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Abstract
Understanding dissolved concentrations of the essential coenzyme thiamin (vitamin B1) can provide insights

into the biological controls on highly productive upwelling systems such as the California Current Ecosystem.
To connect thiamin availability with microbial communities in the California Current Ecosystem, we measured
concentrations of dissolved thiamin and its biochemically related moieties (thiamin congeners) and 16S rRNA
gene-based microbial communities during the spring. We found that strong upwelling caused a depletion of dis-
solved thiamin precursor compounds and abiotic degradation products relative to periods of weak upwelling.
Specific microbial taxa, including species of SAR11 ecotypes, Candidatus Nitrosopumilus, and SUP05 cluster,
were also significantly enriched with strong upwelling. Our data provide evidence that alterations to microbial
communities in the mixed layer that occur as a result of upwelling could constrain the availability of dissolved
thiamin and its chemical congeners in the California Current Ecosystem.

Thiamin (vitamin B1, or B1) is an essential coenzyme for
anabolic and catabolic central carbon metabolism (Zhang
et al. 2016; Jurgenson et al. 2009). In marine ecosystems, the
availability of intact thiamin (synthesized from its precursor
compounds; unphosphorylated) and its biochemically related
compounds (together referred to as thiamin congeners) play
important roles in structuring microbial community composi-
tion (Suffridge et al. 2018). Microbial requirements for these
compounds are prevalent in marine environments (Paerl et al.

2018b). This results in thiamin congeners being trafficked
through the marine dissolved pool between thiamin prototro-
phic organisms that have the complete thiamin biosynthesis
pathway and thiamin auxotrophic organisms that lack the
complete thiamin biosynthesis pathway, and therefore must
rely on exogenous sources of these compounds (Suffridge
et al. 2020; Wienhausen et al. 2017; Bertrand and Allen 2012).
Disruptions to the balance between microbial production and
biotic and abiotic removal (e.g., cellular uptake or environmen-
tal degradation) of thiamin can result in a net accumulation or
depletion, respectively of dissolved thiamin congeners in the
water column (Suffridge et al. 2020). Evolutionary mechanisms
for thiamin congener acquisition by auxotrophs are driven by
the scarcity of these compounds in the dissolved pool and are
used by microbes to compete for these limited resources in
aquatic ecosystems (Sañudo-Wilhelmy et al. 2014; Kraft and
Angert 2017; Gutowska et al. 2017).

Thiamin is biosynthesized through the ligation of its
pyrimidine and thiazole moieties, 4-amino-5 hydroxymethyl-
2-methylpyrimidine (HMP) and 5-(2-hydroxyethyl)-4-methyl-
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1,3-thiazole-2-carboxylic acid (cHET), respectively, which are
solely produced by microbial biosynthesis (Jurgenson
et al. 2009; Paerl et al. 2018a). The cleavage of thiamin
through abiotic degradation mechanisms (Basant and
Arnold 1973; Carlucci et al. 1969; Gold 1968) produces the
thiazole degradation product, 4-methyl-5-thiazoleethanol
(HET) and the pyrimidine degradation product, 4-amino-
5-aminomethyl-2-methylpyrimidine (AmMP). Microbes use
these thiamin congeners, in addition to thiamin itself, to sup-
plement biosynthesis and cellular requirements (Croft
et al. 2006; Wienhausen et al. 2022; Paerl et al. 2017). To
assess environmental thiamin availability and its connection
to microbial ecology, thiamin’s metabolically relevant precur-
sor compounds and abiotic degradation products must be
simultaneously measured (Suffridge et al. 2017; Suffridge
et al. 2020).

The composition of marine microbial communities can
influence net thiamin congener production or removal from
the dissolved pool, and cellular auxotrophy can influence
which individual dissolved thiamin congeners are removed
(Bittner et al. 2024). For example, many picoeukaryotic phyto-
plankton are thiazole auxotrophs that salvage extracellular
cHET to synthesize thiamin (Paerl et al. 2017). Other algal
groups such as Cyanophyceae and Stramenopiles contain spe-
cies with complete thiamin biosynthesis pathways and may
not require extracellular thiamin congeners (Monteverde
et al. 2015; Sanudo-Wilhelmy et al. 2012). Further, many het-
erotrophic bacteria associated with algal blooms can be auxo-
trophic for thiamin precursors (cHET and HMP) and include
Flavobacteria spp. (Suffridge et al. 2020), globally ubiquitous
SAR11 species (Carini et al. 2014), and copiotrophic
Gammaproteobacteria (Paerl et al. 2018b). Linking the compo-
sitional characteristics of marine microbial communities with
thiamin congener measurements will allow us to connect tax-
onomic identities of bacteria, archaea, and algae with concen-
trations of the thiamin congeners that they cycle.

Dissolved thiamin congener concentrations have been
measured across widespread marine ecosystems (Carini
et al. 2014), but few studies have examined these compounds
in Eastern Boundary Upwelling Systems (Monteverde
et al. 2015, Sanudo-Wilhelmy et al. 2012), which greatly influ-
ence global ocean productivity and are disproportionately
impacted by climate change (Bograd et al. 2023). The Califor-
nia Current Ecosystem (CCE) is a highly biologically produc-
tive Eastern Boundary Upwelling System that stretches from
Vancouver Island, Canada, to Baja California, Mexico
(Checkley and Barth 2009). Wind-driven upwelling in the
CCE occurs following spring transitions between April and
May and brings cold, nutrient-rich subsurface water into the
euphotic zone, stimulating high levels of primary production
(Huyer 1983; Venrick 2009; Hickey and Banas 2003). The
intensification and relaxation of the winds that drive upwell-
ing, and their interaction with coastal topography and
bathymetry, create dynamic spatial and temporal

oceanographic variability (Venrick 2009), which impacts the
composition of coastal microbial communities throughout the
water column (James et al. 2022) and likely dissolved thiamin
congener concentrations.

Microbial communities in the CCE have been extensively
studied (Countway et al. 2010; Venrick 2009; Santoro et al.
2010), yet associations between dissolved thiamin congener
(thiamin, cHET, HET, HMP, and AmMP) concentrations and
community compositions are unknown and could clarify why
certain microbial populations are more successful than others.
Our objective was therefore to determine how microbial com-
munity composition and dissolved thiamin congener concen-
trations couple with fundamental environmental properties
(including upwelling) within an Eastern Boundary Upwelling
System. Accordingly, water column microbial and dissolved
thiamin congener samples were collected from depths span-
ning the surface to beneath the mixed layer between April
and May 2021 along the central region of the CCE (Fig. 1a).
We hypothesized that (1) springtime CCE microbial commu-
nity composition influences dissolved thiamin congener avail-
ability due to upwelling-associated microbial community
changes and elevated primary productivity, (2) upwelling-
associated factors, including upwelling intensity and water
column chemical and biological properties, correlate with
microbial communities and dissolved thiamin congener con-
centrations, and (3) dissolved thiamin congener concentra-
tions in the central CCE differ from those of previously
measured marine environments because of the unique biologi-
cal and upwelling conditions in these coastal habitats.

Methods
Sample collection and site description

Sample collection occurred aboard the National Oceanic
and Atmospheric Administration Ship R/V Reuben Lasker dur-
ing the 2021 annual Rockfish Recruitment and Ecosystem
Assessment Survey (Field et al. 2021; Santora et al. 2021).
Water samples for dissolved thiamin congeners and microbial
community analyses were collected from four transect lines
during the annual survey within the central region of the CCE
(central CCE; between Cape Mendocino, CA and Point Con-
ception, CA; Checkley and Barth 2009) (Fig. 1a). Sample lines
were off Point Arena (Navarro), in the Gulf of the Farallones
(Farallones), Monterey Bay (Monterey), and off Point Sur.
Samples were collected at four depths per station (exact depths
in Supporting Information Fig. S1). Exact sampling depths var-
ied at each station and were selected in real time by observing
oceanographic conditions (temperature, salinity, density, and
chlorophyll a) during the conductivity, temperature, and
depth (CTD) downcast to capture the surface, mixed layer,
deep chlorophyll maximum (DCM; if present), and below the
mixed layer. Navarro samples were collected on April 29th (sta-
tions 461 and 463) and April 30th (stations 464, 465, and
466); Farallones samples were collected on May 1st (stations
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138, 152, and 154) and May 13th (139 and 237); Monterey
samples were collected on May 2nd (113, 114, and 116) and
May 3rd (110, 211, and 212); and all Point Sur samples were
collected on May 5th. Samples were collected as previously
described (Suffridge et al. 2017; Suffridge et al. 2020) (Supple-
mental Methods). Sampling line-specific environmental fac-
tors in the central CCE include submarine canyons in Navarro
and Monterey stations, which are sites of enhanced mixing,
upwelling, and cross-shelf transport (Hickey 1995; Carter and
Gregg 2002). Additionally, the Gulf of the Farallones is charac-
terized by a broad, shallow shelf in an “upwelling shadow”
that is sheltered from northerly winds and alongshore cur-
rents, with more persistent high temperature and chlorophyll
signals as a result of the increased water retention (Steger
et al. 2000; Vander Woude et al. 2006). These Farallones sites
are also impacted by the San Francisco Bay plume, which can
stimulate primary production from nutrient and dissolved
organic matter transport from San Francisco Bay (Zhou
et al. 2023).

Ship CTD data was used post-expedition to construct sta-
tion temperature, density, salinity, oxygen, and chlorophyll
a depth profiles for each station (Santora et al. 2021; Closek
et al. 2019). Mixed layer depths of each station were calculated
post-expedition based on CTD-derived temperature changes of
0.2�C from reference depths of 10 m (de Boyer Montégut

et al. 2004). The DCM from each profile was visually deter-
mined based on fluorometric chlorophyll a depth profiles con-
structed from CTD data post-expedition following previous
work (Cornec et al. 2021). Temporal examinations of upwell-
ing intensity were performed with the coastal upwelling trans-
port (CUTI) and biologically effective upwelling transport
(BEUTI) indices (c.f., Jacox et al. 2018) (Supplemental
Methods; https://oceanview.pfeg.noaa.gov/products/
upwelling/cutibeuti). Upwelling intensity categories were
defined based on the 25th and 75th percentiles of CUTI and
biologically effective upwelling transport index values across
all lines (0.71 and 2.20 m2 water s�1, respectively for CUTI;
14.44 and 48.66 mmol nitrate m�1 s�1, respectively, for bio-
logically effective upwelling transport index).

Dissolved thiamin congener analysis
Dissolved thiamin congeners were extracted from the sea-

water matrix as previously described (Suffridge et al. 2020;
Suffridge et al. 2017). Briefly, Bondesil C18 resin (Agilent) was
used for the solid-phase extraction. Compounds were then
eluted using liquid chromatography mass spectrometry grade
methanol, which was subsequently concentrated using a
blow-down nitrogen drier (Glass Col). Hydrophobic organic
compounds that were co-extracted by the solid-phase extrac-
tion were removed using a liquid-phase extraction with 1:1

Fig. 1. Sample site map and environmental conditions. (a) Bathymetric map overlaid with the locations where samples were collected in the central
transect of the California Current Ecosystem (S of Cape Mendocino; N of Point Conception). Coloration indicates water depth. Red points indicate indi-
vidual stations sampled for four depths along each sampling line. Latitudes span the y-axis and longitudes span the x-axis. Publicly available upwelling
measurements were retrieved based on each degree of latitude. Station profiles of density (kg m�3), oxygen (ml L�1), and chlorophyll a (mg L�1) for the
(b) Navarro, (c) Farallones, (d) Monterey, and (e) Point Sur lines. Lines are organized by high–low latitude and stations are organized from furthest–
closest to the coast from top to bottom and light to dark color. Station colors within each line correspond to those depicted in panel (a).
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volume of chloroform. Samples were then stored at �80�C
until liquid chromatography mass spectrometry analysis. Sam-
ple analysis was conducted using liquid chromatography mass
spectrometry as previously described (Suffridge et al. 2020)
(Supplemental Methods) using an Applied Biosystems 4000
Q-Trap triple quadrupole mass spectrometer with an ESI inter-
face coupled to a Shimadzu LC-20 AD liquid chromatograph.
Applied Biosystems Analyst and ABSciex Multiquant software
were used for instrument operation and sample
quantification.

Water column microbial DNA lab methods and high-
throughput sequencing

DNA was extracted from the Sterivex filters that were used
for the filtration of dissolved thiamin congener samples, as
previously described (Suffridge et al. 2023) (Supplemental
Methods). The V3–V4 hypervariable region of the 16S rRNA gene
was amplified by polymerase chain reaction (see PCR details in Sup-
plemental Methods) with 515f (GTGYCAGCMGCCGCGGTAA)
and 806r (GGACTACNVGGGTWTCTAAT) primers (Parada
et al. 2016; Apprill et al. 2015). Purified and cleaned amplicons
from all samples were then pooled to equimolar concentrations
(25 ng DNA per sample) and sequenced at the Oregon State Uni-
versity Center for Quantitative Life Sciences facility with
2 � 250 bp Illumina MiSeq high-throughput sequencing. Read
data output from MiSeq was demultiplexed, and primers were
trimmed in-house by the Center for Quantitative Life Sciences.

Microbial data processing and analysis
Initial quality filtering (reads with average Phred score

of < 20 dropped) and read quality visualization were per-
formed with Trim Galore (v0.6.7), FastQC (v0.11.9), and Mul-
tiQC (v1.14; Ewels et al. 2016). All further bioinformatics and
statistics work were performed in RStudio (v4.2.1; RStudio
Team 2020). Processing of reads to amplicon sequence vari-
ants (ASVs) was performed in DADA2 (v1.24.0; Callahan
et al. 2016). Reads were trimmed in DADA2 (Phred score
threshold of 30) based on MultiQC quality reports, and
pseudo-pooling was utilized for ASV assignment. Reads from
each of the two MiSeq runs were processed separately for ASV
assignment, and the resulting sequence tables were merged
prior to taxonomic assignment (see Data Availability State-
ment for sequence processing script). Samples Navarro-465
and Farallones-138 at depths of 20 and 4 m, respectively, were
unsuccessful in being sequenced and were removed from fur-
ther microbial analyses.

Bacterial and archaeal ASV taxonomies were assigned with
the Silva reference database (v138.1; Quast et al. 2013) and
plastid taxonomy was assigned by aligning Chloroplast ASV
sequences (as assigned by Silva) to the PhytoREF (Decelle
et al. 2015) reference database (sequence headers modified to
be used in DADA2; see Data Availability Statement for file).
The decontam package (v1.16.0; Davis et al. 2018) was utilized
to retrieve potential contaminant ASVs that showed up in the

negative control samples. No ASVs were removed, and ASV
presence in negative controls was attributed to well-to-well
contamination from true samples in 96-well plates during
polymerase chain reaction preparation (Minich et al. 2019).
Further, negative controls displayed a lack of gel electrophore-
sis bands and low Qubit fluorometer DNA concentration
values (< 1.0 ng μL�1). The phyloseq package (v1.42.0;
McMurdie and Holmes 2013) was utilized to construct a phyl-
oseq object of bacteria, archaea, and plastid-assigned algae.
Samples in the phyloseq object were normalized with total
sum scaling (or proportions) for all further 16S analyses, other
than differential abundance. Rarefaction was performed for
Shannon diversity estimates. Differences in unrarefied and
total sum scaling-normalized microbial communities (beta-
diversity) were examined with Bray–Curtis dissimilarity, fol-
lowing the recommendations of McKnight et al. (2018). Per-
mutational multivariate ANOVA analyses for group
comparisons were performed with both rarefied and
unrarefied phyloseq objects and yielded identical p values,
indicating a low influence of rarefaction on between-group
microbial community statistical results. All plots were made
with the ggplot2 (v3.4.4; Wickham 2009) and ggpubr (v0.6.0)
packages. Tidyverse packages (Wickham et al. 2019) were used
for all data manipulation.

Microbial and dissolved thiamin congener statistical
analyses

For beta diversity, the phyloseq package was used to gener-
ate microbial constrained analysis of principal coordinates
(constrained by depth and sampling line) to maximize the
variance associated with these variables and nonmetric multi-
dimensional scaling (NMDS) ordinations at the genus level
due to NMDS stress values being nearly zero at the ASV level.
The microbiomeMarker (v1.2.2; Cao et al. 2022) and microViz
(v.0.11.0; Barnett et al. 2021) packages were used with phyl-
oseq objects to generate order-level stacked barplots with rela-
tive abundance calculated by depth and sampling line. The
mia (v1.4.0; Ernst et al. 2023), ggtree (v3.4.4; Yu et al. 2016),
and pheatmap (v1.0.12) packages were used to prepare phyl-
oseq data for hierarchical clustering analyses, construct den-
drograms, and for constructing a heatmap containing station
and top genus (at least 70% of relative abundance per station)
dendrograms, respectively. Complete-linkage agglomerative
hierarchical clustering was performed based on Bray–Curtis
dissimilarity matrices. Continuous variables used in linear
regression as ordination vectors and for Pearson correlations
in Supporting Information Table S1 (dissolved thiamin conge-
ners, oxygen, density, chlorophyll a, irradiance, temperature,
salinity, and transmissivity) analyses were transformed by
Tukey’s ladder of powers (Abdallah et al. 2017) with the
rcompanion package (v2.4.34).

Analysis of microbiome composition with bias correction
differential abundance was performed with the ANCOMBC
package (v1.6.4; Lin and Peddada 2020) at the ASV level on
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DADA2-processed reads, representing 99% of ASV relative
abundances across samples, to relate ASV abundances with
continuous dissolved thiamin congener concentrations. A
total sum scaling-normalized count table of only analysis of
microbiome composition with bias correction-identified differ-
entially abundant ASVs (Supporting Information Table S2)
was then used for microbiome multivariate associations with
linear models (MaAsLin2; Mallick et al. 2021) analysis to find
significant associations between ASV relative abundances and
upwelling (Supporting Information Table S3), binned dis-
solved thiamin congeners, and depth (Supporting Information
Tables S4, S5) (see MaAsLin2 data inputs and parameters in
Supplemental Methods for details). Significant ASVs were
identified based on a q value threshold of 0.25 (raw p and
q values in Supporting Information Tables S3–S5). SAR11
oligotyping was performed with the otu2ot (Ramette and But-
tigieg 2014) package, and ecotype nomenclature followed pre-
viously established taxonomy (Bolanos et al. 2022).

The vegan package (v2.6-4; Oksanen et al. 2016) was used
for principal component analysis of dissolved thiamin conge-
ner concentrations, for permutational multivariate ANOVAs,
to find significant metadata vectors (p < 0.05) that influenced
the placement of samples onto ordination space (microbial
community NMDS and dissolved thiamin congeners principal
component analysis), and for partial Mantel tests to find
Spearman correlations between Bray–Curtis microbial commu-
nity dissimilarities and water column property Euclidean dis-
tance matrices (density and oxygen) with dissolved thiamin
concentrations as a confounding variable. A mantel test (non-
partial) was also performed to find a Spearman correlation
between the microbial community dissimilarity and a depth
distance matrix. Linear regression models were calculated with
stepwise Akaike information criterion (AIC) (both directions)
algorithms with the MASS (v7.3-60) package, and models were
constructed with the stats (v4.2.1) package. Independent vari-
ables for each model were chosen to minimize
multicollinearity and heteroscedasticity to ensure accurate
model predictions (see Linear models section in Supplemental
Methods for details on linear model assumptions testing).
Kruskal–Wallis tests and Wilcoxon signed-rank tests, with the
rstatix (v0.7.2) and ggpubr (v0.6.0) packages, were utilized to
test for significance between dissolved thiamin compound
concentration values within this study’s CCE samples and
between previously published marine dissolved thiamin com-
pound concentrations.

Results
Unique chemical and environmental properties are found
at each sampling line

Sampling lines (Navarro, the Gulf of Farallones [Farallones],
Monterey Bay [Monterey], and Point Sur in Fig. 1a; hereby
referred to as lines) displayed differences in temperature, water
density, salinity, oxygen concentrations, and chlorophyll

a levels between individual stations along coastal transects
(Fig. 1b–e; Supporting Information Fig. S2). In general, water
temperature tended to increase in stations further away from
the coast and the opposite was true for density (Fig. 1b–e;
Supporting Information Fig. S2). Navarro and Monterey stations
contained the sharpest thermoclines and pycnoclines and sev-
eral stations of these lines displayed limited temperature and
density changes by depth (NAV-461, FAR-154, and SUR-105,
-103, and -101) (Fig. 1b–e; Supporting Information Fig. S2).
Salinity differed greatly in Navarro stations compared to all
other lines and all stations generally displayed higher salinity in
stations closer to the coast (Supporting Information Fig. S2).

Peaks in oxygen concentrations from station depth profiles
were concurrent with peaks in chlorophyll a levels (Fig. 1b–e).
Farallones and Navarro stations showed higher variabilities in
oxygen concentrations (ml L�1) and chlorophyll a levels
(μg L�1) than those of Monterey and Point Sur (interquartile
concentration range values; Farallones: 3.01 and 9.38; Navarro:
2.56 and 4.71; Monterey: 2.15 and 1.31; Point Sur: 1.67 and
2.43, for oxygen and chlorophyll a, respectively). Navarro and
Monterey were the only lines to contain stations with deep
chlorophyll maxima (Fig. 1b–e). Chlorophyll a levels in the sur-
face (4–6-m depth), intermediate (6–50 m and deep chlorophyll
maxima), and deep (40–110 m) layers were highest in
Farallones stations, particularly in FAR-139 (Fig. 1b–e). Upwell-
ing fluctuated in intensity prior to, during, and following sam-
pling across all four latitudes based on daily CUTI and
biologically effective upwelling transport index measurements
(Fig. 2a, b). Relative to the 2021 spring in the central CCE,
Monterey stations exhibited strong upwelling (2.53 m2 water
s�1 and 49.2 mmol nitrate m�1 s�1), Navarro & Point Sur sta-
tions displayed intermediate upwelling (1.38 and 1.00 m2 water
s�1 and 29.4 and 20.1 mmol nitrate m�1 s�1, respectively), and
Farallones stations displayed weak upwelling (0.24 m2 water s�1

and 4.81 mmol nitrate m�1 s�1). Monterey stations also had
the deepest average mixed layers of any lines (Fig. 2c) and the
deepest mixed layers of Monterey, Point Sur, and Farallones
were at stations furthest from the coast (Fig. 2c).

Dissolved thiamin congener concentrations differ by
sampling locations and upwelling intensities

The vertical distributions of dissolved thiamin congener
concentrations varied between stations of the same line
(Supporting Information Fig. S1 and Table S6; Fig. 3a). Inter-
quartile concentration range values (displayed as numeric
range) across all stations and depths were 7.70–118.0 pM thia-
min, 1.88–7.46 pM HMP, 0.57–7.20 pM AmMP, 48.2–156.3
pM cHET, and 13.9–37.8 pM HET. Samples were binned into
depth categories for dissolved thiamin congener and microbial
analyses that included surface, intermediate, DCM, and deep
samples (Fig. 3b). Wilcoxon Signed-Rank tests indicated a sig-
nificant difference between surface layer and intermediate
depth HMP concentrations, with median concentrations of
2.41 and 6.06 pM, respectively (Fig. 3b), but no other
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dissolved thiamin congeners significantly differed with depth.
Significant differences were identified between lines by
Kruskal–Wallis tests (Fig. 3a). Navarro, Farallones, and Point
Sur lines displayed relatively consistent median concentra-
tions of HMP (5.68, 5.44, and 7.09 pM, respectively), AmMP
(3.28, 5.78, and 4.46 pM, respectively), cHET (97.1, 122.2, and
89.5 pM, respectively), and HET (20.9, 28.5, and 39.6 pM,

respectively) while the Monterey line contained lower median
concentrations of these dissolved thiamin congeners (1.78 pM
HMP, 0.23 pM AmMP, 26.6 pM cHET, and 14.7 pM HET)
(Fig. 3a). Median thiamin concentrations for each line were
16.2 pM (Navarro), 13.5 pM (Farallones), 26.8 pM (Monterey),
and 88.9 pM (Point Sur), and were less variable between lines
than other dissolved thiamin congeners (Fig. 3a).

Fig. 2. Patterns of upwelling intensity and mixed layer depth. (a) Daily average Cumulative Upwelling Transport Index (CUTI) values, colored by sam-
pling site (red = Navarro; blue = Farallones; green = Monterey; purple = Point Sur). Points indicate daily averages between all four lines. Dashed lines
indicate discrete CUTI values of each line at their dates of sampling. Gray shading indicates daily maximum and minimum CUTI values across all four lines.
(b) Daily biologically effective upwelling transport index values plotted by line and colored (bright green) by sampling time points. (c) Mixed layer depths
by line and stations are indicated as numbers.

Fig. 3. Dissolved thiamin congener concentrations by sampling line and depth. (a) Line-by-line dissolved thiamin congener concentrations (log scale).
(b) Dissolved thiamin congener concentrations (log scale) by each of the four discrete depth categories. Biosynthetic precursor compounds:
5-(2-hydroxyethyl)-4-methyl-1,3-thiazole-2-carboxylic acid (cHET) and 4-amino-5 hydroxymethyl-2-methylpyrimidine (HMP); abiotic degradation prod-
ucts: 4-amino-5-aminomethyl-2-methylpyrimidine (AmMP) and 4-methyl-5-thiazoleethanol (HET). Significant differences in concentrations between all
lines (Kruskal–Wallis tests) indicated by asterisks: “ns” = not significant, *p < 0.05, **p < 1 � 10�2, ***p < 1 � 10�3, ****p < 1 � 10�4.
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The AIC-picked linear regression models displayed signifi-
cant associations between thiamin congener concentrations
(transformed), upwelling, and environmental factors (Table 1).
Thiamin was the only congener that did not include CUTI as a
predictor variable in its respective linear regression model
(Table 1). Abiotic degradation products, HET and AmMP, were
significantly and positively associated with concentrations of
cHET and thiamin, respectively (Table 1). Linear regression
results complemented those of dissolved thiamin congener dif-
ferences by sampling line (Fig. 3a) because upwelling intensity
did not significantly predict thiamin, while all other congeners
were significantly and negatively associated with upwelling fac-
tors (HMP significant with density and oxygen, all other conge-
ners with CUTI; Table 1). Based on Spearman correlations,
thiamin concentrations did not significantly correlate with
water column environmental properties, while cHET, AmMP,
and HET all significantly positively correlated with chlorophyll
a and cHET and AmMP negatively with transmissivity
(p < 0.05; Supporting Information Table S1). Low concentra-
tions of thiamin biosynthetic precursor compounds could
therefore be an indication of the existence of strong upwelling,
as portrayed in Monterey sample sites (Fig. 3a).

Dissolved thiamin congener concentrations from diverse
marine ecosystems follow similar patterns to those within
the central CCE

We compared the dissolved thiamin congener concentra-
tions from this study to those measured in other globally

distributed marine ecosystems to contextualize thiamin avail-
ability in the central CCE with that of other marine environ-
ments (Fig. 4). Across these diverse environments, which
include multiple depth layers, we observed relatively uniform
marine dissolved thiamin concentrations (interquartile con-
centration range = 14.8–96.7 pM; median = 31.5 pM) com-
pared to thiamin precursor compounds and abiotic
degradation products. The central CCE dissolved thiamin con-
centrations (median = 28.5 pM) only differed significantly
from the data from Hood Canal, Washington, USA
(median = 2.0 pM; Heal et al. 2014), and the Roskilde Fjord,
Roskilde, Denmark (median 90.4; Bittner et al. 2024) (Fig. 4).
However, the data from the Hood Canal are likely an underes-
timate due to low reported extraction efficiencies, substantial
freshwater input, and poor circulation (Heal et al. 2014). The
distributions reported in the southern region of the CCE
(median = 40.0 pM; Sañudo-Wilhelmy et al. 2014;
Monteverde et al. 2015), the Mediterranean Sea
(median = 21.9 pM; Suffridge et al. 2018), the North Atlantic
(median = 16.5 pM; Suffridge et al. 2020), and the Sargasso
Sea (median = 16.0 pM; Carini et al. 2014) were not signifi-
cantly different from the data in this study (Fig. 4). Dissolved
HMP concentrations in the central CCE were significantly
higher than those of the Mediterranean Sea and North Atlan-
tic and significantly lower than those of the oligotrophic Sar-
gasso Sea and the Roskilde Fjord (Fig. 4). The central CCE
concentrations of cHET and HET were significantly higher
than those of the North Atlantic and, in the case of HET, the

Table 1. Thiamin congener AIC-picked linear regression results.

Dependent
variable

Independent
variable Estimate SE (+/�)

Variable
p value Sig.

Model
p value Sig. F-stat. DOF Adj. R2

Thiamin HMP 0.133 0.084 0.115 NS 0.046 * 2.80 3,74 0.07

Thiamin cHET 0.015 0.009 0.114 NS 0.046 * 2.80 3,74 0.07

Thiamin Irradiance 0.006 0.003 0.042 * 0.046 * 2.80 3,74 0.07

cHET CUTI �3.325 0.497 3.25 � 10�9 *** 3.25 � 10�9 *** 44.85 1,76 0.36

HMP CUTI �0.157 0.079 0.050 • 0.037 * 2.52 5,72 0.09

HMP Thiamin 0.285 0.151 0.063 • 0.037 * 2.52 5,72 0.09

HMP Density �1.87 � 10�14 8.74 � 10�15 0.036 * 0.037 * 2.52 5,72 0.09

HMP Oxygen �0.191 0.082 0.023 * 0.037 * 2.52 5,72 0.09

HMP Irradiance �0.007 0.004 0.091 • 0.037 * 2.52 5,72 0.09

HET CUTI �0.155 0.069 0.027 * 1.08 � 10�5 *** 8.51 4,73 0.28

HET HMP 0.156 0.093 0.098 • 1.08 � 10�5 *** 8.51 4,73 0.28

HET cHET 0.031 0.013 0.015 * 1.08 � 10�5 *** 8.51 4,73 0.28

HET Irradiance 0.006 0.003 0.066 • 1.08 � 10�5 *** 8.51 4,73 0.28

AmMP CUTI �0.135 0.031 3.55 � 10�5 *** 2.69 � 10�12 *** 28.3 3,74 0.52

AmMP Thiamin 0.412 0.063 7.25 � 10�9 *** 2.69 � 10�12 *** 28.3 3,74 0.52

AmMP DCM presence �0.145 0.082 0.082 • 2.69 � 10�12 *** 28.3 3,74 0.52

AmMP, 4-amino-5-aminomethyl-2-methylpyrimidine; cHET, 5-(2-hydroxyethyl)-4-methyl-1,3-thiazole-2-carboxylic acid; CUTI, Cumulative Upwelling
Transport Index; DCM, deep chlorophyll maximum; DOF, degrees of freedom; HMP, 4-amino-5 hydroxymethyl-2-methylpyrimidine; NS, not significant.
•p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001.
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Roskilde Fjord (Fig. 4). The AmMP concentration was signifi-
cantly lower in the central CCE than in the North Atlan-
tic (Fig. 4).

Microbial community composition differs by sampling
lines and depth, driven by dominant groups of bacteria,
archaea, and algae

Prevalent bacteria, archaea, and algae display unique rela-
tive abundances in each sampling line and depth. Notably,
algal relative abundances are based on chloroplast 16S rRNA
read counts, rather than the chromosomal rRNA gene. Algal
communities were predominantly composed of diatoms
including Thalassiosirales, Bacillariales, Chaetocerotales, and
Rhizosoleniales (Fig. 5a). Farallones, Navarro, Monterey, and
Point Sur sites displayed particularly high relative abundances
of Thalassiosirales, Chaetocerotales, and Corethrales diatoms,

Prymnesiales and Phaeocystales haptophytes, and Naviculales
(Point Sur) (Fig. 5a). Triceratiales diatoms also displayed
heightened relative abundances in Point Sur and Farallones
(Fig. 5a). Limited depth differences in algal relative abundances
were observed, aside from heightened relative abundances of
Phaeocystales and unclassified Prymnesiophyceae haptophytes
in the deepest samples (Supporting Information Fig. S3A).

Across lines and depths, bacteria and archaea were primarily
composed of Bacteroidota (Flavobacteriales and Chitinophagales),
Proteobacteria (Alphaproteobacteria; Rhodobacterales, SAR11,
and Gammaproteobacteria; Pseudomonadales), Crenarchaeota
(Nitrosopumilales), Thermoplasmatota (Marine Group II), and
Verrucomicrobiota (Verrucomicrobiales) (Fig. 5b). Flavo-
bacterales and Rhodobacterales taxa showed high relative
abundances in Navarro sites relative to other lines, and the
opposite was true for Chitinophagales taxa (Fig. 5b).

Fig. 4. Global comparison of dissolved thiamin congener concentrations in marine sites. The y-axis displays log scale pM concentrations, and columns
are organized by individual thiamin congeners. Publication citations associated with each global dissolved thiamin congener sampling location (other
than our data) are displayed in the key. Significant Wilcoxon signed-rank tests between central CCE samples and other marine locations are indicated by
asterisks, individual significant pairwise p values (from left to right) are as follows: 1 � 10�3, 4.5 � 10�4 (thiamin panel); 2 � 10�15, 3.4 � 10�4,
2.4 � 10�11, 5 � 10�3 (HMP panel); 3.8 � 10�4 (AmMP panel); 1.8 � 10�8 (cHET panel); 1.1 � 10�11, 2.4 � 10�11 (HET panel).
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Farallones, Monterey, and Point Sur sites contained a similar
composition of bacterial and archaeal orders with few excep-
tions: Nitrosopumilales and Verrucomicrobiales displayed
high relative abundances in Monterey and Farallones sites,
respectively (Fig. 5b). The deepest samples contained high rel-
ative abundances of Nitrosopumilales, Pseudomonadales,
Marine Group II, Marinimicrobia (SAR406 clade), Micro-
trichales, SAR324 (Marine Group B), and rare taxa, and low
relative abundances of Flavobacteriales, Rhodobacteriales, and
Chitinophagales compared to other depths (Supporting Infor-
mation Fig. S3B). Many taxa that displayed higher relative
abundances in the deepest samples also showed high relative
abundances in Monterey sample sites (Fig. 5b; Supporting
Information Fig. S3B).

Microbial community composition and dissolved thiamin
congener concentrations influence each other and are
uniquely impacted by chemical and oceanographic factors

Bray–Curtis dissimilarities of bacterial, archaeal, and algal
communities differed based on upwelling categories, line, and
depth (permutational multivariate ANOVA p = 0.001 for all).

The median Shannon diversity index did not greatly differ
between the surface, intermediate, and DCM (if present)
depths in any of the sampling lines, and only Monterey sites
significantly differed by Kruskal–Wallis tests (Fig. 6a). The
deepest samples in Monterey displayed the highest Shannon
diversity of all depths across sampling lines (Fig. 6a). Con-
strained analysis of principal coordinates performed to maxi-
mize the community differences associated with the above
variables explained 22.3% of variance on the principal axis
and 12.9% of variance on the secondary axis (Fig. 6b). The
deepest samples across sampling lines displayed similar micro-
bial communities and differed greatly from surface, intermedi-
ate, and DCM samples (Fig. 6b). Based on the placement of
samples in ordination space, the Farallones samples appeared
to contain a unique community composition overall, as dis-
played in the constrained analysis of principal coordinates
and NMDS plots (Fig. 6b,c).

Microbial community composition of each sampling line
correlated with a multitude of environmental factors (Fig. 6c
vectors of transformed variables; all p < 0.05), including dis-
solved thiamin congener concentrations (Fig. 6c vectors).

Fig. 5. Prevalent microbial orders by line. Stacked bar plots depicting the relative abundance of (a) algal and (b) bacterial and archaeal Orders. Colors
and taxonomies are organized from high to low relative abundances (left to right). Relative abundances are averaged across stations and depths of each
sampling line. The 15th most abundant taxonomic Orders were collapsed into the “Other taxa” category.
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AmMP and cHET concentrations each influenced the commu-
nities of Farallones sites (Fig. 6c), ostensibly contributing to
their unique community composition. In addition to NMDS
vectors (Fig. 6c), Partial Mantel test results provided evidence
that upwelling-associated environmental factors (density and
oxygen) influenced microbial community composition, inde-
pendent of thiamin concentrations (thiamin included as con-
founding variable in partial Mantel test). Partial Mantel tests
were performed on surface and intermediate (including DCM)

depths to examine the influence of deep-water-associated envi-
ronmental factors on shallower layer microbial communities,
which could have an impact under strong upwelling due to the
upward transport of water masses from deeper layers. Significant
(p < 0.05) correlations existed between microbial Bray–Curtis dis-
similarity matrices of genera in surface and intermediate depths
and density and oxygen concentration differences (Spearman’s
correlation coefficients = 0.16 [density] and 0.08 [oxygen];
p = 7 � 10�4 [density] and 0.03 [oxygen]), indicating a high

Fig. 6. Microbial and thiamin congener diversity. (a) Alpha diversity measured by the Shannon index (rarefied bacteria, archaea, and algae; amplicon
sequence variant level) across depths for each sampling line. “ns” = not significant, *p < 0.05, **p < 1 � 10�2. (b) Constrained analysis of principal coor-
dinates of the genus collapsed profiles for each sample, colored by depth categories. Each point corresponds to the genus-level microbiome at a discrete
station and depth. Centroids correspond based on normalized multivariate distributions of genus relative abundances per line. (c) Nonmetric multi-
dimensional scaling (NMDS) ordination (stress = 0.113) of genus-level microbiomes of discrete stations and depths with vectors (p < 0.05) indicating the
influence of variables on the placement of samples in NMDS space. Samples are colored by line and shapes correspond to time periods of upwelling
intensity. “Chl” = chlorophyll a. (d) Principal component analysis of dissolved thiamin congener profiles of each discrete station and depth with vectors
(p < 0.05) indicating the influence of variables on the placement of samples in principal component analysis space. Samples are colored by line and
shapes correspond to time periods of upwelling intensity.
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influence of deep-water factors on intermediate-to-surface layer
microbial communities.

Across all water depths, microbial community dissimilarity
also increased concurrently with depth increases, based on
Mantel (non-partial) tests between Bray–Curtis dissimilarity
and water depth (Spearman’s correlation coefficient = 0.17;
p = 1 � 10�4). Similar to microbial communities, concentra-
tions of the five dissolved thiamin congeners differed between
sampling lines and temporally dependent upwelling intensi-
ties (Fig. 6d). Monterey differed the most in the dissolved thia-
min congeners concentration profile compared to other lines
(Fig. 6d; principal component 1 explained variance = 45.5%,
principal component 2 explained variance = 0.67%), which
was correlated with water transmissivity (Fig. 6d). These data
display a potential link between microbial community compo-
sition, upwelling, and the dissolved pool of thiamin congeners
(Fig. 6d).

Sampling stations cluster by abundant genera that
influence dissolved thiamin congener concentrations

Sampling stations were clustered hierarchically based on
Bray–Curtis dissimilarities of prevalent genera that comprised
at least 70% of total relative abundance per station. A majority
of these genera (25/38) contained ASVs that were differentially
abundant (p < 0.05 in Supporting Information Table S2) with
cHET (Fig. 7a; Supporting Information Table S2). Only
Roseibacillus ASVs were differentially abundant with both thia-
zole moieties (Fig. 7a; Supporting Information Table S2). Fewer
ASVs with low relative abundances were differentially abun-
dant with HMP concentrations (2 total; OM27 clade and
unclassified Desulfobacterota) and HET concentrations (4 total;
Roseibacillus ASV [1], unclassified Nitrincolaceae [formerly
Oceanospirillaceae] [2], and Stappiaceae [1]) (Supporting Infor-
mation Table S2). A total of 43 ASVs were differentially abun-
dant with cHET (Supporting Information Table S2), indicating

Fig. 7. Relative abundances of prevalent genera and significant ASV correlations with dissolved thiamin congeners. (a) Heatmap where x- and y-axes are
ordered based on hierarchical clustering dendrograms derived from Bray–Curtis dissimilarities of the composition of abundant genera per station and
those of abundant genera across stations. Station groups are synonymous with monophyletic groups of the dendrogram. Black asterisks indicate that the
genus containing ASVs is differentially abundant with cHET concentrations. Orange asterisks indicate that the genus containing ASVs is differentially abun-
dant with HET concentrations. (b, c) Differentially abundant ASVs were used to generate MaAsLin2 heatmaps displaying significant associations between
binned sample depth, upwelling, thiamin (b), AmMP (b), and HET (b), HMP (c), and cHET (c). In both (b) and (c) panels, rows correspond to ASVs (with
genera indicated) that are significantly associated with at least one x-axis variable. Upwelling associations are indicated by S and W for strong and weak
upwelling, respectively (no letter indicates no association with upwelling). Negative associations (�) are indicated in blue and positive associations (+)
are indicated in red, and the degree of significance (based on q values) is indicated by the color shade (see bottom keys). Categorical bins include: upwell-
ing (weak, intermediate, strong), depth (surface, intermediate, deep), and thiamin congeners (low [< 25th percentile], intermediate [25th–75th percentile],
and high [> 75th percentile]).
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a considerable correlation between microbial communities
and this compound. Collectively, the 54 ASVs that were differ-
entially abundant differentially abundant ASVs (Supporting
Information Table S2) represented 31.6% of total ASV relative
abundance across all samples.

Significant correlations between relative abundances of dif-
ferentially abundant ASVs and dissolved thiamin congener
concentrations, upwelling intensity, and depth were identified
by MaAsLin2 multivariate models. Nearly all of these taxa
were significantly correlated (q < 0.25) with upwelling (48/54
differentially abundant ASVs; Supporting Information Fig. S4
and Table S3). In the first multivariate associations model
(Fig. 7b), positively correlated taxa included Nitrincolaceae,
Eionea (high AmMP bin), Thalassiosira, Cryomorphaceae, Can-
didatus Nitrosopumilus, and OM60 NOR5 clade (low AmMP
bin), Candidatus Nitrosopumilus and SAR92 clade (low thiamin
bin), and Roseibacillus (low HET) ASVs. Negatively correlated
taxa (each genus containing 1 ASV unless indicated otherwise;
Fig. 7b) included Nitrincolaceae (low thiamin bin) and Mar-
inimicrobia SAR406 clade, Candidatus Actinomarina,
Ectothiorhodospiraceae, SAR86, OCS116 clade, NS9 marine
group (2 ASVs), Roseibacillus, Marine group II, OM182 clade,
SAR92 clade, and NS5 marine group (low AmMP bin) ASVs. In
the second multivariate associations model (Fig. 7c), positively
correlated taxa included Nitrincolaceae, Eionea, Cryomorphaceae,
and Roseobacter clade NAC11.7 (high cHET), SAR92 clade and
Candidatus Nitrosopumilus (low HMP), and SAR11 clade 1a.1
ecotype, SUP05 cluster, Candidatus Puniceispirillum, Mar-
inimicrobia SAR406 clade, OCS116 clade, and SAR116 clade
ASVs (low cHET bin). Negatively correlated taxa (Fig. 7c)
included Roseibacillus and Ascidiaceihabitans (low HMP bin)
ASVs. A large portion of ASVs associated with dissolved thia-
min congener bins also showed significant correlations with
depth (Fig. 7b,c). These combined results provide further evi-
dence that taxa whose relative abundances change with depth
could uniquely influence dissolved thiamin congener concen-
trations, depending on upwelling intensity.

Discussion
Though site-specific environmental differences exist

between sampling lines (sample site description in Methods),
CUTI values showed consistent temporal upwelling patterns
across the central CCE from late April to May (shaded gray
range in Fig. 2a), indicating regionally stable temporal oscilla-
tions in upwelling. Our modeled upwelling data were consis-
tent with the abnormally cool and upwelling-intense coastal
conditions observed in 2021 in the central CCE, which were
characterized by cool surface water temperatures and high
chlorophyll a levels (Figs. 1, 2; Supporting Information
Fig. S2) (Thompson et al. 2022). The general oceanographic
patterns observed during 2021 were also consistent with those
previously described for this region during this season, with
increased temperatures and deeper mixed layer depths

offshore, and higher salinity and density inshore (Santora
et al. 2012). With oceanographic factors following previous
trends, we hypothesized that microscale relationships between
microbial populations and thiamin congeners would explain
site-specific differences in thiamin congener availability and
microbial community compositions.

Clear connections existed between CCE microbial commu-
nity compositional changes, as a result of upwelling and water
property changes from the upward transport of deep-water
masses, and the net depletion or accumulation of thiamin
congeners. Our data provide evidence that thiamin abiotic
degradation products and biosynthetic precursors are depleted
under strong-upwelling conditions while thiamin concentra-
tions remained more stable with upwelling (Fig. 3a). Weak-
upwelling Farallones stations contained higher pyrimidine
and thiazole congener concentrations than strong-upwelling
Monterey stations (Fig. 2a). Linear regression analysis also
demonstrated that low concentrations of all congeners aside
from thiamin were negatively associated with CUTI, indicat-
ing the potential for pyrimidine and thiazole congeners being
more heavily trafficked by microbial communities than intact
thiamin under upwelling conditions. Partial Mantel test results
also indicated that microbial community changes in shallower
water layers were influenced by deep-water-associated factors,
providing evidence that thiamin congener depletion results
from upwelling-driven microbial community alterations.

Our data also support the observation that changes to cen-
tral CCE microbial community composition correlate with
changes in dissolved thiamin congener concentrations, partic-
ularly thiazole compounds (Fig. 7a,b). Based on the
limited depth differences in dissolved thiamin congener con-
centrations (Fig. 7b) and a large fraction of ASVs that signifi-
cantly correlated with both changes in upwelling intensity
and thiamin congeners (Fig. 7b,c), it is likely that upwelling-
driven microbial community compositional changes result in
alterations to the net exchange of thiamin congeners by
microbes in the dissolved pool. Several key taxa appear to be
involved in this hypothetical mechanism including
Thalassiosira, which were abundant across sites in all sampling
lines and are known thiamin prototrophs (Sañudo-Wilhelmy
et al. 2014). While Farallones sites that exhibit weak upwelling
contained the highest Thalassiosira relative abundances, one
particular ASV was enriched with strong upwelling (Monterey
sites) and with depth (ASV3558; Fig. 7b; Supporting Informa-
tion Fig. S3). This trend was also displayed with SAR11 clade
Ia ecotypes (Ia.1 and Ia.3), which were broadly distributed
across all sample sites, yet specific ASVs were found only at
Monterey sites (Supporting Information Fig. S5) and were sig-
nificantly enriched with depth, strong upwelling, and at sites
with low cHET concentrations (ASV0023 and ASV0285 in
Fig. 7b; Supporting Information Fig. S4). SAR11 are known
HMP auxotrophs, and relative abundances of unique SAR11
ASVs in strong-upwelling sites could have also been associated
with the low HMP concentrations at Monterey stations
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(Fig. 3). Overall, these data provide evidence that changes in
relative abundance of specific ASVs have a meaningful influ-
ence on the dissolved pool of thiamin congeners.

SAR11 clade Ia ASVs are also known to vary based on
upwelling-dependent nitracline depths in the Southern CCE
(James et al. 2022). Candidatus Nitrosopumilus ASVs were
enriched with depth, upwelling, and thiamin congeners
(Fig. 7b), and can produce B vitamins (thiamin, B2, B5, B6, and
B7; Santoro et al. 2015), potentially providing a thiamin
source to auxotrophs like SAR11 taxa under upwelling condi-
tions (Bayer et al. 2019). Relative abundances of Eionea and
Cryomorphaceae ASVs further demonstrated the impact (or lack
thereof) of upwelling on the relative abundances of individual
ASVs that correlate with dissolved thiamin congener concen-
trations. These taxa were significantly enriched with both
weak upwelling and high concentrations of AmMP and cHET
(ASV0681 and ASV1107 in Fig. 7b), while one Cryomorphaceae
ASV (ASV0014) was enriched with strong upwelling and low
AmMP concentrations (Fig. 7b). Though high-level taxonomic

annotations provide information on the genetic potential for
microbes to cycle thiamin congeners (Sañudo-Wilhelmy et al.
2014; Paerl et al. 2018b), our data show that specific ASVs
strongly correlate with dissolved thiamin congener concentra-
tions in the upwelling-intense central CCE. More broadly, this
could mean that strain-level variations in CCE microbial
populations exert unique influences on thiamin congener
trafficking.

Our results suggest that variations in upwelling intensity
are associated with compositional and diversity alterations to
microbial communities (Figs. 6a–c, 7b, c, and partial Mantel
tests). These upwelling-associated microbial alterations could
alter the net exchange of thiamin congeners between
microbes and the dissolved pool. We hypothesize that the ver-
tical transport of deep-water masses and microbes that is cau-
sed by strong upwelling leads to the depletion of thiamin
congeners in the dissolved pool, likely due to an imbalance
between microbial production and consumption (Fig. 8). This
hypothesis is supported by the minimal site-by-site depth

Fig. 8. Conceptual diagram of the influence of upwelling on microbial communities and dissolved thiamin congeners. Displays a water column with
microbial communities (in circles) interacting with the dissolved pool of thiamin congeners in shallower layers. The direction of influence of microbial
communities on thiazole (cHET and HET) and pyrimidine (HMP and AmMP) is indicated by reaction arrows. Vertical panels are separated by hypothetical
upwelling intensity, indicated by magnitudes of blue arrows. Deep-water properties in each vertical panel are identified in water droplets and are pur-
posely exaggerated to display differences.
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changes in thiamin congener concentrations (Fig. 3b), while
microbial communities and the influences of microbial
populations on thiamin congeners varied greatly by depth
(Supporting Information Figs. S3; Figs. 6a, b, 7b, c). Future
research should examine if hypothetical imbalances in net thi-
amin congener exchange are caused by lower production by
prototrophs, higher consumption by auxotrophs, or a combi-
nation of both factors under upwelling conditions. Our
hypothesis is relevant to a rapidly changing CCE where major
shifts in organismal diversity across trophic levels and regional
intensified upwelling under climate change conditions have
been projected (Xiu et al. 2018; Bograd et al. 2023). Water col-
umn acidity, deoxygenation, and nutrients have been
modeled to increase commensurately with upwelling in the
CCE (Cheresh and Fiechter 2020) and will likely have major
impacts on microbial communities and concentrations of dis-
solved thiamin congeners (Fig. 8). Though our framework
could broadly capture microbial and dissolved thiamin conge-
ner changes associated with upwelling, the impact of site-
specific factors such as bathymetry, local weather, water mass
mixing, and terrestrial inputs on microbial communities and
dissolved thiamin congeners should also be considered. Based
on our and global marine thiamin congener data (Fig. 4), it is
also possible that the dissolved availability of intact thiamin
is broadly less variable in marine ecosystems than pyrimidine
and thiazole congeners. Previous work indicating genome-
specific differences in thiamin auxotrophy states (Paerl et al.
2018b) supports this notion, as multitudes of microbial sal-
vage strategies exist across global aquatic ecosystems to scav-
enge exogenous thiamin precursors for biosynthesis. We
hypothesize that ASV- or strain-level changes in microbial
populations with unique auxotrophy states are particularly
influential on exogenous availabilities of thiamin precursors
in marine ecosystems.

Conclusion
Thiamin is an essential coenzyme required by nearly all life

on Earth, and assessing its microbially derived availability in
rapidly changing CCE habitats is crucial to understanding the
microbial ecology and food web stability of this ecosystem.
Our data support our initial hypotheses that upwelling-
associated alterations in springtime central CCE microbial
community compositions influence dissolved thiamin conge-
ners and that CCE thiamin congener concentrations are sig-
nificantly different from those of other marine ecosystems.
Heightened springtime upwelling may alter marine microbial
communities in the CCE and influence the net exchange of
dissolved thiamin congeners between microbial producers and
consumers. Alterations to CCE microbial ecology could shift
microbial communities toward states of disequilibria and
potentially constrain concentrations of thiamin and biochem-
ically related moieties in the dissolved pool. Further research
will ascertain direct links between marine microbial

communities and CCE biodiversity and identify how dissolved
thiamin congeners influence food web stability from a full tro-
phic level perspective.
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