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Vitamin B1 (B1 herein) is a vital enzyme cofactor required by
virtually all cells, including bacterioplankton, which strongly influ-
ence aquatic biogeochemistry and productivity and modulate
climate on Earth. Intriguingly, bacterioplankton can be de novo
B1 synthesizers or B1 auxotrophs, which cannot synthesize B1 de
novo and require exogenous B1 or B1 precursors to survive. Recent
isolate-based work suggests select abundant bacterioplankton are
B1 auxotrophs, but direct evidence of B1 auxotrophy among natural
communities is scant. In addition, it is entirely unknown if bulk
bacterioplankton growth is ever B1-limited. We show by surveying
for B1-related genes in estuarine, marine, and freshwater meta-
genomes and metagenome-assembled genomes (MAGs) that most
naturally occurring bacterioplankton are B1 auxotrophs. Pyrimidine
B1-auxotrophic bacterioplankton numerically dominated metage-
nomes, but multiple other B1-auxotrophic types and distinct uptake
and B1-salvaging strategies were also identified, including dual
(pyrimidine and thiazole) and intact B1 auxotrophs that have
received little prior consideration. Time-series metagenomes from
the Baltic Sea revealed pronounced shifts in the prevalence of
multiple B1-auxotrophic types and in the B1-uptake and B1-
salvaging strategies over time. Complementarily, we documented
B1/precursor limitation of bacterioplankton production in three of
five nutrient-amendment experiments at the same time-series
station, specifically when intact B1 concentrations were <3.7 pM,
based on bioassays with a genetically engineered Vibrio anguilla-
rum B1-auxotrophic strain. Collectively, the data presented high-
light the prevalent reliance of bacterioplankton on exogenous B1/
precursors and on the bioavailability of the micronutrients as an
overlooked factor that could influence bacterioplankton growth
and succession and thereby the cycling of nutrients and energy in
aquatic systems.
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Vitamin B1 (thiamin, called “B1” herein) is a cofactor for
enzymes involved in amino acid synthesis and central carbon
metabolism; as a result Bl is required by virtually all cells (1).
Canonical bacterial B1 biosynthesis is well studied and involves
several core enzymes that generate pyrimidine and thiazole precur-
sors and ultimately fuse them to yield the B1 molecule (1). In ad-
dition, several known transport systems are considered key to
importation of exogenous B1 and/or B1 precursors by bacteria (1-3).

B1 is intriguing with respect to bacterial ecology, as B1-prototrophic
(de novo synthesizers of the vitamin) and B1-auxotrophic populations
(those incapable of de novo Bl biosynthesis) occur in nature,
with the latter lacking one or more core Bl-biosynthesis genes
and requiring exogenous B1 or B1 precursors to survive (1, 4, 5).
Surveys of isolate growth or genomes indicate that most (~70-
80%) bacterial isolates from estuarine/marine waters are
B1 prototrophs (4-7). In notable contrast, isolates representing
abundant marine and freshwater bacterioplankton lineages,
such as the SAR11 and SARS86 clades and Actinobacteria, are
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B1 auxotrophs (8-10). Additionally, an analysis of metagenomes
from a Sargasso Sea station noted a deficiency in the core B1-
biosynthesis gene #hiC encoding a pyrimidine synthase (8), which
suggests a prevalence of Bl auxotrophy. Together these findings
suggest B1 auxotrophy may be more prevalent among wild bac-
terioplankton communities than expected based on isolate sur-
veys; however, direct evidence of this is limited and lacks
temporal resolution that would help address the predominance
of B1 auxotrophy over time.

Exogenous Bl and Bl precursors are bioavailable in aquatic
systems (11-14) and presumably sustain Bl-auxotrophic bacter-
ioplankton, including different Bl-auxotrophic types which are
discussed to a degree in recent work (7, 8). Chemical techniques
recently confirmed that B1, phosphorylated B1, and 4-amino-5-
aminomethyl-2-methylprimidine (HMP) molecules occur in
seawater (7, 15, 16). Nevertheless, it is unknown if exogenous
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B1 and/or precursors are always bioavailable at sufficient con-
centrations to sustain maximum growth of bacterioplankton in
nature. Some experimental evidence suggests that increased
B1 bioavailability can stimulate phytoplankton biomass or pri-
mary productivity in coastal marine waters (17-19). Also, recent
work reported significant correlations between B1 concentra-
tions and phytoplankton biomass (chlorophyll a) in temperate
estuarine waters (20). Analogous tests of Bl/precursor limitation
of bacterioplankton growth have not been performed. To our
knowledge, only a single marine experiment reports Bl and
B12 colimitation of bacterial production rather than B1 limita-
tion alone (21). B1 deficiency is of current interest as a factor
influencing the productivity of aquatic ecosystems. For example,
B1 is of concern in the Baltic Sea due to recent links between
declines in bird and fish stocks and B1 dietary deficiency (22, 23).
The Baltic Sea is a representative of large, relatively long-
residence-time, temperate estuaries that are found worldwide
and are of broad interest and concern since they contribute
significantly to regional productivity, elemental cycling, and
economics (24-27). Although B1 deficiency can be a critically
important factor for higher organisms, microbial B1 deficiency in
the Baltic Sea or parts of the world ocean is an unexplored issue.

Here we surveyed metagenomic datasets from fresh, estuarine,
and marine waters to test the hypothesis that B1 auxotrophy is
commonplace among wild bacterioplankton communities and,
furthermore, that the prevalence of different auxotrophic types
as well as transport and Bl-salvaging strategies change over time.
Motivated by metagenomic survey results from a Baltic Sea time-
series monitoring station, we performed nutrient-enrichment
experiments testing a second hypothesis that bacterial production
is periodically limited by B1 and/or precursor bioavailability at the
same station. Primarily the results reveal an extensive reliance of
diverse and numerically dominant wild bacterioplankton upon
exogenous B1 and B1 precursors while suggesting that Bl/pre-
cursor bioavailability influences bacterioplankton succession and
productivity, along with other bottom-up and top-down controls.

Results

Most Wild Bacterioplankton Are B1-Auxotrophic. Metagenomes
from freshwater, estuarine, and marine sites, specifically eastern-
central Lake Michigan, the Baltic Sea proper at the Linnaeus
Microbial Observatory (LMO) (28), the Kabeltonne station
offshore of Helgoland in the North Sea (northeastern Atlantic
Ocean), and mooring M0 in Monterey Bay, CA (eastern Pacific
Ocean), were surveyed for essential core B1 biosynthesis genes
(thiC, thiG, and thiE) in bacterioplankton, and all were deficient
in #hiC relative to the other two genes (Fig. 14 and SI Appendix,
Table S1). The thiC, thiG (thi4 in Archaea), and thiE (thiN in
Archaea) genes encode phosphomethylpyrimidine synthase,
thiazole synthase, and thiamine monophosphate synthase, re-
spectively, in canonical bacterial B1 biosynthesis (Fig. 1B) (1).
The overt deficiency in thiC across habitats suggests that most
wild bacterioplankton are pyrimidine B1 auxotrophs (Fig. 14)
and therefore obligately or in part rely on exogenous pyrimidine
precursors, e.g., HMP (8), to survive.

For comparison with the LMO (Baltic Sea) metagenomic
survey results, 25 isolates readily cultivatable on nutrient-rich
agar from Baltic Sea surface water and representing multiple
bacterial classes (29-31) were tested for B1 auxotrophy by tra-
ditional growth surveys. Only eight (32%) of the surveyed iso-
lates were B1 auxotrophs (SI Appendix, Table S2), notably less
than the proportion derived from LMO metagenomes (Fig. 14).

Multiple B1-Related Auxotrophic Types, Transporters, and Salvage
Strategies Among Natural Bacterioplankton. Surveying all the LMO
metagenomes at a taxa-specific level (Order) revealed more evi-
dence of multiple types of Bl auxotrophs, e.g., pyrimidine and
thiazole (dual) auxotrophs, intact B1 auxotrophs, and pyrimidine
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Fig. 1. (A) Abundance (percentage of normalized abundance; see Methods)
of multiple B1 biosynthesis genes central to B1 biosynthesis in LMO meta-
genomes and in marine and freshwater metagenomes. Notably, all meta-
genomes exhibit a deficiency in thiC genes. For LMO data, columns represent
mean values and error bars represent the SD (n = 37). (B) A metabolic map of
core B1-biosynthesis reactions facilitated by proteins (and respective
encoding genes) surveyed in this study (shown in blue bold type and under-
lined). cHET-P, 2-(2-carboxy-4-methylthiazol-5-yl)ethyl phosphate; HMP-P, 4-
amino-5-hydroxymethyl-2-methylpyrimidine phosphate; HMP-PP, 4-amino-5-
hydroxymethyl-2-methylpyrimidine diphosphate; P (in chemical compounds),
POg; PYR, pyrimidine; TDP, thiamin diphosphate; THZ, thiazole; TMP, thiamin
monophosphate.
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B1 auxotrophs, existing among relatively abundant wild bacter-
ioplankton (Fig. 2). Abundances of core Bl-biosynthesis genes
normalized to recA gene abundance, i.e., thiCfrecA, thiG/recA,
and/or thiE/frecA ratios, were often below 1 across multiple nu-
merically dominant bacterial orders in LMO metagenomes, which
indicates a predominance of Bl-auxotrophic populations across
taxa (Fig. 2). The recA gene, encoding Recombinase A, occurs as a
single-copy gene in most prokaryotic genomes; thus its abundance
is frequently used as a proxy for genome numbers (32, 33).
Pyrimidine B1 auxotrophs lack only thiC of the core B1-
biosynthesis genes (thiC, thiG, and thiE; as described above) and
thus are represented by thiC/recA and thiGjrecA values of
0 and >1, respectively. Unclassified orders, Pelagibacterales,
Methylophilales, and Burkholderiales were largely composed of
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Fig. 2. recA-normalized abundances of B1 biosynthesis genes (thiC, thiG,

thiE) for the most abundant bacterioplankton taxa across LMO meta-
genomes (based on the mean percentage of total prokaryotic sequences).
Genes classifiable at the class level but not at the order level are in the
unclassified category. Solid horizontal lines belonging to each order repre-
sent average abundance values.

pyrimidine B1 auxotrophs, as their respective thiC/recA and thiG/
recA values were ~0 and ~1, respectively (Fig. 2).

Thiazole and pyrimidine (dual) B1 auxotrophic populations
lack pyrimidine synthase (thiC) and thiazole synthase (thiG; thi4
in Archaea) but possess thiamin monophosphate synthase (thiE;
thiN in Archaea), resulting in thiC/recA and thiG/recA values of
0 and thiEfrecA values >1. A strong signature of dual Bl aux-
otrophy was identified within the Rhodobacterales [encompassing
the important Roseobacter clade (34, 35)], underscoring that
many LMO rhodobacters are reliant on both exogenous pyrim-
idine and thiazole precursors to help meet their B1 demands.
The dual Bl-auxotrophy type has garnered little consideration in
recent studies (7, 36); however, our surveying of publically
available complete bacterioplankton genomes [obtained from
the Integrated Microbial Genomes Joint Genome Institute
(IMG JGI), https://img.jgi.doe.gov/] (Methods) identified a con-
siderable number of isolates (41 of 330) as dual Bl auxotrophs
(Dataset S1).

Intact B1 auxotrophs lack thiamin monophosphate synthase
(ThiE or ThiN) and accordingly exhibit thiE/recA (or thiN/recA)
values of 0. Many abundant LMO bacterial orders exhibited thiE/
recA values of approximately 0 (as well as >1) (Fig. 2), which
stands in stark contrast with the rarity of intact B1 auxotrophy
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among surveyed bacterioplankton isolate genomes (14 of 330;
4%) (SI Appendix, Table S3).

Also noted were thiClrecA, thiG/recA, or thiE/recA values >1
within select LMO bacterial orders, e.g., Rhodobacterales thiE/
recA ~13 (Fig. 2). Numerous bacterioplankton isolate genomes
(109 of 330) possess more than one copy of #hiE and/or thiN
(Dataset S2), including at least two isoforms of the ThiE enzyme
(SI Appendix, Fig. S1). A smaller set of isolate genomes (4 of 330)
contain more than one copy of #hiG or thi4 (SI Appendix, Table S4).
Thereby, multiple copies of thiG and thiE per genome can explain
thiEfrecA and thiG/recA values >1 among LMO orders. Notably,
the ecological advantage of bacteria (in general) harboring multiple
copies of B1 biosynthesis genes is entirely unknown.

Genes attributed to salvage of Bl from pyrimidine and thiazole
Bl-degradation products, fenA and thiM (1, 37, 38), as well as
several B1/B1 precursor transport systems (S Appendix, Table S5),
were also identified in LMO metagenomes. These genes generally
affiliated with distinct sets of taxa; for example, at least nine dif-
ferent bacterial orders possessed #hiB [a crucial substrate-binding
component of an ATP-dependent B1 transport system (39)], while
thiV [a putative HMP sodium symporter (8)] sequences affiliated
only with Pelagibacterales and unclassified Alphaproteobacteria (Fig.
3). Further, four other Bl/precursor transport genes (ThiPerm,
ykoF, omrl, and thiY) were identified in LMO metagenomes (Fig.
3). Considered altogether, a noteworthy variety of Bl-related
genotypes persists among LMO bacterioplankton.

B1 Genotypes and Auxotrophy in Baltic Sea and World Ocean
Metagenome-Assembled Genomes. To investigate the prevalence
of Bl-related genotypes among diverse and abundant bacter-
ioplankton lineages, we analyzed metagenome-assembled ge-
nome (MAG) clusters from the Baltic Sea and the Tara Oceans
global sampling expedition. Surveying LMO MAG clusters
generated from weekly samples (March to December 2012) from
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Fig. 3. Taxonomic affiliation of protein-encoding genes linked to B1-
related transport or salvage identified from all LMO metagenomes (n = 37).
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Fig. 4. (A) The presence (dark blue boxes) or absence (light grey boxes) of B1 biosynthesis genes (with the “Thi” prefix) and a set of genes expected in all
bacteria (with the “COG" prefix) (105) in 30 LMO MAG clusters. The number of MAGs within a MAG cluster is shown in brackets at the right of its taxonomic
ID. The MAG cluster (BACL) ID number is given within parenthesis and the taxonomic affiliations are as described earlier (28). acl, Actinobacteria clade acl;
aclV, Actinobacteria clade aclV; Act, Actinobacteria; Alp, Alphaproteobacteria; Bac, Bacteroidetes; Bet, Betaproteobacteria; Cryo, Cryomorphaceae; Cya,
Cyanobium; Cyan, Cyanobacteria; Fla, Flavobacteriaceae; Gam, Gammaproteobacteria; LD19, Verrucomicrobia subdivision LD19; Luna, Actinobacteria clade
Luna; Nit, Nitrosopumilus; Opit, Opitutacae; Rho, Rhodobacteraceae; SAR11, SAR11 clade; SAR86, SAR86 clade; SAR92, SAR92 clade; Sphi, Sphingobacteriales;
Tha, Thaumarchaeota; Ver, Verrucomicrobia. The Cyanobium MAG cluster (Cya) (30) is marked with an asterisk indicating it was not counted as a B1-
auxotrophic cluster because it consists of a single MAG with 79.2% estimated completeness, and B1 auxotrophy is uncommon in cyanobacteria (7). (B)
Twenty-eight different B1-related genotype profiles (unique repertoires of B1-related genes denoted P1-28 at the bottom of the figure) occurred in at least
3 of 603 near-complete (>90%) Tara Oceans MAGs. The top grid indicates the presence (dark boxes) or absence (white boxes) of genes within each unique
profile. All B1-related genes were surveyed using protein models (S/ Appendix, Table S1), but only those detected are shown. In the lower grid, the taxa-
specific prevalence (%) of each B1 profile is represented by color and by number within the grid. Phylum/class abbreviations are as in A or as follows: Bathy,
Bathyarchaeota; Chl, Chloroflexi; Chlam, Chlamydiae; Cyano, Cyanobacteria; Del, Deltaproteobacteria; Gem, Gemmatimonadetes; Ign, Ignavibacteriae; Kir,
Kiritimatiellaeota; Mar, Marinimicrobia; PclassB, Proteobacteria novel Class B; Pla, Planctomycetes; Por, Poribacteria; Spi, Spirochaetes. The number of MAGs
within @ MAG cluster is shown in parentheses at the right of its taxonomic ID.

the LMO Baltic Sea site (28) for Bl-related genes (as above) (S/
Appendix, Table S1) notably showed B1 auxotrophy was preva-
lent. A total of 27 of 30 MAGs were putative Bl auxotrophs
based on their lack of thiC, thiG (thi4 in Archaea), or thiE (thiN
in Archaea) (Fig. 44). Two MAG:s affiliated with the ubiquitous
SARI11 bacterioplankton clade lacked only #iC, which is indic-
ative of pyrimidine B1 auxotrophy and is congruent with recent
findings that several marine SARI11-affiliated isolates are py-
rimidine B1 auxotrophs (8). Strikingly, however, most LMO
MAG clusters (23 of 30, ~77%) lacked thiE (or thiN) (Fig. 4A4),
making them intact B1 auxotrophs without thiamin mono-
phosphate synthase and completely reliant on exogenous intact
B1 or phosphorylated B1 to survive (4, 6). Adding to the geno-
typic variability, the intact B1 auxotrophs possessed one or more
of three different known B1/B1 precursor transport systems with
different modes of action and substrate specificity (SI Appendix,
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Fig. S2 and Table S5). Additionally, the rhodobacter-affiliated LMO
MAG cluster Alph:Rho (Fig. 44) (10) lacked thiC and thiG but
possessed thiE, which reflects dual B1 auxotrophy and an ability to
jointly use exogenous pyrimidine and thiazole precursors to meet
cellular B1 demands (6).

Questioning whether diverse B1 genotypes exist among abun-
dant bacterioplankton beyond the Baltic Sea, we surveyed for
Bl-related genes in 603 (>90% complete) MAGs recently
reconstructed from the Tara Oceans global sampling expedition
dataset (40). The survey uncovered a high frequency of Bl
auxotrophy, with ~62% lacking at least one core Bl-biosythesis
gene (thiC, thiG, or thiE), similar to Baltic Sea MAGs, but also a
notable variety of Bl-related genotypic profiles (28 total)
reflecting different B1 auxotrophic and prototrophic types and
different transport and salvage capacities (Fig. 4B). Some
pronounced lineage-specific differences were evident, with
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Actinobacteria, Bacteroidetes, and Chloroflexi MAGs being ex-
clusively B1 auxotrophic (e.g., profiles 2, 4, and 16), Betaproteo-
bacteria and Spirochaetes being exclusively B1 prototrophic, and
Alphaproteobacteria composed of a variety of auxotrophic and
prototrophic profiles (Fig. 4B). Thus, a sizable assortment of B1-
related genotypes and hence different Bl-related lifestyles (S/
Appendix, Table S6) exist among abundant wild bacterioplankton
in the global ocean, not only in the Baltic Sea (Fig. 4).

Temporal Dynamics in the Abundance of B1-Related Genes. Pro-
nounced temporal shifts in the abundance of Bl-related core,
transport, and salvage genes occurred across LMO time-series
metagenomes derived from weekly (March to December 2012)
samplings at the Baltic Sea station (Fig. 5). Sequence library- and
size-normalized abundances of core Bl-biosynthesis genes
ranged from <0.001 to >0.06% (Fig. 5). Specifically, thiC, thiG,
and thiE gene abundances peaked in midsummer (July to Sep-
tember) and again in the fall (October) with notably diminished
abundances throughout the spring and into the early summer
(March to June) (Fig. 54). The ratio of thiC (pyrimidine syn-
thesis) to thiG+thi4 (thiazole synthesis) genes remained well
below 1 (0.06-0.28), indicative of persistent thiC deficiency and a
predominance of pyrimidine B1 auxotrophs (SI Appendix, Fig.
S3). Peak abundances of pyrimidine uptake and salvage genes
thiV and tenA occurred in midsummer and fall during peaks in
thiG and thiE abundances (Fig. 5B). Notably, the abundances of
these genes showed a significant positive correlation with tem-
perature (and cyanobacterial biomass) (e.g., for thiE and tem-
perature, Spearman rho = 0.63, P = 8 x 10~*), but excluding thiC
(Spearman rho = 0.38, P = 0.19) (SI Appendix, Fig. S5). In
contrast, the highest abundances of thiB and ykoF genes (Bl
transport) occurred in spring and early summer (March-June)
(Fig. 5B) and exhibited either a significant negative or no corre-
lation with temperature (SI Appendix, Fig. S4). These patterns
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Fig. 5. Abundances (% normalized abundance) of B1 biosynthesis genes (A)
and of B1-related salvaging or transporter genes (B) fluctuate across LMO
metagenomes. As mentioned in the text, thi4 and thiN are archaeal-
associated functional analogs of thiG and thiE in bacteria. Sampling dates
(in two digit year, month, and day format) linked to respective meta-
genomes are presented along the x axes.
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point out seasonal changes in the reliance of numerically dominant
bacterioplankton upon exogenous Bl/precursors and especially
the elevated reliance upon exogenous pyrimidine precursor(s) in
summer and fall.

Short-term (weekly) changes in the abundance of Bl-related
genes were also identified, highlighting periods of rapid change
in reliance upon exogenous B1/precursors within the ecosystem.
For example, from June 28 to July 5 thiE and thiG abundances
doubled and tripled, respectively, with minimal change in thiC
abundance (Fig. 54), a sign of an increased need for exogenous
pyrimidine precursor(s). Further, from May 31 to June 4
Proteobacteria-affiliated thiM gene abundance, linked to the use
of exogenous thiazole B1 precursor(s) (13, 38, 41), increased by
~10-fold (SI Appendix, Fig. SS5). Diatom abundances notably in-
creased by ~10-fold at the same time, but the two variables did not
covary significantly across the dataset (SI Appendix, Figs. S4 and
S5), suggesting periodic increases in diatoms may increase the
bioavailability of exogenous thiazole B1 precursor(s), as indicated
in recent culture-based experiments (13). Cumulatively these re-
sults reveal previously unseen seasonal and weekly changes in the
reliance of wild bacterioplankton on exogenous Bl/precursors.

Experimental Evidence of B1 and B1 Precursor Limitation of Bacterial
Production. Given the prevalence of Bl auxotrophic bacter-
ioplankton and temporal shifts in the prevalence of Bl-related
genotypes (Bl-auxotrophic types) and also uptake and salvage
strategies, which are indicative of temporal shifts in Bl and
precursor bioavailability (Figs. 1, 4, and 5), we hypothesized that
B1 or Bl precursor availability periodically limits bacterial pro-
duction in LMO surface waters. Indeed, short-term (24-48 h)
enrichment experiments with surface seawater revealed that the
addition of Bl or B1 precursors (1 nM final concentration)
stimulated bacterial production in three of five experiments
(Table 1). In the experiments in which stimulation was observed,
mean bacterial production rates were significantly stimulated, by
1.2- to 2.6-fold relative to controls (two-tailed Welch-corrected
t tests) (Table 1).

We developed a bioassay method using a genetically engi-
neered Vibrio anguillarum strain PF430-3 deletion mutant lack-
ing thiE (AthiE) to determine bioavailable intact B1 in seawater
at the start of enrichment experiments and put responses in
nutrient-amendment experiments into context with intact Bl
bioavailability. The PF430-3 AthiE mutant thus lacks a functional
ThiE protein and is an intact B1 auxotroph that grows only on
supplied B1 or phosphorylated B1 (SI Appendix, Fig. S6 and
Tables S7 and S8). Further, PF430-3 AthiE exhibited a half-
saturation growth constant (K,) of only 0.5 and 1.3 pM for
B1 and thiamin diphosphate (TDP) in batch cultures (SI Ap-
pendix, Table S8), benefitting intact B1 detection in bioassays but
also direct evidence that wild-type PF430-3, a Bl-prototrophic
(de novo Bl-synthesizing) bacterium, is capable of high-affinity
uptake of intact B1. Based on PF430-3 AthiE bioassays, intact
B1 concentrations in LMO water used in enrichment experi-
ments ranged from 2.2-11 pM (Table 1). Notably, stimulation of
bacterial production by the addition of B1 or Bl precursor in
enrichment experiments occurred when intact B1 concentrations
were <3.7 pM (Table 1).

Discussion

Results from our bioinformatic and experimental efforts build
upon knowledge of Bl-related bacterioplankton ecology deduced
from isolate-based studies (8, 10, 36, 42) and limited Sargasso Sea
metagenomic data (8) in several important ways. First, most bac-
terioplankton are “cheaters” for B1 and/or precursors (Figs. 14 and
4), relying on exogenous pools to survive, including slow-growing
oligotrophs (e.g., Pelagibacterales spp.) (43, 44) and fast-responding
copiotrophs (e.g., several Gammaproteobacteria groups) (45, 46). It
has long been known that select plankton (bacteria and protists)
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can use exogenous B1 and/or precursors to meet their B1 demands
(6, 47); nonetheless, the reliance of wild bacterioplankton on these
extracellular micronutrients remained unknown. Our results show
Bl-auxotrophic bacterioplankton numerically dominate natural
waters. Markedly among them are multiple genotypes, including
several largely overlooked in recent studies [specifically, dual (py-
rimidine and thiazole) B1 auxotrophs and intact B1 auxotrophs, the
latter receiving some recent consideration (8, 36)] that now are
clearly common within certain major bacterial orders (e.g., Rho-
dobacterales) in the wild (Figs. 2 and 4). Additionally, there are
populations with more than one B1 and/or precursor transporter
(Fig. 4B, SI Appendix, Fig. S2, and Dataset S3), which presumably
have an advantage over populations with a single B1 or precursor
transporter, and Bl-prototrophic populations with transporters
capable of high-affinity B1 uptake (Fig. 4B, SI Appendix, Table S8,
and Dataset S4), an ability thus far best described in model enteric
B1-prototrophic bacteria, e.g., Escherichia coli (48). Combined, the
analyses of metagenomes from freshwater, estuarine (including the
Baltic Sea), and global ocean stations presented here directly show
the ubiquity of B1 auxotrophy and reliance on exogenous Bl/pre-
cursors in general. Thus, it is environmentally relevant to consider
the costs/benefits of multiple Bl-related lifestyles, particularly if we
are to fully understand the niches of natural bacterioplankton and
how their lifestyles (S Appendix, Table S6) impact the biochemistry
and productivity of aquatic systems.

The widespread cheating on the biochemical costs of Bl
(rather than making it de novo) by bacterioplankton is further
notable because most often they are viewed as vitamin pro-
ducers/providers, particularly to algae (49-57). Arguably, the
impact of bacterioplankton vitamin consumption or modification
has received less attention (6, 8, 13, 36). Additionally, the met-
abolic capabilities of vitamin-consuming bacterioplankton versus
purely de novo B1 synthesizers are important to consider in the
future, especially in the context of climate change. For example,
at the LMO site temperature and filamentous cyanobacterial
biomass positively correlated with the prevalence of pyrimidine
B1 auxotrophs, which is indicated by temperature being nega-
tively correlated with tiC abundance and positively correlated
with thiG and thiE and also positively correlated with fenA
[linked to salvage of Bl from pyrimidines resulting from
B1 degradation (37)] and hil [linked putatively to HMP uptake
(8)] (SI Appendix, Fig. S4). Increased temperature (and also
light) promotes B1 degradation in seawater (58, 59). Notably,
large filamentous cyanobacterial blooms occur in the Baltic Sea,
especially in summer months (60, 61), and are rich in B1 (62);
furthermore, cyanobacteria are B vitamin (including B1)
prototrophs, with very few exceptions [e.g., Synechococcus sp.
PCC7002 (63) and symbiotic Candidatus Atelocyanobacterium
thalassa sp. (7, 64)], and are known releasers of vitamins (65). Thus,
filamentous cyanobacteria are considered significant sources of
B1 and precursors in the Baltic Sea microbiome. Multiple factors—
temperature, light, and phytoplankton community—are poised to

Table 1.

synergistically elevate the importance of exogenous pyrimidine
B1 precursors under warmer, more stratified, and more light-
exposed conditions, e.g., summertime at the LMO site (Fig. 5 and
SI Appendix, Fig. S4). Given the predicted increase in Baltic Sea
surface temperatures (66) and the increased dominance of cyano-
bacteria under warmer conditions (67, 68), pyrimidine precursor
availability is expected to rise and to promote pyrimidine B1 auxo-
trophs and exogenous pyrimidine precursor consumers (possibly
including B1 prototrophs). The ramifications of such community
shifting are unknown but may impact community growth and
metabolism, especially organic carbon processing, as populations
more reliant on exogenous pyrimidines are poised to save on the
energetic/elemental costs of de novo Bl biosynthesis and to
repurpose those resources to support other metabolic activities,
putatively increased respiration or growth.

Results of several recent studies suggest microbial interac-
tions and metabolite exchanges (e.g., vitamin exchange) play a
significant role in the diversification and interconnectedness
among plankton in nature, especially bacterioplankton (56, 69—
73). The pronounced temporal shifts observed suggest that the
bioavailability of intact B1 and/or Bl precursors changes no-
tably over time and plays a role in the succession of bacter-
ioplankton communities on week to seasonal time scales (Fig. 5
and SI Appendix, Figs. S3 and S4). While details regarding the
circulation and exchange of these micronutrients remain elu-
sive, it is anticipated that both intimate and at-a-distance mi-
crobial interactions significantly influence the bioavailability of
B1 and its precursors, alongside abiotic and enzymatic degra-
dation (58, 59, 74).

Here we present experimental evidence that B1/precursors can
periodically limit bacterial production (Table 1). This finding
indicates that exogenous Bl/precursor availability requires fu-
ture consideration as a bottom-up control of bacterioplankton
growth, along with organic carbon, phosphorous, nitrogen, and/
or iron, which are commonly viewed as key nutrients limiting
bulk bacterioplankton growth (75-79).

The simplest explanation for elevated bacterial production
following Bl/precursor amendment in our experiments is that
the supply of Bl/precursor stimulated one or more metabolic
processes mediated by Bl-requiring enzymes and in turn pro-
moted bulk bacterioplankton growth. Since many Bl-requiring
enzymes occur in bacterioplankton, some with key roles in cen-
tral (amino acid and carbon) metabolism [e.g., decarboxylation
of alpha-ketoglutarate generating an energy-rich reductant in the
tricarboxylic citric acid (TCA) cycle (7)] but also in more spe-
cialized biochemical pathways [e.g., sulfoacetaldehyde acetyl-
transferase (7)], there are many points in cellular metabolism at
which limited B1 availability could stall growth.

We noted with interest that intact B1 concentrations at the
start of nutrient-enrichment experiments were not abnormally
low (~2.2-11 pM) (Table 1) relative to Bl concentrations
previously reported from diverse coastal waters using either

Results of nutrient-amendment experiments at the LMO site and concentrations of

bioavailable intact B1 in initially incubated LMO water based on V. anguillarum PF430-3 AthiE

bioassays

Observation

May 12, 2015 May 26, 2015 June 24, 2015 August 4, 2015 June 1, 2016

Limitation Yes (24 h) No*
Stimulating amendment All —
Intact B1, pM 2.2 + 0.76 46 + 1.6

Yes (48 h) Yes (48 h) No
All B1 only —
24 + 0.69 3.7 +0.14 11 + 0.88

Data from bacterial production limitation tests and V. anguillarum PF430-3 AthiE bioassays are provided in S/
Appendix, Tables S6 and S10, respectively. Bold text highlights experiments in which bacterial production was
stimulated due to amendment of B1 or precursor (HMP, HET, HMP + HET).

*HET amendment elevated bacterial production rates compared with controls, but the mean rate for the
amendment was not considered significantly elevated as its respective P value equaled the cutoff value of

0.05 (P = 0.046).
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chemical or bioassay measures (19, 80-82). We calculated
whether a Bl-auxotrophic bacterioplankton cell is expected to
become Bl-limited in LMO surface waters based on cell de-
mands (quota), bioavailable intact B1 in LMO water (Table 1),
and molecular diffusion. Based on a maximum B1 cell quota for
V. anguillarum PF430-3 AthiE (~530 Bl molecules per cell,
converting from picomoles of B1 per cell) (SI Appendix, Table
S6) and a diffusive flux of 1.06 x 10° B1 molecules/d for a 2-ym
diameter V. anguillarum cell [cells are typically rod-like with a
maximum length between 1.4 and 2.6 pm (83)], the BI-
auxotrophic cell will encounter ~4,000 times the number of
B1 molecules it needs to divide at a rate of one division/d (see
calculations in SI Appendix). Nevertheless, bacterial production
stimulated by the addition of B1 or precursor amendment oc-
curred when initial intact B1 concentrations were below ~3.8 pM
(Table 1), suggesting that this concentration is a tipping point for
B1 limitation in the upper water column of the system. Whether
this tipping point applies to other aquatic systems, e.g., the pe-
lagic surface ocean, is unknown; nonetheless, it is useful for
contextualizing results from nutrient-addition experiments and
represents an important line of future research. Considering all
these points together, we hypothesize the observed stimulation
of bacterial production reported here (Table 1) resulted from
one or more of the following: (i) higher B1 quotas in natural
bacterioplankton than in V. anguillarum PF430-3 AthiE; (ii) the
reliance of select bacterioplankton upon low-affinity B1 or pre-
cursor transporters requiring relatively high exogenous concen-
trations of Bl/precursor for efficient uptake; and (iii) the
influence of binding proteins in natural waters on the bio-
availability of Bl/precursors to specific taxa (e.g., the bioassay
organism V. anguillarum PF430-3 can access protein-bound Bl1,
but others in the natural bacterioplankton community cannot).
Interestingly, regarding the last point, extracellular vitamin B12-
binding proteins are produced by phytoplankton cultures and
exhibit high affinity for dissolved B12 at environmentally rele-
vant picomolar concentrations (84, 85). Likewise, research sug-
gests that water-soluble Bl-binding proteins can impact
B1 bioavailability (86). Thus, it is conceivable that free dissolved
protein binders of B1 and/or precursors may influence bio-
availability of B1 (and potentially B1 precursors) to certain bac-
terioplankton; however, further research is needed to directly
demonstrate this phenomenon.

Conclusion

Our results reveal that globally and naturally occurring bacter-
ioplankton have a greater reliance on exogenous Bl and its
precursors than previously realized. Specifically, (i) analyses
of metagenomes from around the world show that most bacter-
ioplankton in nature, including diverse genotypes and Bl auxo-
trophs and select Bl prototrophs, are reliant upon exogenous
B1 and/or Bl precursor pools; (ii) Baltic Sea time-series meta-
genomes suggest that the reliance on exogenous B1 and precursor
bioavailability changes substantially on weekly to seasonal time
scales; and (jii) nutrient-addition experiments in the Baltic Sea
show that B1 and/or B1 precursor bioavailability can periodically
limit bulk growth of bacterioplankton. Collectively our results show
the need for future investigations into Bl/precursor dependency
and exchange across microbial populations in aquatic systems.

At a broad aquatic ecosystem view, B1 availability is currently of
greatest concern to megafauna, as multiple Northern Hemisphere
animal species are declining in numbers as well as being metabol-
ically and behaviorally impaired due to B1 deficiency (22, 23, 87).
Our results suggest B1 deficiency at the picofaunal (bacter-
ioplankton) level merits attention as well. Bacterioplankton are the
foundations for microbial food webs, influencers of productivity,
and performers of key ecosystem and global-level chemical trans-
formations, e.g., nutrient regeneration through remineralization
and respiration of organic carbon to carbon dioxide (88-90).

Paerl et al.

Moving forward, the bioavailability of B1 and precursors as factors
influencing bacterioplankton metabolism, growth, and succession
deserves consideration alongside other bottom-up and top-down
controls in the bigger ecological picture.

Methods

Bacterioplankton Isolate Surveys. Bacterioplankton strains previously
obtained from waters off eastern Sweden (29-31) were used in B1-auxotrophy
surveys. Strains were randomly selected from five different classes. Colonies
grown on marine broth 2216 (91) agar plates were transferred to liquid
marine broth 2216 and were grown to turbid densities. Cells were pelleted
(6,000 x g), were washed three times with charcoal-filtered, microwaved
Baltic Sea surface water (cFMSW) depleted in vitamins (92), and were resus-
pended in ¢FMSW and transferred (1 pL to 1 mL) to triplicate sterile poly-
styrene tubes (4.5 mL; Greiner Bio One) containing the B1-deplete survey
medium. B1 was added to select cultures at a final concentration of 500 pM.
The B1-deplete medium consisted of cFMSW plus inorganic and organic nu-
trients (S/ Appendix, Table S9). Inorganic and organic nutrients for isolate
growth surveys were obtained from Sigma Aldrich, as was thiamin (>99%
purity). Growth was quantified as 590-nm absorbance using a FLUOstar Op-
tima Plate Reader (BMG-LABTECH) and clear 96-well plates. Turbidity was
measured after cultures were incubated for two or more weeks at room
temperature in the dark. Strains exhibiting significantly higher growth versus
unamended controls (determined by Welch- corrected t test; GraphPad Prism)
in vitamin-amended tubes were marked as B1 auxotrophs; strains exhibiting
no significant difference in growth were marked as B1 prototrophs.

Bioinformatic Analyses. B1-related biosynthesis, salvage, and transporter pro-
teins present in genomic and metagenomic datasets were surveyed using
representative HMM profiles in the TIGRFAM (v. 15) and PFAM (v. 28) data-
bases; in addition, custom HMM profiles were created for Omr1, ThiV, ThiY, and
a decoy version of false-positive ThiY proteins (S/ Appendix, Table S1). PFAM
models PF09084 (SSUA/Thi5/NMT1) and PF00474 (SSSP) returned numerous
nonspecific hits to isolate genomes and hence were not used in our analyses.

The custom profiles were created by first aligning seed proteins (publically
available at https:/figshare.com/articles/Custom_HMM_files/5928151) using
MUSCLE (v3.8.1551) (93) with default settings. Alignments were then trim-
med using the Gblocks (94) web server with parameters for less stringent
selection: Allow smaller final blocks, gap positions within the final blocks,
and less strict flanking positions. HMM profiles were generated from the
trimmed alignments using hmmbuild from the hmmer (v. 3.1b2, hmmer.org)
toolbox with default settings. Trusted cutoffs (TCs) for the custom profiles
were determined by searching the seed proteins with the corresponding
HMM and setting the cutoff to the lowest score in the output.

Protein sequences from metagenomes, MAGs, or isolate genomes were
searched using hmmsearch from hmmer with per-domain output. Hits scoring
above TCs for profiles were kept, and the highest-scoring, nonoverlapping
HMMs were assigned to each protein sequence. Sequences identified as ThiE
were those hit by the ThiE TIGRFAM model TIGR00693 or TMP-TENI PFAM
model PF02581 above their respective TC values. Sequences identified as ThiB
were hit by TIGRFAM model TIGR01254 or TIGR01276.

Metagenomic Surveys and Reference Metagenomes. Four metagenomic
datasets were surveyed. Three were obtained from the IMG database:
AOAMet1_03_MO0_10 (Project ID 1038530), COG_06 (Project ID 1016719),
and LauGreDrversion2_2 (Project ID 1062136). Protein sequences and contig
coverage values (which were used as proxies for protein abundance values)
were downloaded from the corresponding folder at the JGI website. The
fourth metagenomic dataset originates from time-series sampling of surface
(2 m) microbial communities in the central Baltic Sea proper, specifically at the
LMO station (56°55.851N, 17°03.640E) (28). This dataset included a coassembly
of 37 samples annotated as described previously (28). Gene abundance in the
LMO coassembly was normalized using transcript per million (TPM) calcula-
tions (95). For all datasets, gene abundances (TPM or contig coverage values)
were divided by respective total abundances for all genes (total TPM or contig
coverage values) for comparison across datasets and were converted to a
percentage (described as percent normalized abundance).

Reference Genomes and MAGs. Protein sequences from 330 genome-
sequenced prokaryotic isolates (272 bacterial and 58 archaeal) were down-
loaded from the IMG database (https://img.jgi.doe.gov/) (96) and were used
in protein sequence searches (Dataset S5). Additionally, a set of 83 MAGs
reconstructed from LMO metagenomic assemblies and clustered into 30
Baltic Sea clusters (BACL) based on sequence similarity (28) and a set of 603
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MAGs reconstructed from the Tara Oceans sampling expedition dataset
with >90% completeness (40) were also surveyed.

Taxonomic Assignments. Protein sequences in all metagenomic datasets were
annotated taxonomically using similarity searches against the UniProt non-
redundant (nr) database (2017-02-02) and two lowest common ancestor (LCA)
steps. First, homologs of proteins were found in the nr database using DIAMOND
(v. 0.8.26) (97), with the top 10 hits kept. Taxonomy was assigned to query
sequences using the script ClassifyContigNR.py. This script calculates
normalized weights (n,,) for each hit with a minimum %identity >40% (de-
fault setting) by dividing the alignment length of the query by the total length
of the query and then multiplying that by the %identity of the hit: n,, =
ali100, where a = the alignment length of the query, L = length (in amino
acids) of query, and i = percent identity of the hit. This n,, forced to range
between 0 and 1. For each query protein, the script then collates hits at each
taxonomic rank and adds taxa weights (t,) to the taxonomy corresponding to
hits at that rank. These taxa weights are calculated as t,, = (n,, — t)/(1 — t,),
where tr is a rank-specific threshold which by default is set to 0.4, 0.5, 0.6, 0.7,
0.8, 0.9, and 0.95 for the ranks superkingdom, phylum, class, order, family,
genus, and species, respectively. Only taxa that obtain a t,, >0 are included in
the assignments. Finally, the script attempts to assign a taxonomy for pro-
gressively higher levels in the taxonomy hierarchy, starting with species and
moving up to genus, family, order, class, phylum, and finally superkingdom.
For each rank, t,,s are normalized to the sum of t,;s at that rank, and the taxa
with the highest normalized t,, above 0.5 (default setting) is assigned to the
query protein at that rank. If the script successfully assigns a taxonomy at a
certain rank, the higher ranks (if any) obtain the corresponding taxonomy and
the lower ranks (if any) are classified as the taxa with an “unclassified” prefix.
Contigs are assigned taxonomy in a similar manner by collating all hits for
query sequences encoded on a contig and normalizing the t,,s across all taxa.

Whole-Water Incubations. Water samples were collected from ~2 m depth at
the LMO site for vitamin-amendment experiments on five occasions be-
tween May 2015 and June 2016 (Table 1). Upon return to shore, 0.5 L of LMO
water was dispensed into acid-washed 1-L polycarbonate incubation bottles.
Triplicate bottles received B1, HMP, HET (4-methyl-5-thiazoleethanol), or
HMP + HET amendments (1-nM final concentration of each) or no addition
(negative control), were incubated in the dark at ambient temperature, and
were sampled for bacterial production after 24 h and 48 h. HET (>95%
purity) used in experiments was purchased from Sigma Aldrich, and HMP
(>95% purity) was purchased from Enamine Ltd. Aliquots of vitamins and
B1 precursors were freshly prepared in autoclaved Milli-Q water (Millipore)
and were kept frozen; aliquots were kept on ice in the dark before use in
experiments. Bacterial production was estimated by 3H-thymidine in-
corporation (20 nmol-L™" final concentration; Perkin-Elmer) (98) using
microcentrifugation (99), assuming 1.4 x 10'® cells per mole of thymidine
(100) and 2.0 x 10~"* gC per cell (101). Outlier replicate data points were
identified using a Grubbs’ test (0.05 significance level, two-sided; https:/
www.graphpad.com/quickcalcs/Grubbs1.cfm) and were excluded before av-
erages and SDs were calculated across replicate bottles. Three samples from
experiment 3 (after 24 h) with signals below kills were excluded from cal-
culations. Unpaired Welch-corrected, two-tailed t tests (GraphPad Prism)
were used to identify significant differences between treatments and con-
trols. Data used in t tests are provided in Dataset S6.

Quantification of Intact B1 via Bioassays with an Engineered V. anguillarum
PF430-3 Mutant. A B1l-auxotrophic V. anguillarum PF430-3 mutant re-
quiring intact B1 was engineered by constructing an in-frame deletion of the
gene encoding thiamin monophosphate synthase protein (ThiE) by allelic
exchange, as previously described for the deletion of other genes in V.

-
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anguillarum NB10 (102) and PF430-3 (103). The thiE-specific suicide vector
was constructed as follows: DNA sequences flanking the thiE gene were
amplified from wild-type V. anguillarum PF430-3 by PCR using primers PE1
(5'-TTTAGATCTGGAGCACAAGTGCGCGATAATG-3') and PE2 (5-ACTACT-
TGGTAATCGCTAATTACTCCTCGCTAACGACTGACTG-3') for the upstream re-
gion and primers PE3 (5'-GGAGTAATTAGCGATTACCAAGTAGTGCTGAGG-
AGGTATGTG-3’) and PE4 (5'-TTTGAGCTCGCTGACGACTGTGGATGTTATCC-3)
for the downstream region. Primer PE1 introduced a Bglll restriction site, and
primer PE4 introduced a Sacl restriction site. The two PCR fragments, containing
a 26-nt overlap region, were mixed as the template for a final PCR using pri-
mers PE1 and PE4. The final PCR product was purified, digested with Bglll and
Sadl, and cloned into the Bglll and Sacl sites of pDM4 (102), creating pDMA4thiE.

PF430-3 AthiE was confirmed to be B1-auxotrophic in culture as it reached
high densities on liquid B1-deplete medium (cFMSW-VIB: cFMSW as above
without any organic micronutrients and only C, N, P, and trace metals)
supplemented with B1 but not in the same medium without B1 (S/ Appendix,
Fig. S7). Maximum cell yields of B1-limited cultures PF430-3 AthiE increased
linearly with B1 addition; also, B1 and TDP half-saturation growth constants
for PF430-3 AthiE were ca. 1 pM (0.510 + 0.125 and 1.38 + 0.286, re-
spectively) (S/ Appendix, Table $8), confirming the strain as a good candidate
organism for quantification bioassays in which maximum cell yields indicate
bioavailable B1 or phosphorylated B1 in a sample.

LMO water samples collected for bioassay quantification (on the same
dates as samples for enrichment incubation experiments) were 0.2-pm fil-
tered via sterile syringe filtration and were stored at —20 °C. On the day of
bioassays, frozen samples were thawed in the dark, filtered aseptically
through a 0.2-pm sterile syringe filter, and supplied nutrients in proportions
equivalent to that of the cFMSW-VIB medium. The nutrient-enriched sample
was combined with B1-deplete ¢FMSW-VIB medium (1:2 or 1:5), aliquoted
into five sets of triplicate sterile polystyrene tubes (4.5 mL; Greiner Bio One),
and amended with 0, 1, 2, 3, or 5 pM B1 for quantifying vitamin in the initial
sample (0 pM addition) via an internal standard curve. Triplicate negative
control tubes (cFMSW-VIB medium only) were run in parallel.

Early stationary-phase PF430-3 AthiE cells grown in marine broth 2215 (91)
were centrifuged, washed, and resuspended at a dilution of 1:2,000 and then
were added to the tubes and incubated in the dark at ~16 °C, with shaking at
100 rpm. Abundances of PF430-3 AthiE cells in all tubes were determined by
flow cytometric (FACS CANTO Il flow cytometer; Becton Dickinson) counting
of SYBR Green I-stained (104) cells fixed with 2% formaldehyde. Maximum
abundances were determined via sampling on days 1, 2, 3, 5, 7, and 9 of in-
cubation; initial monitoring of PF430-3 AthiE growth under incubation con-
ditions revealed the stationary phase was reached by day 2 or 3.

Maximum PF430-3 AthiE cell yields from internal B1 additions were used
to calculate the picomoles of B1 per PF430-3 AthiE cell for each bioassayed
sample from a linear regression; this value was used to calculate concen-
trations in the initial undiluted water sample (0 pM addition). The maximum
yields of negative controls were subtracted from the 0 pM internal standard
(water sample) before calculations (S/ Appendix, Table S10).
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