed on a Leica TCS SP5
spectral system.

Vitamin B12 uptake rate assessments were conducted on wt and over-
expression lines similar to previously described methods, using 57Co-labeled
cobalamin, monitored via gamma counting (58).

Metatranscriptomic analyses used to construct the tree in Fig. 5 were
conducted on multiple samples collected from various marine locations. RNA
was purified and amplified linearly, and cDNA was synthesized and prepared

Fig. 8. Diatoms display three primary responses to cobalamin scarcity.
Schematic representation of the three primary responses to cobalamin
starvation in two diatoms. Both diatoms enhanced CBA1 production, likely
in an effort to enhance cobalamin acquisition. The magnitude of the in-
crease in CBA1 protein and transcripts was larger for T. pseudonana, likely
because it has an absolute cobalamin requirement. P. tricornutum enhanced
MetE production to reduce cobalamin demand. Both diatoms also appeared
to conduct cellular rearrangements to cope with reduced methionine syn-
thase activity, including enhanced cytosolic SHMT, MetK, and radical Ado-
Met (SAM) enzyme ThiC abundance under low cobalamin availability.
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for sequencing on the 454 platform (Roche Diagnostics) according to manu-
facturer protocols. Orthologs to CBA1 were retrieved from the cDNA se-
quence data by TBLASTn. For comparative abundance analyses (SI Appendix,
Fig. S7), cDNA was prepared from six Ross Sea samples for sequencing on the
Illumina platform. The resulting readswere assembled de novo and compared
with available sequence databases for functional and phylogenetic annota-
tion. Diatom ORFs assigned to each domain of interest were identified, and
read counts for each ORF were summed across all six libraries. RPKM values
were calculated for each ORF and were then summed across ORFs that con-
tained a domain of interest, effectively normalizing transcript abundance to
coding sequence length and abundance of all diatom-assigned transcripts.
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