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Short-term acidification promotes diverse
iron acquisition and conservation mechan-
isms in upwelling-associated phytoplankton

Robert H. Lampe 1,2, Tyler H. Coale1,2, Kiefer O. Forsch3, Loay J. Jabre 4,
Samuel Kekuewa 3, Erin M. Bertrand 4, Aleš Horák 5,6, Miroslav Oborník5,6,
Ariel J. Rabines1,2, Elden Rowland4, Hong Zheng2, Andreas J. Andersson3,
Katherine A. Barbeau 3 & Andrew E. Allen 1,2

Coastal upwelling regions are among the most productive marine ecosystems
butmaybe threatenedby amplifiedocean acidification. Increased acidification
is hypothesized to reduce iron bioavailability for phytoplankton thereby
expanding iron limitation and impacting primary production. Here we show
from community to molecular levels that phytoplankton in an upwelling
region respond to short-term acidification exposure with iron uptake path-
ways and strategies that reduce cellular iron demand. A combined physiolo-
gical and multi-omics approach was applied to trace metal clean incubations
that introduced 1200 ppm CO2 for up to four days. Although variable,
molecular-level responses indicate a prioritization of iron uptake pathways
that are less hindered by acidification and reductions in iron utilization.
Growth, nutrient uptake, and community compositions remained largely
unaffected suggesting that these mechanisms may confer short-term resis-
tance to acidification; however, we speculate that cellular iron demand is only
temporarily satisfied, and longer-term acidification exposure without
increased iron inputs may result in increased iron stress.

Present-day atmospheric carbon dioxide (CO2) concentrations of over
400 ppm have not been observed in the past 800,000 years and are
increasing at an average rate that exceeds any observed in the past
20,000 years1–3. Approximately 30%of this released CO2 is absorbed in
the surface ocean resulting in a shift in the carbonic acid system and
decline in seawater pH known as ocean acidification4.

Coastal upwelling regions such as the California Current System
(CCS) account for a significant proportion of marine primary pro-
duction and exhibit some of the largest pH variability in the ocean due
to the natural acidity of upwelled waters5,6. Some coastal upwelling

areas are also expected to experience accelerated or amplified ocean
acidification5,7. In the CCS for example, the rate of acidificationmay be
double that of the global average resulting in increased overall expo-
sure to higher acidity for organisms, particularly during periods of
strong upwelling5,8,9.

Phytoplankton, especially diatoms, drive the high levels of pri-
mary production in upwelling regions that in turn support highly
productive fisheries5; however, their vulnerability to acidification
remains uncertain. Most phytoplankton species appear to exhibit
relatively little response to acidification although there is variability
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among taxa10. Field-based experiments with diatom communities
suggest that effects from acidification are more frequently positive
than negative and coastal communities are less affected than oceanic
communities; however, shifts in community composition may also
occur11.

Further uncertainty in phytoplankton responses lies in the rela-
tionships between ocean acidification and iron bioavailability. Iron is a
critical micronutrient for phytoplankton growth that is often limiting
in the ocean including coastal upwelling regions such as the California
Current and Peru/Humboldt Current Systems12–15, and its availability in
a future more acidic ocean remains controversial16. Reductions in
bioavailable iron in response to acidification have been demonstrated
in laboratory settings and are attributed to twomechanisms: (1) under
acidic conditions, iron is less likely to disassociate fromcertain organic
ligands to its more bioavailable form, labile dissolved inorganic iron
(Fe’)17, and (2) the algal inorganic iron uptake protein, phytotransferrin
(pTF), is dependent on carbonate ion concentrations (½CO2�

3 �) that
decline under acidic conditions18. In the California Current system,
½CO2�

3 � is estimated to have declined 35% during the 20th century9.
The laboratory studies demonstrating these impacts in bioavail-

able iron may not have captured important dynamics including biotic
interactions with siderophore-producing bacteria, a significantly more
complex iron pool, and dynamic nutrient availability19. Further acid-
ification experiments with natural seawater and a single diatom spe-
cies, Thalassiosira weissflogii, did not produce significant differences
in iron uptake rates indicating the presence of natural iron-binding
ligands that are largely unaffected by pH17, although reductions in Fe’
in the natural environment from increased complexation have also
been observed20,21. Other experiments and modeling studies suggest
that iron bioavailability may instead increase in response to acidifica-
tion due to increased solubility of Fe(III)22–24, increased oxidative life-
times of highly bioavailable Fe(II)5,25, and enhanced dissolution of
particulate iron26.

Previous field-based studies examining the effects of ocean acid-
ification on phytoplankton communities under iron stress or limita-
tion, namely within the iron-limited subarctic North Pacific and
Southern Ocean, have shown conflicting results. Some experiments
have shown that diatom communities are negatively impacted with
reduced abundances, growth rates, and photosynthetic
efficiencies27–30. Other experiments observed no changes in growth,
macronutrient uptake, and community composition31–33. One experi-
ment in the Southern Ocean observed no differences in growth or
macronutrient uptake in the whole phytoplankton community; how-
ever, centric diatoms appeared to be favored over pennate diatoms
indicating variable responses among more specific taxonomic groups
that may not be evident if examining the entire community34. In con-
trast to these other experiments, Hopkinson, et al.35 made pH adjust-
ments to communities in the Gulf of Alaska resulting in very modest
increases to growth and photosynthetic efficiency in conjunction with
downregulation of certain photosynthetic proteins. Other ocean
acidification studies have been conducted in regions with relatively
high ambient iron concentrations, some of which used artificially high
levels of strong iron-binding ligands to induce iron stress36–39; however,
these ligands also increase the solubility of iron leading to increased
overall dissolved iron concentrations40.

Within upwelling regions, previous experiments also indicate a
lack of change in response to acidification with diatom-dominated
phytoplankton assemblages, but acidification was not assessed along
with iron status even though the phytoplankton communities in these
regions often exhibit high iron demand and limitation12–14. In the CCS,
several experiments showed no discernible differences in growth,
primary productivity, and carbon-to-nitrogen ratios41–43; however,
responses were not evaluatedwith CO2 levels greater than 800ppm to
exceed modern day surface pH variability in upwelling systems (Sup-
plementary Tables 1 and 2). Only Osma, et al.44 examined responses up

to 1,600 ppm CO2 in the Peru/Humboldt Current System, but also did
not observe differences in macronutrient drawdown, chlorophyll a
concentrations, or diatom cell abundances.

High pH variability in coastal upwelling ecosystems has led to
speculation that the native microorganisms in these regions may have
the metabolic flexibility to accommodate relatively large pH changes.
As evidenced by the response of higher trophic levels (mussels, gas-
tropods, and planktonic copepods) in the Peru/Humboldt Current
System, examining ocean acidification relative to local conditions
rather than the global mean provides an improved understanding of
organisms’ tolerance45. As a result, phytoplankton responses in coastal
upwelling regionsmay be different than those observed in other areas
such as chronically iron-limited (high-nitrate low-chlorophyll) regions
with low pH variability5,46.

Furthermore, the aforementioned field-based experiments
employed physiological assessments of the whole phytoplankton
community that are incapable of discriminating changes only occurring
within a specific taxonomic group. At times, taxon-specific pigment
analyses and microscopic cell counts were employed showing a lack of
change in abundances for more specific taxonomic groups or species,
but not offering a window into taxon-specific physiological
adjustments28,31,35. As previously mentioned, centric and pennate dia-
toms exhibited differing trends in their relative abundances in an
experiment in the Southern Ocean34 suggesting more taxonomically-
specific resolution is needed to evaluate responses to ocean acidifica-
tion. Transcriptomic and proteomic analyses can provide this greater
resolution while also providing insight into the short-term molecular-
level changes that may precede physiological changes or differences in
community structure. Moreover, molecular-level knowledge of phyto-
plankton responses to acidification is limited to a small number of taxa
under laboratory conditions without considering iron bioavailability or
using organisms obtained from upwelling areas47–49.

Thus, to evaluate potential impacts of acidification on phyto-
plankton in an upwelling region, ocean acidification was simulated
with natural phytoplankton communities in theCCS. Tracemetal clean
techniques were used throughout enabling interrogation of
acidification-driven effects on iron availability without unnatural
changes to the iron pool. Air-CO2 gas mixtures up to 1200 ppm CO2

were applied, which exceeds both the projected global mean atmo-
spheric CO2 concentration for the year 2100 under the highest emis-
sion Shared Socio-Economic Pathway (SSP5-8.5) and most reported
surface seawater pCO2 and pH variability in the CCS (Supplementary
Tables 1–3). With a combined physiological and multi-omic approach,
these experiments enable probing of mixed phytoplankton assem-
blages’ sensitivity to short-term acidification exposure from the whole
community to taxonomically-specific molecular levels while con-
sidering the high importance of iron bioavailability.

Results
Experimental set-up, initial conditions, and assessments of iron
limitation
Four incubation experiments were conducted in the CCS. Experiments
1–3 occurred within an upwelling filament, represented by newly
upwelled waters at Experiment 1 that progressively aged by Experi-
ment 3, and used communities from the near-surface (Fig. 1a and
Supplementary Fig. 1, Table 1). Experiment 4 serves as a farther off-
shore site with an initial community from a subsurface chlorophyll
maximum layer (SCML) at 60m (Supplementary Fig. 1).

Initial pH at Experiment 1 was lowest (7.89 ±0.00) as upwelled
water naturally have low pH and then became less acidic (8.06 ± 0.01
by Experiments 3 and 4) from outgassing and primary production
(Supplementary Fig. 2 and Table S3)5,8,50,51. In each experiment, tripli-
cate bottles were supplemented with chelexed macronutrients
(Table 1) and bubbled with HEPA-filtered air balanced with 400, 800,
or 1200 ppm CO2. Samples were then collected at one-day intervals
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that varied among experiments to attempt to avoid macronutrient
depletion with an upper limit of 96 h to also avoid increased bottle
effects: 48 and 72 h for Experiment 1, 24 and 48 h for Experiment 2, and
48 and 96 h for Experiments 3 and 4 (Table 1). By the time of sampling,
the incubations had an approximate pH of 8.0 ± 0.0, 7.8 ± 0.0, and
7.6 ± 0.0 (Supplementary Fig. 2) and pCO2 concentrations of 413 ± 21,
800 ± 34, and 1197 ± 44 µatm for each respective treatment with some
variability in pCO2 concentrations among experiments (Supplemen-
tary Table 3).

As anticipated for the region, initial dissolved iron concentrations
([dFe]) were below 1 nmol L−1 (Fig. 1b)13; only a small fraction of this
dissolved iron exists as inorganic Fe(III) with most bound to organic
ligands52. Labile particulate iron concentrations were highest in the
vicinity of Experiment 1 ( > 10 nmol L−1), and decreased to generally less
than 1.0 nmol L−1 offshore near Experiments 3 and 4 (Supplemen-
tary Fig. 3).

With these iron concentrations, the addition of macronutrients
created the potential for iron stress or limitation, particularly at

Fig. 1 | Overview of the initial conditions for the four experiments (E1–E4).
aMapof experiment locations with satellite-derived chlorophyll a. The chlorophyll
a data was obtained from the NOAA Coastwatch Browser as a 14-day average
centered on August 22, 2020 which falls between Experiments 2 and 3 (Table 1).
bDissolved iron concentrations (dFe, nmol L−1). Nitrate (NO3, µmol L−1) to dissolved
iron (dFe, nmol L−1) ratios (c) before and (d) after macronutrient addition at the
start of each experiment. The horizontal dashed line indicates the threshold for
potential iron limitation (8 µmol:nmol)53,122. Ratios were derived and standard

deviations were propagated from the average values of field replicates presented in
Figs. 1a and 2a. e Siex proxy for diatom iron limitation within each experimental
treatment. Initial time point (T0) values reflect the Siex value following macro-
nutrient addition. Negative values indicate iron stress or limitation due to pre-
ferential uptake of silicic acid (H4SiO4) relative to nitrate (NO3)

53,122. Error bars
represent the standard deviation of the mean (n = 3 biologically independent
samples or field replicate samples for T0). For dissolved iron concentrations at
Experiments 1 and 4 and macronutrient data at T0 of Experiment 2, n = 2.
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Experiments 3 and 4 with Experiment 2 already showing signs of Fe
limitation in situ. Ratios of nitrate to dissolved iron concentrations
(NO3:dFe) greater thaneight (µmol:nmol) suggest thepotential for iron
limitation53, and the initial conditions of all experiments exceeded this
threshold following the addition of NO3 (Fig. 1c, d). These ratios are
also in line with those that naturally occur in the region54.

Siex is an additional biogeochemical proxy that serves as an indi-
cator of Fe limitation in diatoms53; as Fe-limited diatoms preferentially
uptake silicic acid (H4SiO4) relative to NO3

55, lower than expected
H4SiO4 concentrations compared to NO3 concentrations indicates the
presence of Fe limitation. Siex reports the difference between H4SiO4

and NO3 concentrations (Methods); therefore, negative values indicate
greater H4SiO4 uptake due to iron stress in diatoms. At Experiment 2,
negative values were observed from the initial timepoint (T0)
throughout the experiment (Fig. 1e). Following macronutrient addi-
tion, negative values were also observed in Experiments 3 and 4 while
values remained positive in Experiment 1 (Fig. 1e).

Parallel incubations with unamended control treatments and iron
addition treatments (+5 nmol L−1) were performed to further evaluate
the presence of iron stress during the experiments. Following 24 h of
incubation at Experiment 2 and 48 h at Experiment 3, chlorophyll a
concentrations significantly increased with the addition of iron indi-
cating the presence of iron limitation in these communities by the first
sampling time points (Supplementary Fig. 4). At Experiment 4, nitrate
was initially depleted indicating no iron limitation in the initial com-
munity (Fig. 2 and Supplementary Fig. 5); however, in incubations
initiated 24 h later while following a Lagrangian drifter, significant
increases in chlorophyllawereobservedonlywith the addition of both
iron and nitrate suggesting co-limitation in this community. As nitrate
was added without iron in the community subjected to increased
acidification, it was likely iron-limited. Considering low ( < 1 µmol L−1)
nitrate concentrations after 72 h in Experiment 1 (Fig. 2), the phyto-
plankton community there was not iron-limited, although it may have
encountered some degree of iron stress.

Whole-community physiological responses
Despite differences in pH between treatments at all timepoints (Sup-
plementary Fig. 2), few significant differences (P < 0.05)were observed
in chlorophyll a concentrations, particulate carbon-to-nitrogen ratios,
and macronutrient concentrations. Short-term iron uptake rates were
normalized toboth chlorophylla andparticulateorganic carbon (POC)
with both inorganic iron (FeCl3) and iron bound to the organic ligand
desferrioxamine B (Fe-DFB)(Fig. 2 and Supplementary Figs. 6, 7).
Although chlorophyll content varies in response to environmental
conditions56, light and temperature were consistent during the
experiments resulting in comparable chlorophyll-normalized rates
that may better reflect photoautotrophic biomass compared to POC.
Chlorophyll a has often also been used to normalize Fe uptake rates in

phytoplankton communities as POC includes heterotrophic
biomass39,57,58.

When normalized to chlorophyll a, maximum inorganic Fe uptake
rates were significantly higher in the 1200 ppmwhen compared to the
400 ppm treatment at the final time point for Experiment 3 (P = 0.016)
indicating an increase in cell surface transporters57. All other Fe uptake
rates were not significantly different among treatments at each time
point and experiment including when normalized to POC. The mea-
surable uptake of Fe-DFB, particularly at Experiments 3 and 4 where
rates were similar to those of iron-limited populations and isolates59,60,
further indicates iron stress as phytoplankton normally only acquire
significant amounts of Fe-DFB when iron-limited57.

Community growth rates (µ) estimated from chlorophyll a con-
centrations were also not significantly different between the experi-
ments (Supplementary Fig. 8). In Experiment 1, a relatively rapid
average growth rate of 0.87 ± 0.10 d−1 suggests that members of these
communities may have performed multiple cell divisions leading to a
large increase in chlorophyll a and drawdown of NO3 to <1 µmol L−1.
Multiple divisions also may have potentially occurred at Experiment 3
(µ = 0.46 ±0.04 d−1) and approximately one division may have occur-
red before the termination of Experiment 4 (µ =0.27 ± 0.04 d−1) as both
experiments were four days long. Collectively, these rates suggest that
the total exposure to acidification exceeds that of the community
doubling time. In the case of Experiment 2, the shorter duration of the
experiment (48 h) and lower average growth rate (µ = 0.32 ±0.08 d−1)
suggests that the community doubling time exceeded the duration of
exposure. This lower growth rate was likely driven by iron-limitation in
the initial community

Microbial community composition
Eukaryotic and prokaryotic community compositions throughout the
ocean acidification experiments were inferred via 18S and 16S riboso-
mal RNA (rRNA) amplicon sequencing (Fig. 3, Supplementary Data-
sets 1 and 2). Within eukaryotic phytoplankton rRNA, Experiments 1–3
were dominated by centric diatoms, particularly the large chain-
forming genera Chaetoceros, Eucampia, and Thalassiosira, with rela-
tively high abundances in Experiment 4 as well (Fig. 3a, Supplementary
Fig. 9). Pennate diatoms were also present throughout and largely
consisted of Pseudo-nitzschia with a notable presence of Navicula in
Experiment 2 (Supplementary Fig. 9). Chaetoceros, Thalassiosira, and
Pseudo-nitzschia are also among the most abundant diatoms in both
the region and the ocean61,62. Experiment 3 had a high abundance of
the prasinophyte Ostreoccocus (Bathycoccaceae) and the pelagophyte
Pelagomonas calceolata (Pelagomonadales), both of which are cos-
mopolitan picoeukaryotes63,64. Pelagomonas calceolata further domi-
nated Experiment 4 in line with their previously observed high
abundances in SCMLs65.

Alphaproteobacteria and Gammaproteobacteria, were prevalent
in all four experiments as observed in the global ocean (Fig. 3a)66. In
particular, these groups were dominated by the ubiquitous Rhodo-
bacterales order67 and SAR86 clade68 (Supplementary Fig. 10). Cyano-
bacteria were less than 0.5% of the prokaryotic communities in
Experiments 1 and 2 further indicating that the phytoplankton com-
munities were dominated by diatoms. Experiment 3 had a notable
presence of Synechococcus (14% of 16S rRNA), and Experiment 4 was
dominated by Prochloroccocus (71% of 16S rRNA) indicating a higher
presence of cyanobacteria in both of those experiments.

Like the physiological measurements, increased CO2 largely did
not alter the eukaryotic or prokaryotic community compositions.
Alpha diversity expressed as the Shannon Index was not significantly
different among CO2 treatments in each experiment except for pro-
karyotes in Experiment 1 where diversity was higher in the 400 ppm
treatment (Fig. 3b). Community dissimilarity (Bray-Curtis) was driven
more by the distinct initial communities and change in the commu-
nities over time with no significant differences among CO2 treatments

Table 1 | Experiment information

Exp. Date Latitude &
Longitude

NO3&H4SiO4

added
(µmol L−1)

PO4 added
(µmol L−1)

Time
points
(hours)

1 Aug. 13 36° 7.398N
122° 2.475W

5 0.3125 48, 72

2 Aug. 19 36° 7.333N
122° 40.441W

20 1.25 24, 48

3 Aug. 24 35° 34.823N
122° 39.551W

25 1.5625 48, 96

4 Aug. 30 34° 53.818N
124° 46.905W

25 1.5625 48, 96

All experiments were conducted during the same cruise in August, 2019. Macronutrients were
added at the concentrations specified. Subsamplingwas performed for allmeasurements at the
time points listed (hours) in addition to the initial time point (T0). Chlorophyll a concentrations
were measured every 24 h.
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for both prokaryotes and eukaryotes in each experiment (Fig. 3c and
Supplementary Fig. 11, PERMANOVA, P >0.05).

Differential abundances of specific taxa as rRNA-derived amplicon
sequence variants (ASVs) were evaluated with DESeq2 among the
treatments at the final timepoints (Fig. 3d and Supplementary Fig. 12).
Between the 400 ppm and 1200 ppm treatments, DESeq2 estimated
that fewer than 1.5% of the eukaryotic ASVs and no more than a single
prokaryotic ASV within each experiment were differentially abundant.
Five 18S ASVs with significantly decreased abundances at 1200 ppm
were haptophytes belonging to the Prymnesiophyceae class or Iso-
chrysidales order without more detailed taxonomic resolution. These
taxonomic groups contain calcifying algae that may be more suscep-
tible to acidification as the precipitation of calcium carbonate
becomes less energetically favorable, although a wide range of
responses for haptophytes has previously been observed and some
species are not calcifying10,69,70. Three additional differentially
abundant 18S ASVs were metazoan sequences including a hydrozoan
and a copepod, which likely stems from uneven distributions of
metazoans between treatments rather than an acidification-driven
response.

Differential expression of transcripts and proteins among CO2

treatments
Dominant eukaryotic phytoplankton groups identified from 18S rRNA
were abundant in correspondingpoly(A)-selectedmetatranscriptomes
andmetaproteomes (Fig. 3a). Between23.8% and48.2%of orthologous
gene groups, or orthogroups, were unique to the detected protein
sequences in each experiment’s metatranscriptome assembly high-
lighting the diverse functional repertoires within each community
(Supplementary Fig. 13) in addition to their significant differences in
microbial community composition (Fig. 3c). In each experiment, dif-
ferential expression of KEGG-annotated transcripts was examined
between CO2 treatments within these taxonomic groups. The same
was conducted for protein abundances in Experiments 1 and 3.
Often differentially expressed transcripts were not detected as pro-
teins (Supplementary Table 4), likely due to comparatively lower
resolutionwithmass spectrometry, but some consistent patterns were
observed.

Transcriptional changes were generally lower at 800 versus
400 ppm compared to 1200 versus 400 ppm indicating that tran-
scriptional responses are dependent on CO2 conditions (Fig. 4a and
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horizontal dashed line. d Short-term iron-59 uptake rates normalized to chlor-
ophylla (µmol FemolC−1 hr−1) (pmol FeµgChl−1 hr−1) for inorganic iron (FeCl3, black,
left y-axis) and organically-complexed iron as ferrioxamine B (Fe-DFB, white, right
y-axis). At Experiment 3, the FeCl3 uptake rates are significantly different between
the 400 and 1200 ppm treatments (P =0.016). Both pCO2 treatments and time
points in hours are denoted on the x-axis in (a, c, d). Error bars represent the
standard deviation of the mean (n = 3 biologically independent samples or field
replicate samples for T0 except the Experiment 4800 ppm samples where n = 2).
Significant differences (P <0.05, Two-way ANOVA with Tukey’s HSD test) are
denoted with an asterisk (*).
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Supplementary Table 5); protein abundances were not examined for
the 800 ppm treatments. Dominant taxonomic groups also displayed
differing levels of responsiveness with centric diatoms being more
responsive than pennate diatoms in terms of both transcripts and
proteins. Further variability was observed in the transcripts or proteins
that were differentially abundant within taxonomic groups across
experiments and time points.

As acidification is hypothesized to induce iron stress, three indi-
cators of iron stress, the iron starvation-induced genes ISIP1, ISIP2A/
pTF, and ISIP3, were examined in both centric and pennate diatoms
(Fig. 4b and Supplementary Fig. 14). ISIP1 is linked to endocytosis of
siderophore-bound iron71. ISIP2A, or phytotransferrin (pTF), is an
inorganic iron uptake protein with a direct dependence on carbonate
ions18. As previously mentioned, this carbonate ion dependence may
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result in negative impacts on iron uptake as carbonate ions decline
under acidic conditions. ISIP3 does not have a known function
although it has a ferritin-like domain further suggesting a role in iron
metabolism72.

These genes are often highly responsive to iron status in
diatoms72–74, and high gene expression relative to others in each sam-
ple would not be expected unless the cells were experiencing iron
stress or limitation. In Experiments 1 and 2, all three genes were in the
top 1% of expressed transcripts by the final time point in all CO2

treatments indicating extremely high expression, iron stress, and iron
demand even though macronutrients were depleted at the end of
Experiment 1 (Fig. 4b and Supplementary Fig. 14). In Experiments 3 and
4, transcript expression was within the top 5% of expressed genes also
indicating iron stress. Importantly, none of the ISIP transcripts were
significantly differentially expressed between CO2 treatments at each
timepoint (P >0.05) suggestingno relative increase or decrease in iron
stress as a function of CO2. These patterns were also consistent
between centric and pennate diatoms (Fig. 4b and Supplemen-
tary Fig. 14).

ISIP proteins were not universally detected; however, in Experi-
ments 1 and 3, ISIP3 fromcentric diatomswas in the top 5%of detected
proteins at the final time points further suggesting the development of
iron stress in these experiments (Supplementary Fig. 15). Other ISIP
proteins approached the top 5% in both centric and pennate diatoms.
Protein abundances were also not significantly different between CO2

treatments. The exceptions are for ISIP1 and ISIP2A in centric diatoms
in Experiment 3 at 48 h where they were not detected in the 1200 ppm
treatment; however, both were detected after 96 h where abundances
were not significantly different (Supplementary Fig. 15).

Nutrient stress in Experiments 1 and 3 was further evaluated by
examining cellular resource allocations to ribosomal and photo-
synthetic proteins (Supplementary Fig. 16)75. At Experiment 1, both
centric and pennate diatoms displayed significant reductions in their
ribosomal protein mass fractions from 48 to 72 h, likely reflecting the
onset of nitrogen limitation after 72 h (P <0.01, Supplementary
Fig. 16). At the earlier timepoint, 48h, pennate diatoms displayed
moderate increases in their ribosomal protein mass fractions under
higher CO2 (P = 0.11) indicating an increase in ribosomal investment
from increased acidity. At Experiment 3, a different response was
observed in centric diatoms and Ostreococcus with both significantly
reducing their photosynthetic protein mass fractions after the initial
time point (P < 0.01, Supplementary Fig. 16). This shift is likely a result
of increased iron stress as observed in diatoms within the Southern
Ocean75. A lack of change to the ribosomalmass fraction in comparison
to pennate diatoms at Experiment 1 further highlights the potential
differences in responses among taxonomic groups or the interactive
effects of ocean acidification under increased Fe stress.

The total number of significantly differentially expressed tran-
scripts was variable across the experiments with the most found at
Experiments 1 and 3 where the exposure to acidification relative to the
community growth rates were the longest (Supplementary Fig. 8,

Supplementary Tables 4 and 5). Although total differential expression
of transcripts within each taxonomic group was less than 1%,
those that were differentially expressed highlight the reconfiguration
of iron, nitrogen, and carbon uptake proteins as well as cellular iron
requirements to increased CO2. Many other differentially expressed
genes are of unknown function as anticipated for eukaryotic
phytoplankton76.

Under higher CO2, increased expression of genes related to iron
uptake or transport that are distinct from ISIP2a/pTF was observed
(Fig. 4c). At times, several of these genes have been observed to be
upregulated by diatoms under iron stress in the laboratory and
field73,77,78. This response includes an iron permease (FTR1). Diatom
FTR1 proteins are related to those found in green algae and yeast
where they have been shown to mediate inorganic ferric iron uptake
like pTF (Supplementary Fig. 17)72,79. FTR1 transcripts and proteins
significantly increased in centric diatoms at 1200 ppm CO2 in Experi-
ment 3 indicating an increase in cell surface transporters. This increase
in transporters likely resulted in the significantly higher maximum
uptake rates of inorganic iron observed here (Fig. 2d)80.

Two putative ferrous iron transporters displayed increased tran-
script expression in Experiment 1 under increased CO2: one in the ZIP
family (ZIP1) in centric diatoms and one in the CDF family (FieF-like) in
pennate diatoms (Fig. 4c). Diatom homologs of the ZIP1 gene are
related to ZIP-family genes in green algae, and have been found to be
upregulated under Fe stress for diatoms in the both the field and
laboratory73,77,81. The CDF transporter found here is from a distinct
clade than one previously described to be upregulated under Fe stress
in the model diatom P. tricornutum (Supplementary Fig. 18) and is
related to green algal CDF transporters that have been shown to have
Mn transport capability82.

ZIP and CDF-family transporters can transport multiple divalent
metal cations79; therefore, if localized to the cell surface, they may
serve as low affinity Fe(II) permeases to take advantage of potentially
increased Fe(II)25,83. Direct Fe(II) uptake has been demonstrated in
eukaryotic microalgae including diatoms supporting this role84. ZIP
and CDF-family transporters may also be involved with intracellular
transport or release of stored iron potentially indicating an increased
reliance on iron recycling or storage79,81,85.

Putative siderophore-bound iron uptake genes, an FecCD-domain
containing gene in centric diatoms and SLC49 family transporters in
pennate diatoms also displayed increased transcript expression at
1200 ppm CO2 in Experiment 1 (Fig. 4c). These genes are poorly
characterized in diatoms but have been linked to siderophore-based
Fe uptake in other organisms. The FecCD domain has been char-
acterized as part of a bacterial operon for a ferric citrate ABC trans-
porter in E. coli86. Similar proteins are present in several centric and
pennate diatoms and were likely obtained via horizontal gene transfer
from bacteria (Supplementary Fig. 19). Diatom SLC49-family trans-
porters are similar to those found inmetazoans where they have been
functionally characterized (Supplementary Fig. 20)87. These proteins
are related to heme transport andmaybe responsible for heme uptake

Fig. 3 | Microbial community composition and diversity for each experiment
(E1-4) fromboth 18S and 16S rRNA amplicons. a The average relative abundances
of major taxonomic groups from 18S rRNA, poly(A)-selected mRNA (metatran-
scriptome), proteins (metaproteome), and 16S rRNA within each time point and
treatment. The average abundances from the metatranscriptomes were derived
from the relative abundances of eukaryotic-assigned transcripts per million nor-
malized reads (TPM). The average abundances from the metaproteomes were
derived from the average relative abundances of total sum ion intensities for all
eukaryotic peptides identified. b Alpha diversity expressed as the Shannon Index
within each sample for eukaryotic rRNA (top) and prokaryotic rRNA (bottom). Bars
indicate the average Shannon Index. For prokaryotic ASVs at Experiment 1, the
initial conditions (T0) are significantly different than all other treatments (Kruskal-
Wallis test, Benjamini & Hochberg adjusted P =0.037). The 400 ppm treatment is

also significantly different fromboth the 800ppm (Benjamini &Hochberg adjusted
P =0.037) and 1200 ppm (Benjamini & Hochberg adjusted P =0.045) treatments.
n = 3 biologically independent samples or field replicate samples for T0 except the
Experiment 3 T0 and Experiment 4 800 ppm samples where n = 2. c PCoA plots of
Bray-Curtis dissimilarity for eukaryotic rRNA (top) and prokaryotic rRNA (bottom).
Experiments and treatments are denoted by color and shape respectively as
described in the legend. d The number of significantly differentially abundant
amplicon sequence variants (ASVs) at each experiment determined by DESeq2
(Wald test) between the 400ppm(left) and 1200ppm (right) treatments at the final
time point for each experiment (Benjamini & Hochberg adjusted P <0.05). Eukar-
yotic ASVs are shown on top and prokaryotic ASVs are shown on the bottom plot.
The total number of ASVs for each experiment is shown in parentheses next to the
experiment number of the y-axis.

Article https://doi.org/10.1038/s41467-023-42949-1

Nature Communications |         (2023) 14:7215 7



as observed in diatom cultures and eukaryotic phytoplankton in the
natural environment87,88.

The increased expression of these transporters is consistent with
the expected decrease in bioavailable free inorganic ferric iron that
may result from acidification. At Experiment 1, increased transporter
expression implies an increased relianceon siderophore-bound ironor
ferrous iron that may increase unlike ferric iron. At Experiment 3, the
response was instead an increase of a ferric iron permease (FTR1) that
does not have a carbonate-dependence like phytotransferrin.
Observed as both transcripts and proteins, this increase suggests that
there were a greater number of cell surface transporters for inorganic
ferric iron as supported by higher maximum rates of inorganic iron
uptake (Fig. 2d).

One exception to this increase in transporter expression was in
centric diatoms at Experiment 1 where decreased abundances of ferric
reductase proteins under increasedCO2were observed (Fig. 4c). Ferric
reductases have been implicated as part of a siderophore uptake
pathway including that of Fe-DFB in diatoms89, suggesting that this
other pathway may not be favored under these conditions; however,
the ones expressed here may represent separate ferric reductase
homologs that do not serve the same functional role. Ferrichrome-
binding protein 1 (FBP1) acts as a receptor in concert with ferric
reductases for siderophore uptake including Fe-DFB, but it was not
differentially expressed (Supplementary Fig. 21 and 22) corresponding
to the similar Fe-DFB uptake rates among treatments (Fig. 2d and
Supplementary Fig. 6).
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Fig. 4 | Molecular-level responses to increased pCO2. a Heatmap of the number
of significantly differentially expressed transcripts (T) or proteins (P) for dominant
taxonomic groups at each experiment (DESeq2 Wald test, P <0.05, log2 scale) in
the 800 ppm vs 400 ppm treatments (left) and 1200 ppm vs 400 ppm treatments
(right) at each time point. Gray boxes indicate time points where there is no cor-
responding proteome. b Normalized transcript expression of iron starvation-
induced proteins (ISIPs) in centric diatoms (log10 scale): ISIP1 (red), ISIP2A (phy-
totransferrin or pTF, blue), ISIP3 (green). The horizontal dashed lines indicate the
averaged 95th and 99th percentile for total transcript abundance in each experi-
ment. Error bars represent the standard deviation of the mean (n = 3 biologically
independent samples or field replicate samples for T0 except the Experiment 3 T0
and Experiment 4800ppmsampleswheren = 2). cMAplots for taxonomicgroups,

experiments (E), and time points (T), where significant differential expression for
transcripts (top row) or proteins (bottom row) of interest between the 1200 and
400ppmtreatmentswas observed. Differentially expressed transcripts or proteins
(DESeq2 Wald test, Benjamini & Hochberg adjusted P <0.05) are shown as pies
representing the proportion of expression for dominant genera. Pie size is pro-
portional to P value with larger pies denoting a smaller P value. Black circles rather
than pies are shown for Ostreoccocus as expression is already examined at the
genus level. Gray points are genes that were not significantly differentially abun-
dance (DESeq2 Wald test, Benjamini & Hochberg adjusted P >0.05). Data points
with log2 fold changes less than −5 or greater than 5 are plotted at −5 and 5
respectively.
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As some of the ferrous iron transporters with increased expres-
sion may be responsible for intracellular transport, these increases
may also suggest a greater reliance on iron recycling or releasing
stored iron to support growth in the short-term. Also in response to
increased CO2 at Experiment 1, centric diatoms increased transcript
expression of a CREG-like gene (cellular repressor of E1-A stimulated
genes; Fig. 4c) that is upregulated under iron stress in diatoms77,78,90.
Diatom CREG proteins are proposed to have a regulatory role in
positively inducing endocytosis of iron when iron availability is low
suggesting an increased dependence on endocytosis of iron under
increased CO2

91.
Other differentially expressed genes indicate an adoption of

strategies that reduce cellular iron demand. Due to its versatile redox
chemistry, iron plays an essential role in photosynthesis-related pro-
teins in diatoms, and reductions in photosynthetic proteins can be
related to iron stress83. In centric diatoms, higher CO2 reduced protein
abundances of the photosynthetic proteins cytochrome b6 (petB) at
Experiment 1 as well as apocytochrome f (petA) and photosystem II D1
(psbA) at Experiment 3 (Fig. 4c and Supplementary Fig. 23). Similarly,
these proteins had lower abundances due to increased acidification in
two previouslymentioned low iron experiments in the Gulf of Alaska35.
In pennate diatoms, lower protein abundances for the cytochrome b6f
complex protein, petC, and the ferredoxin-NADP+ reductase, petH,
were also found at Experiment 1.

Iron is also critical for mitochondrial electron transport83, and in
centric diatoms at Experiment 1, downregulation of an iron-containing
mitochondrial protein, mitoNEET (mNT), that may be involved in sig-
naling was observed (Fig. 4c)92. MitoNEET sequences were found to be
widely distributed in diatoms where they are related to those in other
eukaryotic phytoplankton including green algae (Supplementary
Fig. 24). In the model green algae, Chlamydomonas reinhardtii, mNT
was downregulated under iron stress indicating that this iron-sparing
response may be more widely distributed among phytoplankton93.

Cellular iron requirements can also be reduced by using iron-free
functionally equivalent proteins. In Experiment 3, centric diatoms
increased transcript abundances of plastocyanin (petE), a copper-
containing functional equivalent for the iron-requiring photosynthetic
electron transport chain protein cytochrome c6

94, and increased pro-
tein abundances of the Cu-Zn utilizing superoxide dismutase (SOD;
Fig. 4c). Different SOD proteins in diatoms employ different metal
cofactors including iron95, and the overrepresentation of Cu-Zn SOD
may signify a preference for a non-iron using SOD under high CO2.

Additionally, nitrogen assimilation proteins are estimated to
account for a significant portion of the cellular iron requirement in
phytoplankton96, and reducing their transcript or protein abundances
has also been associated with iron stress in phytoplankton73. Under
higher CO2, pennate diatoms decreased transcript expression of
ammonium transporters (AMT) and the ferredoxin-dependent gluta-
mate synthase (Fd-GOGAT) in Experiment 1 and nitrate transporters
(NRT) in Experiment 3 (Fig. 4c and Supplementary Fig. 25). Similarly,
centric diatoms decreased transcript expression of the ferredoxin-
dependent nitrite reductase (Fd-Nir) in Experiment 3 (Supplementary
Figs. 23 and 25).

At the first time point of Experiment 3, Ostreococcus decreased
transcript expression for the entire assimilatory nitrate reduction
pathway including the plastid-localized nitrite transporter (FNT) and
the nitrate transporter accessory protein, NAR2 (Fig. 4c). NRT and Fd-
Nir also displayed significantly lower protein abundances while NAR2
abundances were not significantly different. Fd-GOGAT transcript
expression was also lower at the first time point (P = 0.052, Fig. 4c and
Supplementary Fig. 25), and by the second time point, protein abun-
dances were significantly lower (Supplementary Figs. 25 and 26).
Ostreococcus also reduced transcript expression at 800 ppm for these
nitrate assimilation genes but not to the same degree as at 1200 ppm
further indicating that responses are function of CO2 (Supplementary

Fig. 25). Additionally,Ostreococcus responded by increasing transcript
expression of a SLC9-family Na+/H+ exchanger at 1200ppm,potentially
to regulate intracellular pH under higher acidity (Fig. 4c)97.

At the second time point, Ostreococcus displayed further iron-
related responses (Supplementary Fig. 26). Like the increased protein
abundances of the Cu-Zn SOD for centric diatoms, Ostreococcus
increased expression of the Ni-using SOD. Ostreococcus also had
reduced protein abundances of the iron storage protein ferritin (FTN)
where it may play a role in buffering intracellular iron, a function that
may no longer be beneficial under Fe stress98.

In Experiment 1, centric diatoms displayed remodeling of their
carbon uptake pathway with changes in carbonic anhydrase (CA)
transcript and protein abundances (Fig. 4c). Carbonic anhydrases (CA)
interconvert CO2 and HCO�

3 as part of the CO2-concentrating
mechanism (CCM) in diatoms to overcome relatively low concentra-
tions of ambient CO2

99. Diatoms possess multiple CAs belonging to
evolutionarily distinct families with diverse localizations including
extracellular CAs at the cell surface, although there is not consistent
conservation between family and location99.

With increased CO2, transcript expression of α-CA and β-CA in
centric diatoms at Experiment 1 significantly increased while expres-
sion of δ-CA and ι-CA significantly decreased (Fig. 4c and Supplemen-
tary Fig. 23). These genes were not found to be differentially abundant
on theprotein level. Conversely, CAs inpennatediatoms atExperiment
1 were not significantly different on the transcript level, but δ-CA
proteins significantly decreased with increased CO2 aligning with the
lower expression observed in centric diatoms.

In centric diatoms, α-CA, β-CA, and γ-CA expression was domi-
nated by Chaetoceros whereas other centric diatom genera were
expressing δ-CA and ι-CA indicating that these responses may bemore
genus-specific (Fig. 4c and Supplementary Fig. 23). As zinc is a com-
mon cofactor in carbonic anhydrases100 and ZIP-family transporters
may also transport zinc79, increased expression of ZIP1, which was also
largely from Chaetoceros, may serve to support increased α-CA and β-
CA abundances under higher CO2. α-CA and β-CA are believed to be
localized to different compartments in the chloroplast in model
diatoms99, and expression of α-CA is thought to be constitutive101. γ-
CAs and δ-CAs have shown a wide range of localizations99,101 and ι-CA
has been localized to the chloroplast in T. pseudonona102. Both δ-CA
and ι-CA have been shown to be downregulated under high CO2 as
observed here, although for δ-CA, this pattern is not entirely
consistent101–104.

SLC4-family bicarbonate transporters are also part of the CCM105.
Despite change in CA expression, SLC4 transporter transcripts were
not differentially expressed in any experiment for centric or pennate
diatoms (Supplementary Fig. 27). In the protein data, it was only
detected at Experiment 1 in centric diatoms after 72 hwhere it was also
not differentially abundant. SLC4 expression has previously been
shown to decrease with higher CO2 in the model diatom T.
pseudonana103; however, no difference in bicarbonate uptake or cer-
tain SLC4 transcripts within a more extensive pH range (7.5–8.2) was
observed in the model diatom P. tricornutum suggesting a lack of
response over the pH ranges used here105.

Discussion
Ocean acidification is hypothesized to alter iron bioavailability17,18,
which is particularly important as large areas of the ocean including
some upwelling regions experience frequent iron limitation12–14. Here
we examined upwelling-associated phytoplankton communities’
responses while they were simultaneously exposed to iron stress and
acidification over short time periods. The iron status and responses of
these communities were assessedwith a combination of experimental,
biogeochemical, physiological, and ‘omics approaches. Although large
differences were not observed in the bulk community, molecular-level
responseswith greater taxonomic resolution of dominant groupswere
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indicative of acidification-driven alterations to iron bioavailability and
greater iron stress under higher CO2. Within centric and pennate dia-
toms, these responses were variable, but included changes to myriad
of genes related to iron uptake and cellular iron demand (Fig. 5).
Several of the iron-related genes described here are relatively
uncharacterized in diatoms and of diverse evolutionary origins high-
lighting diatoms’ unique adaptations to grow under low iron
availability.

In Experiment 1, both centric and pennate diatoms employed iron
uptake pathways for siderophore-bound iron or ferrous iron that are
more bioavailable under acidic conditions (Fig. 4c, 5)17,18. Here, a pre-
ference for siderophore-bound ironmay not have been reflected in the
uptake rates of Fe-DFB (Fig. 2d) as Fe-DFB uptake has been char-
acterized with a different suite of genes than the ones observed to be
upregulated here (FecCD and SLC49A). Genes responsible for Fe-DFB
uptake, FRE and FBP1, were also not differentially expressed except for
decreased FRE protein abundances in centric diatoms in Experiment 1,
although the ferric reductases expressed heremay represent separate
homologs that does not serve the same functional role (Fig. 4c and
Supplementary Figs. 21 and 22)89. Furthermore, uptake of Fe-DFB may
be less affected by acidification compared to other siderophore
complexes17,18, and organically-complexed iron in seawater is generally
more bioavailable106. In Experiment 3, the response was instead tran-
scriptional and proteomic increases of iron permeases (FTR) in centric
diatoms signifying an increase in free inorganic iron transporters as its
availability is reduced (Fig. 4c). This increase in transporters is further
supported by higher maximal uptake rates of inorganic iron that are
also a further sign of increased iron stress (Fig. 2d).

The difference in iron transporter expression between the two
experiments may have occurred for several reasons. First, the iron

status of the communities was distinctly different; the community at
Experiment 1 was not iron-limited whereas the community at Experi-
ment 3 was, although in Experiment 1, the NO3:dFe ratio suggested the
potential for iron limitation and high expression of ISIP genes indicates
some degree of iron stress (Fig. 4b). Meanwhile, Experiment 1 also had
the highest initial dFe concentrations (Fig. 1b). Collectively, this may
have allowed the community at Experiment 1 to possess relatively high
intracellular and/or stored iron to rely on while subjected to added
iron stress from acidification. The observed increased expression of
ferrous iron transporters that are potentially intracellularmay support
this increased reliance on intracellular recycling or release of stored
iron to sustain growth over these relatively short timescales79,81. Sec-
ond, the iron pools between the experiments were likely distinct
although they are largely uncharacterized here. Besides higher dis-
solved iron concentrations, labile particulate iron concentrations were
relatively high at Experiment 1, and dissolution of particulate ironmay
have supported growth (Fig. 1c and Supplementary Fig. 3). Third, the
communities were distinct not only in terms of composition but also
functional diversity (Fig. 3c). Only 12.2% and 21.5% of orthologous gene
clusters in centric and pennate diatoms respectively were found to be
shared between the two experiments (Supplementary Fig. 13). Cer-
tainly, there is high functional diversity within diatoms, and their
responses may not be equivalent.

In both Experiments 1 and 3 however, diatoms also appeared to
reduce their cellular iron requirements (Figs. 4c and 5, Supplementary
Figs. 23 and 25). Decreased transcript or protein abundances of several
iron-requiring proteins related to photosynthesis and nitrogen
assimilation as well as a mitochondrial protein, mitoNEET, were
observed. In Experiment 3, centric diatoms increased transcript
abundances of the iron-free protein plastocyanin and increased

Fig. 5 | Potential diatom-related cellular changes from increased acidification driving changes in iron chemistry and/or bioavailablity. Molecules or proteins are
colored red or blue for potential increases or decreases respectively. Black denotes no change. This figure was created with BioRender.com.
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protein abundances of the Cu-Zn SOD which may substitute for the
iron-using SOD.

Collectively, these changes in transcript and protein abundances
signify an increase in iron stress resulting fromacidification. The use of
alternative iron uptake pathways or iron-sparing measures may have
temporarily satisfied high cellular iron demand over the relatively
short periods examined here, but longer-term exposure to high CO2

may have resulted in a more iron-stressed community. For the com-
munity at Experiment 1, siderophore-bound ironor ferrous ironuptake
pathways are likely less efficient than those for inorganic ferric iron
uptake, and a reliance on iron storage is not sustainable over longer
time scales. For the community at Experiment 3, the increase of iron
permeases for ferric ironuptake confers increased energetic costs, and
reductions in iron-requiring photosynthetic and nitrogen assimilation
proteins may result in less efficiency in these critical pathways for
growth. However, future iron supplies will likely be altered, and the net
result remains unknown5,107; increased iron inputs could offset reduc-
tions in bioavailability and prevent increased iron stress.

Remodeling of carbon uptake pathways was also observed in
centric diatoms in Experiment 1 (Fig. 4c and Supplementary Fig. 23).
Phytoplankton employ a carbon concentratingmechanism (CCM) that
includes carbonic anhydrases (CA) to overcome relatively low con-
centrations of ambient CO2

99. Extracellular CAs (eCA) can alter the
carbonate chemistry in the region immediately around the cell108 with
activities that span orders ofmagnitude and scale with cell size109. This
function may potentially overcome impacts from acidification such as
maintaining elevated CO2�

3

h i
for iron uptake via phytotransferrin. In

Experiment 1, certain centric diatoms decreased expression of CAs
associated with low CO2 as CO2 increased which potentially translates
into energetic savings10; however, Chaetoceros instead appeared to
increase expression of α-CA and β-CA which would have the opposite
effect (Fig. 4c). Potential energetic savings or costs may also be offset
by other observed changes such as the relative increases in ribosomal
proteins in pennate diatoms at Experiment 1 (Supplementary Fig. 16),
other unknown proteins, or are negligible relative to the cell’s energy
demand contributing to the lack of large changes observed here.

The absence of large observable effects in Experiments 2 and 4
may be a result of reduced acidification exposure relative to commu-
nity growth rates compared to Experiments 1 and 3wheremultiple cell
divisionsmayhave occurred (Supplementary Fig. 8). Corresponding to
this reduced exposure relative to growth rate, there were compara-
tively fewer transcriptional changes in Experiments 2 and 4 (Fig. 4a).
Alternatively, there may have been an increase or no net change in
bioavailable iron during those experiments. Under acidic conditions,
the dissociation of iron from certain organic ligands is less favorable;
however, this is not universal and some ligands are unaffected17. Under
more acidic conditions, some models indicate that Fe(III) may instead
be more soluble leading to increases in bioavailable dissolved iron22,23.
Indeed, the iron pool and dynamics in the natural environment are
vastly more complex than those in laboratory studies with both a
single organism and iron source where reductions in iron bioavail-
ability have been shown19.

Within all four experiments however, short-term exposure to
pCO2 levels surpassing global surface seawatermeans predicted by the
endof the century andmost natural surfacewater variability in theCCS
(Supplementary Tables 1–3) produced few observable differences in
chlorophyll a production and nutrient uptake including that of both
inorganic and organically-complexed iron (Fig. 2). Furthermore,
increased CO2 did not alter the carbon-to-nitrogen ratios of the com-
munity suggesting a lack of CO2 fertilizationwith no increase in carbon
content from high CO2 as previously proposed (Fig. 2c)110. Increased
acidification did not create shifts in the prokaryotic or eukaryotic
microbial communities over the short duration of the experiments as
there were almost no significant differences in alpha diversity or
community among treatments (Fig. 3b, c). Few ASVs ( < 1.5%) were

estimated to be differentially abundant (Fig. 3d), and of those that
were, some may be calcifying phytoplankton that were impacted as
calcification became less energetically favorable10.

These results may suggest that the natural phytoplankton com-
munities observed here possess short-term resistance to acidification
at pH values as low as 7.6 despite iron stress. Certainly, many phyto-
plankton taxa, especially diatoms, regularly bloomwithin the naturally
acidic conditions of initially upwelled waters, and this resistance may
have been selected for. Our experiment further offshore, Experiment
4, indicates that this lack of impact may extend farther than the
nearshore region; however, these responses may still differ from
regions where both pH variability and iron supply are even lower, e.g.,
high-nitrate low-chlorophyll regions. Again however, these resultsmay
have occurred from the relatively short duration of the experiments,
and longer exposuremay have showed either impacts fromadded iron
stress or continued resistance.

Ocean acidification is in itself amultiple stressor as several carbon
and iron parameters in seawater are changing simulatenously111. As a
disturbance, it may be representative of a nonlinear transition where
the tipping points are not reached until extreme conditions are
encountered112. In the case of phytoplankton in upwelling regions, the
tipping point may exist at atmospheric CO2 levels beyond those esti-
mated by the end of the century under high emissions scenarios or
more prolonged exposure compared to the short time-scales used
here (Supplementary Table 2). These extremes and interactive effects
with additional stressors such as temperature for upwelling-associated
phytoplankton communities remain to be uncovered.

Methods
Experimental design
Tracemetal clean incubation experimentswereconducted at four sites
(Table 1) in August 2019 onboard the R/V Atlantis as part of the Cali-
fornia Current Ecosystem Long-Term Ecological Research (CCE-LTER)
Process Cruise. At each site at approximately 06:00 PST, seawater was
collected from near the depth of maximum fluorescence (Supple-
mentary Fig. 1) with a tracemetal CTD-rosette fittedwith Teflon coated
5 L Niskin-X bottles (Ocean Test Equipment) on a non-metallic hydro-
line. Niskin bottles were then brought into a positive pressure trace
metal clean van where seawater was dispensed into 4 L polycarbonate
bottles fitted with perfluoroalkoxy alkane (PFA) tubing and Kynar®
PVDF barb fittings for sampling and bubbling. At the end of one inlet
line, the bottles also had a plastic aerator (Lee’s Discard-A-Stone) to
maximize gas transfer.

Prior to the incubations, bottles were cleaned using trace metal
techniques in a trace metal clean area under positive pressure. First,
bottles were treated with acidic detergent (CitraNOX®, Alconox Inc.)
for one day then rinsed five times with Milli-Q. Bottles were then filled
with 1.2mol L−1 trace metal grade HCl for two weeks then rinsed again
three times with Milli-Q. During each step, detergent, Milli-Q, or HCl
was syringed through the aerator, barbs, and tubing with all plastic
syringes (NORM-JECT®).

Bottleswere rinsedwith seawater three times, then4 Lof seawater
was dispensed into each bottle. To attempt to avoid macronutrient
depletion, macronutrients (nitrate, phosphate, and silicic acid) that
hadbeenpreparedwith tracemetal grade salts andpassedover Chelex
100 resin to remove contaminating metals as described by Sunda,
et al.113.Macronutrientswere added at varying concentrations basedon
estimated initial concentrations (Table 1). Bottles were then trans-
ferred to the laboratory onboard where they were placed in an incu-
bator (Percival Scientific) at 12.5 °C with 115 µmol photons m−2 s−1

photosynthetically active radiation (PAR). The incubator was pro-
grammed on a light:dark cycle to closely match the timing of sunset
and sunrise at the time and location of the incubations (lights on
from 06:30 to 19:45). Seawater was then continuously bubbled with
commercially prepared gasmixtures of air balanced with 400, 800, or
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1200 ppm CO2 (Praxair, Inc.) at a total rate of 0.3 LPM for each treat-
ment. Gas was delivered to each bottle through a 4-port cross con-
nector and fine-tuned with KeckTM tubing clamps to achieve evenly
distributed flow of approximately 0.1 LPM in each bottle. Prior to the
cross connector, gaswasfiltered through a0.2 µmMillex-FG PTFE filter
(Millipore), passed through tubing that also cleaned with 1.2mol L−1

trace metal clean HCl and rinsed three times with Milli-Q, then deliv-
ered to the inlet tubing at the bottle through another WhatmanTM

HEPA-Vent filter. A HEPA-Vent filter was also was placed on the outlet
tubing to prevent contaminating particles from entering the bottles.
Triplicate bottles were used for all experimental conditions; one
replicate from the 800 ppm treatment for experiment 4 (800B) was
not included in final analyses due to potential iron contamination.

Seawater was collected directly from the Niskin bottles and
immediately processed for the initial time point. For the later time
points, sampling occurred at one-day intervals that varied among
experiments: 48 and 72 h for Experiment 1, 24 and 48 h for Experiment
2, and 48 and 96 h for Experiments 3 and 4 (Table 1). These intervals
were chosen to attempt to avoid macronutrient depletion with max-
imum experimental duration of 96 h to also avoid increased
bottle effects. To sample these later timepoints or chlorophyll a at 24-
hour intervals, bottles were brought into a HEPA-filtered positive
pressure tracemetal clean area. Samples were then immediately taken
for dissolved inorganic carbon (DIC) followed by subsamples for
chlorophyll a, particulate organic carbon and nitrogen, RNA, proteins,
Fe uptake, macronutrient concentrations, and total alkalinity (TA)
that were dispensed into additional bottles for sampling as
described below.

Satellite data and maps
Satellite-derived data were obtained from the NOAA CoastWatch
Browser, and maps were created with matplotlib v2.2.2 for Python
v2.7114. Chlorophyll a concentrations on a 0.0125° grid were obtained
from MODIS on board the Aqua (EOS PM).

Carbonate chemistry
Initial (T0) seawater samples for dissolved inorganic carbon (DIC) and
total alkalinity (TA) analysis were collected from the Niskin bottles.
Tubingwas attached to the Niskin bottle and placed at the bottomof a
250mL borosilicate glass bottle. The bottle was then inverted to
thoroughly rinse the inside of the bottle and then filled from the bot-
tom and allowed to overflow at least one full volume. The tubing was
then pinched and withdrawn leaving only a small headspace. 100 µL of
a saturated mercuric chloride (HgCl2) solution was added to the
sample to prevent biological activity114. Bottles were then sealed with
high vacuum grease (Apiezon) on the stopper and fastened using a
rubber band and bottle clip.

For the later timepoints, DIC and TA samples were collected
separately. DIC was collected immediately by slowly syringing without
introducing bubbles from the incubation bottles into 60- or 120-mL
borosilicate glass bottles. Each bottle was gently rinsed with seawater
then filled from the bottom using tubing connected to the syringe.
Seawater was immediately poisoned with either 25 µL or 50 µL of
saturated HgCl2 solution for the 60- or 120-mL bottles respectively.
Bottles were then sealed with grease and clipped as done for the
T0 samples. DICwasmeasuredwith an Automated Infra-Red Inorganic
Carbon Analyzer (AIRICA, Marianda) equipped with a LI-COR 7000
CO2/H2O gas analyser as the detector.

TA was collected from filtrate from the sterivex used for RNA or
proteins into 250mL borosilicate glass bottles. Each bottle was rinsed
thoroughly three times before filling. Seawater was poisoned with
100 µL saturated HgCl2 solution and the bottles were sealed as
described for the T0 samples. TAwas thenmeasuredwith an open-cell
potentiometric acid titration (0.1N HCl) system developed by the
Dickson Lab at Scripps Institution of Oceanography115.

Both seawater DIC and TA measurements were made relative to
certified reference materials (CRMs) provided by the laboratory of A.
Dickson at Scripps Institution of Oceanography. The accuracy and
precision of the measurements from the CRMs were -0.21 ± 1.26 µmol
kg−1 (n = 24) for DIC and -0.42 ± 1.85 µmol kg−1 (n = 17) for TA. The
complete seawater carbonic-acid system (i.e., pCO2, pH, CO

2�
3 , HCO�

3

etc)was calculatedbasedonDIC, TA, temperature, salinity, phosphate,
and silicate using CO2SYS for MATLAB (v 2.1)116. Calculations used the
first and second dissociation constants of carbonic acid (K1 and K2)
fromMehrbach, et al.117 refit by Dickson andMillero118, the dissociation
constants of bisulfate (KHSO4) from Dickson119, and total boron from
Uppstrom120. pH values are reported on the total H+ scale.

Dissolved iron concentrations
Dissolved iron (dFe) was measured via chemiluminescence flow-
injection analysis with hydrogen peroxide oxidation (FeLume, Water-
ville Analytical) as described by Lohan, et al.121. Briefly, seawater was
filtered using acid-cleaned 0.2 µm Acropak 200 capsule filters (VWR
International) into clean and rinsed low-density polyethylene (Nal-
gene) bottles in a positive pressure clean van thenwas acidified to pH ~
1.8 with HCl (Optima grade, Fisher Scientific). Dissolved iron was oxi-
dized to Fe(III)with hydrogenperoxide (1% v/v optimagrade), buffered
in-line with an ammonium-acetate mixture, and selectively pre-
concentrated on a column packed with resin (Toyopearl 650M che-
lating resin) at pH ~3.5. After the sample was eluted with 0.23M HCl
(Optima grade), the production of radicals catalyses a three-step oxi-
dation reaction with hydrogen peroxide (0.23M optima grade) and
luminol (0.25mM). Iron was then eluted and oxidized with pH > 9
luminol-ammonia buffer, and the chemiluminescence (425 nm) was
measured with a photomultiplier tube. Final dissolved iron con-
centrations were then quantified via external standard curve. In-house
and GEOTRACES consensus reference standards (geotraces.org) were
measured in each analytical run to ensure accuracy and precision.

Labile particulate iron concentrations
Labile particulate iron was calculated as total dissolvable Fe (TDFe)
minus dissolved iron (dFe). Unfiltered samples were acidified to pH ~
1.8 with HCl (Optima grade, Fisher Scientific) and stored for
22–24 months. Immediately prior to analysis, the samples were
syringe-filtered using acid-cleaned syringes and 0.2 µm Supor® filters,
and then analyzed using the same analytical methods as for dFe sam-
ples. Theblank from the syringe-filtrationwas averaged0.058 nmol L−1,
which is at most a 6% correction to the overall measurement of TDFe.
Due to the calibration range of the standards, it was necessary to dilute
many of the samples, especially nearshore; therefore, offshore filtered
Pacific surface seawater (0.22 nmol L−1) was used to dilute samples by a
factor of 10 prior to analysis.

Dissolved macronutrient concentrations
Approximately 30-35mLoffiltrate from the Sterivexfilter unit (0.2 µm)
was dispensed into 50mL polypropylene centrifuge tubes and frozen
at -20 °C until analysis. Each tube was rinsed three times before filling.
Nutrients were analysed on a QuAATro continuous segmented flow
autoanalyzer (SEAL Analytical) as described by the CalCOFI methods
manual. Total oxidized nitrogen (nitrate reduced to nitrite), solely
nitrite, and the efficiency of reduction of nitrate to nitrite were asses-
sed to calculate solely the nitrate concentration. Reference materials
for nutrients in seawater (KANSO Co., LTD.) were included in the run
for quality control.

Siex proxy for diatom iron limitation
Siex is a biogeochemical proxy that suggests Fe limitation in diatoms
due to preferential utilization of silicic acid53,55,122, andwas calculated as
described by Hogle, et al.53. Briefly, Siex = μmol H4SiO4 L

�1
h i

�
ð μmol NO3 L

�1
h i

*RSi:NO3Þ where RSi:NO3 is the preformed ratio of silicic
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acid and nitrate from upwelled source waters. Based on averaged
values from the upwelling source water densities in the region
(σθ = 25.8 kgm−3), RSi:NO3 = 0.9953.

Parallel incubations to assess iron status
Parallel incubations were conducted to evaluate the presence of
iron limitations. First, approximately four hours prior to the start of
each of the pCO2 experiments, seawater was collected from near the
same depth as the pCO2 experiments with the TMC rosette (Supple-
mentary Fig. 1). One litre of seawater was dispensed into trace metal
clean polycarbonate bottles. Trace metal clean techniques were used
as described above. Triplicate bottles at each site were either una-
mended (control), supplemented with 5 nmol L−1 iron (+Fe), or sup-
plemented with 100 nmol L−1 of the iron chelator desferrioxamine
B ( +DFB).

Bottles were incubated in situ for 24 h with a quasi-Lagrangian
drifter as described in Stukel, et al.123. The drifter was equipped with a
surface float and holey-sock drogue centered at 15m. Bottles were
attached to the drifter near the depth of collection inmeshbags. Either
immediately (T0) or after 24 h of incubation, samples were collected
for chlorophyll a and macronutrients. The drifter was followed
between the start of these incubations and the acidification incuba-
tions to sample from approximately the same water mass.

One day following the initiation of the fourth pCO2 experiment
(E4) and while still following the Lagrangian drifter, an additional trace
metal clean incubation experiment was performed using a community
collected and incubated on the drifter at 40m depth. Triplicate 1 L
polycarbonate bottles at each site were either unamended (control),
supplemented with 5 nmol L−1 ( + Fe), supplemented with 10 µmol L−1

( + N), or both iron and nitrate ( + FeN). After 48 h, samples were col-
lected for chlorophyll a.

In addition to the incubations at E3 on the drifter, deckboard
incubations in triplicate 2.7 L polycarbonate bottles were performed
with neutral density screening for light and flow-through seawater for
temperature. These bottles were either unamended (control) or sup-
plemented with 5 nmol L−1 ( + Fe). Samples for chlorophyll a were
collected immediately (T0) and following 24 and 48 h of incubation.

Chlorophyll a
Fifty mL of seawater was filtered through a GF/B filter (1.0 µm, 25mm)
for the acidification experiments or a GF/F filter for the parallel incu-
bations under gentle vacuum pressure (<100mm Hg) and frozen at
–20 °C until analysis. Chlorophyll a extraction was performed using
90% acetone at –20 °C for 24 h and measured via in vitro fluorometry
on aTurnerDesigns 10-AU fluorometer using the acidificationmethod.
Community growth rates (µ) were derived from the slope of linear
regressions with the natural log of chlorophyll a concentrations over
time. The last time point from Experiment 1 was excluded from the
growth rate calculations as macronutrients were depleted.

Particulate organic carbon and nitrogen
Four hundred mL of seawater was filtered through a pre-combusted
Whatman GF/B filter (1.0 µm, 25mm, 450 °C for 6 h) under gentle
vacuum pressure (<100mm Hg) and frozen in plastic petri dishes at
–20. Filters were dried at 62 °C then inorganic carbon was removed by
acidifying the filters with HCl vapor followed by drying for another
hour at 62 °C. Filters were then encapsulated in tin and analysed on a
Costech ECS 4010 CHNSO Analyzer following the manufacturer’s
instructions. Blank filters were run alongside the samples and sub-
tracted from the sample quantities.

Short-term 59Fe uptake assays
Iron uptake rates were characterized in subsamples collected from the
incubation bottles or directly from the Niskin-X bottles (T0 samples) in

acid-cleaned polycarbonate bottles. Additions of either 1 nmol L−1

59FeCl3 or 1 nmol L−1 59Fe-DFB (ferrioxamine B) were made to uptake
bottles which were then incubated without light. 59Fe-DFB stocks were
equilibrated overnight with a 4:5 ratio of iron to DFB. Four aliquots of
each uptake bottle were filtered onto 1 µmpolycarbonate filters at one-
hour intervals. Eachfilterwas rinsedwith anoxalate-EDTAwash solution
for 15min before rinsing with filtered seawater124. Filters were then
preserved in Ecolite™ liquid scintillation cocktail (MP Biomedicals), and
59Fe was quantified by liquid scintillation counting. Uptake rates were
calculated by the linear regression of particulate 59Fe per litre of sea-
water against time. Rates were normalized to both chlorophyll a and
particulate organic carbon concentrations.

RNA collection and extraction
Between 525 and 1100mL of seawater from each bottle or the initial
seawater was filtered through a 0.22 µmSterivex-GP filter unit (Cat. no.
SVGP01050,Millipore) which was immediately sealed with a 1.2mol L−1

HCl and Milli-Q rinsed luer-lock plug and Hemato-SealTM tube sealant,
wrapped in aluminum foil, and flash frozen in liquid nitrogen. RNAwas
extracted using the NucleoMagRNA extraction kit (Machery-Nagel) on
an Eppendorf epMotion 5075t as described here: https://doi.org/10.
17504/protocols.io.bd9ti96n. RNA quality and quantity were assessed
with an Agilent 2200 TapeStation (RNA ScreenTape) and the Quant-
iTTM Ribogreen® RNA Assay kit. For RNA at initial time point (T0) for
Experiment 3, n = 2.

16S and 18S rRNA amplicon sequencing and analysis
From the aforementioned extracted RNA, cDNA was synthesized with
the Invitrogen SuperScript™ III First-Strand Synthesis System accord-
ing to themanufacturer’s instructions. RNA-derived amplicon libraries
targeting the V4-V5 hypervariable region of the 16S gene and the V9
hypervariable region of the 18S region were then generated via a one-
step PCR using the cDNA with the Azura TruFi DNA Polymerase PCR
kit. For 16S, the 515F-Y (GTGYCAGCMGCCGCGGTAA) and 926R
(CCGYCAATTYMTTTRAGTTT) primer set was used125. For 18S, the
1389F (TTGTACACACCGCCC) and 1510R (CCTTCYGCAGGTTCACC-
TAC) primer set was used126. Each reaction was performed with an
initial denaturing step at 95 °C for 1min followed by 30 cycles of 95 °C
for 15 s, 56 °C for 15 s, and 72 °C for30 s. 2.5 µLof eachPCR reactionwas
ran on a 1.8% agarose gel confirm amplification. PCR products were
purified using Beckman Coulter AMPure XP following the standard
PCR clean-up protocol. PCR quantification was performed using Invi-
trogen Quant-iT PicoGreen dsDNA Assay kit. Samples were then
pooled in equal proportions (10 ng DNA per sample) followed by
another AMPure XP PCR purification. The final libraries were evaluated
on an Agilent 2200 TapeStation (D1000 ScreenTape), quantified with
Qubit HS dsDNA kit, and each sequenced at the University of Cali-
fornia, Davis Sequencing Core on a single Illumina MiSeq lane with a
15% PhiX spike-in.

Amplicons were analysed with QIIME2 v2019.10127. Briefly,
demultiplexed paired-end reads were trimmed to remove adapter and
primer sequenceswith cutadapt128. Trimmed readswere thendenoised
with DADA2 to produce amplicon sequence variants (ASVs)129. Taxo-
nomic annotation of ASVs was conductedwith the q2-feature-classifier
classify-sklearn naïve-bayes classifier130,131 and the SILVA database
(Release 138) for 16S132 or the PR2 database (v4.12.0) for 18S133. 16S ASVs
with eukaryotic, plastid, and mitochondrial taxonomic assignments
were removed. Diversitymetrics and significance tests were calculated
with the QIIME2 diversity plugin with samples rarefied to 3,756 reads
for the 16S data and 82,249 reads for the 18S data (Supplementary
Fig. 28)134,135. Differential abundances of ASVs were assessed using the
final time points of each experiment with DESeq2 v1.22.2136–138. ASVs
were considered differentially abundant by those with Benjamini and
Hochberg adjusted P-values < 0.05139.
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Metatranscriptome library preparation, sequencing, and
analysis
A poly-A selected metatranscriptome sequencing library was con-
structed with the Illumina TruSeq StrandedmRNA kit according to the
manufacturer’s instructions and sequenced on an Illumina NovaSeq
6000 with a S4 flow cell (2 x 150bp). Raw reads were quality trimmed
with trimmomatic v0.39140 and evaluated with FastQC v0.11.8 and
MultiQC v1.9.dev0141. Trimmed reads were assembled into contigs
utilizing subsets of samples to generate sub-assemblies with Trinity
v2.8.5 withmin_contig_length set to 150 bases142. These assemblies were
then merged into final assemblies for each experiment with Trans-
AbySS v2.0.1143.

Proteins were predicted from the final assemblies with
GenemarkS-T144 which were deduplicated using the nucleotides of the
predicted proteins and the dedupe script from BBMap v38.79. Ribo-
somal RNA sequences were identified with SortMeRNA v2.1 and were
also removed145. Reads were mapped to the predicted proteins with
Bowtie2 v2.3.5 in local alignment mode146. Only reads with a MAPQ
score ≥ 8 were retained. Taxonomic annotation of predicted proteins
was performed with DIAMOND (v0.9.31) BLASTP searches against
PhyloDB v1.076147,148 with an E-value cutoff of 10−5, minimum query
coverage of 60%, and alignment sores in the top 95%. To avoid mis-
annotations from contamination in the reference database, final
taxonomic assignment was based on the Lineage Probability Index
from the BLASTP hits with the aforementioned cutoffs148,149.
Orthogroups across different experiments were identified using the
hierarchial phylogenetic approach implemented in OrthoFinder
v2.5.4150. For functional annotation, DIAMOND BLASTP searches were
performed against the Kyoto Encyclopedia of Genes and Genomes
(KEGG; Release 94.1)148,151. KEGG Ortholog (KO) assignment was per-
formed with KofamKOALA which utilizes hmmsearch against KOfam,
an HMM database of KOs152. Within taxonomic groups, read counts
were summed by KO annotation, and if KO annotation was absent, the
KEGG gene annotation was used. Normalization and differential
expression of transcripts were then assessed with DESeq2 v1.22.2.
Significance in differentially expressed transcripts was determined
with Benjamini and Hochberg adjusted P-values (P < 0.05)139. MA plots
were generated with the code provided in Cohen, et al.153.

Protein sample collection, extraction, and preparation
Seawater (300-900mL) was filtered through a 0.22 µm Sterivex-GP
filter unit (Cat. no. SVGP01050, Millipore) which was immediately
sealed with a 1.2mol L−1 HCl and Milli-Q rinsed luer-lock plug and
Hemato-SealTM tube sealant, wrapped in aluminum foil, and flash fro-
zen in liquid nitrogen. Proteins were extracted with a detergent-based
procedure based on Saito, et al.154. First, filters were removed from the
Sterivex casing as described by Cruaud, et al.155 and placed in 750 µL of
extraction buffer (2% SDS, 0.1MTris/HCl pH 7.5, 5mMEDTA). Samples
were incubated for 10min at 95 °Cwhilemixed at 350 rpm. Sonication
was then performed with a Diagenode Biorupter for approximately
8min (15 s on/off intervals) at 4 °C.Next, sampleswere again incubated
at room temperature for 30min while gently vortexing every
10min. The filters were then removed from the tubes, and the
remaining liquid was centrifuged at 15,000× g for 30min at room
temperature. The supernatant containing the extracted protein was
then removed without disturbing the pellet. Crude protein extracts
were quantified with the PierceTM colorimetric BCA protein
concentration assay.

S-TrapTM mini columns (PROTIFI) were then used to remove SDS
extraction buffer from the samples and to digest extracted proteins
into mass-spectrometry-compatible peptides. Proteins were first
reduced and alkylated using 5mmol L−1 dithiothreitol and 15mmol L−1

iodoacetamide respectively, and then denatured using 12% phosphoric
acid. Samples were then diluted (1:7) with S-trapTM buffer (pH 7.1
100mmol L−1 tetraethylammonium bicarbonate in 90% aqueous

methanol) and loadedonto the S-trapTM columns. To remove SDS, each
sample was washed 10 times with 600 µL S-trapTM buffer using gentle
vacuum. Proteins were then digested on-column using trypsin (1
trypsin: 25 protein) at 37 °C for 16 h. Tryptic peptides were eluted from
the S-TrapTM columns with a series of 50mmol L−1 ammonium bicar-
bonate, 0.2% aqueous formic acid, and 50% acetonitrile + 0.2% formic
acid washes. Eluted samples were desalted on pre-conditioned 50mg
C18 columns (HyperSep), dried using a Vacufuge Plus (Eppendorf) and
then resuspended in a 1% formic acid, 3% acetonitrile solution prior to
liquid chromatography – tandem mass spectrometry analysis.

Metaproteomic processing and analysis
Samples were analyzed on a Dionex UltiMate™ 3000 RSLC-nano LC
system (Thermo Scientific) coupled to a Q-Exactive hybrid
quadrupole-Orbitrap mass spectrometer (Thermo Scientific). Each
sample was analyzed in duplicate, and a blank was run between each
set of biological replicates. The peptide matrix was separated using
one-dimensional liquid chromatography for 125min under a non-
linear gradient (Supplementary Table 6). The mass spectrometer was
operated under positive polarity, data-dependent acquisition mode.
Detailed mass spectrometer settings are shown in (Supplementary
Table 7).

Raw mass spectrometry files were converted to mzML format
using ThermoRawFileParser156. Two annotated databases were com-
piled using experiment-specific metatranscriptome sequences (see
Metatranscriptome library preparation, sequencing, and analysis) and
appended with proteins from the common Repository of Adventitious
Proteins to detect contaminants. Databases were then filtered to
remove redundant sequences, and database searching was conducted
using OpenMS MSGF+ with a 1% false discovery rate157,158. Post trans-
lational modification parameters included cysteine carbamidomethy-
lation as a fixed modification, and methionine oxidation and
N-terminal glutamate to pyroglutamate conversion as variable
modifications.

Peptides were quantified using MS1 ion intensities, and Feature-
FinderIdentification was used to identify unknown features based on
identified MS2 spectra in replicate injections159.Individual peptide
abundances in each injectionwerenormalized to the sumof all peptide
intensities in that injection (total sum scaling), excluding peptides
matching to the common contaminants database. Unique peptides
were assigned to a taxonomic and functional annotation based on the
metatranscriptome assembly and annotation. Non-unique peptides,
i.e., peptides matching to more than one taxonomic group or func-
tional annotation, were considered to be ambiguous. As with the
transcripts, peptides were grouped based on KEGGOrtholog (KO) and
gene annotationswithin each taxonomic group. Significant differences
in protein group abundance for each taxonomic group were assessed
within experiments using ion intensities with DESeq2 and Benjamini
and Hochberg adjusted P-values (P < 0.05)136,139. Although DESeq2 is
designed for RNA-seq data, here it was used for consistency between
the transcript and protein analyses, and it has been found to be
effective at determining significance in differentially expressed
proteins160.

Ribosomal and photosynthetic protein mass fractions were cal-
culated as described by McCain, et al.75. Specifically, KO gene defini-
tions were searched against character strings for each function. The
photosynthesis group included all proteins with “photosyn*”, “light-
harvesting complex”, “flavodoxin”, or “plastocyanin” in their annota-
tion where “*” represents a wildcard character. The ribosome group
included all proteins with “ribosom*” and excluded proteins respon-
sible for ribosomal synthesis. To be included, each taxonomicgroupof
interest was required to have more than 50 unique peptides for each
protein group to avoid known biases75. Mass fractions were then cal-
culated by summing the peptide abundances for each function within
each taxonomic group and then dividing by the total peptide
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abundancefor the taxonomic group. Differences in proteomic mass
fractions were evaluated via ANOVAs followed by Tukey’s honest sig-
nificant difference test in R.

Phylogentic analyses
Taxonomically representative sets of homologs of diatom FTR, CDF-
family, FecCD-domain, SLC49-family, and mitoNEET genes with an
emphasis onunicellular eukaryotic algaewere identified from theNCBI
nr andMMETSPdatabases via BLASTP searches (E-value ≤ 10−3)161,162. To
reduce the complexity stemming from the transcriptomes inMMETSP,
sequences were clustered at the 95% similarity level with USEARCH163.
Seed sequences were then aligned using MAFFT v7164. Poorly aligned
regions and regions rich in gaps were identified and removed using
trimAI in gappyout mode165. Alignments were then visualized and
inspected in SeaView 4166. Maximum likelihood phylogeny was com-
puted in IQTree 2 under the model that produced the best fit using
ModelFinder167,168. Ultra-fast bootstrap approximation was estimated
from 10,000 replicates.

Statistical analyses
Two-way ANOVAs followed by Tukey’s honest significant difference
test were performed on the biological and chemical properties of the
seawater using Graphpad PRISM v9.0.0.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The sequence data for the metatranscriptome and rRNA amplicon
libraries reported in this study have been deposited in the National
Center for Biotechnology (NCBI) sequence read archive under the
BioProject accession no. PRJNA787648. Metatranscriptome assem-
blies, read counts, and annotations are available at Zenodo [https://
doi.org/10.5281/zenodo.5758778]. The ASV tables with abundances
and taxonomic annotations are available as SupplementaryDatasets S1
and S2 for 18S and 16S rRNA respectively. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository with the dataset identifier
PXD038549169. Phylogenetic trees are available via Figshare [https://
doi.org/10.6084/m9.figshare.22589218]. The SILVA database was
obtained from the SILVA website [https://www.arb-silva.de/], and the
PR2 database was obtained from GitHub [https://github.com/
pr2database/pr2database/]. The PhyloDB database is available on the
A.E. Allen Lab website [https://allenlab.ucsd.edu/data/].

References
1. Joos, F. & Spahni, R. Rates of change in natural and anthropogenic

radiative forcing over the past 20,000 years. Proc. Natl. Acad. Sci.
USA 105, 1425–1430 (2008).

2. Keeling, C. D. et al. in A history of atmospheric CO2 and its effects
on plants, animals, and ecosystems 83-113 (Springer, 2005).

3. Tripati, A. K., Roberts, C. D. & Eagle, R. A. Coupling of CO2 and Ice
Sheet Stability Over Major Climate Transitions of the Last 20 Mil-
lion Years. Science 326, 1394–1397 (2009).

4. Gruber, N. et al. The oceanic sink for anthropogenic CO2 from
1994 to 2007. Science 363, 1193–1199 (2019).

5. Capone, D. G. & Hutchins, D. A. Microbial biogeochemistry of
coastal upwelling regimes in a changing ocean. Nat. Geosci. 6,
711–717 (2013).

6. Leinweber, A. & Gruber, N. Variability and trends of ocean acid-
ification in the Southern California Current System: A time series
from Santa Monica Bay. J. Geophys. Res. Oceans 118,
3622–3633 (2013).

7. Hauri, C. et al. Spatiotemporal variability and long-term trends of
ocean acidification in the California Current System. Bio-
geosciences 10, 193–216 (2013).

8. Feely, R. A., Sabine, C. L., Hernandez-Ayon, J. M., Ianson, D. &
Hales, B. Evidence for upwelling of corrosive “Acidified” water
onto the continental shelf. Science 320, 1490–1492 (2008).

9. Osborne, E. B., Thunell, R. C., Gruber, N., Feely, R. A. & Benitez-
Nelson, C. R. Decadal variability in twentieth-century ocean acid-
ification in the California Current Ecosystem. Nat. Geosci. 13,
43–49 (2020).

10. Mackey, K. R. M., Morris, J. J., Morel, F. M. M. & Kranz, S. A.
Responseof photosynthesis to ocean acidification.Oceanography
28, 74–91 (2015).

11. Bach, L. T. & Taucher, J. CO2 effects on diatoms: a synthesis of
more than a decade of ocean acidification experiments with nat-
ural communities. Ocean Sci. 15, 1159–1175 (2019).

12. Hutchins, D. et al. Phytoplankton iron limitation in the Humboldt
Current and Peru Upwelling. Limnol. Oceanogr. 47, 997–1011
(2002).

13. Bruland, K. W., Rue, E. L. & Smith, G. J. Iron and macronutrients in
California coastal upwelling regimes: Implications for diatom
blooms. Limnol. Oceanogr. 46, 1661–1674 (2001).

14. Till, C. P. et al. The iron limitation mosaic in the California Current
System: Factors governing Fe availability in the shelf/near-shelf
region. Limnol. Oceanogr. 64, 109–123 (2019).

15. Moore, C. M. et al. Processes and patterns of oceanic nutrient
limitation. Nat. Geosci. 6, 701–710 (2013).

16. Hutchins, D. A. & Boyd, P. W. Marine phytoplankton and the
changing ocean iron cycle. Nat. Clim. Change 6, 1072 (2016).

17. Shi, D., Xu, Y., Hopkinson, B. M. & Morel, F. M. M. Effect of Ocean
Acidification on Iron Availability to Marine Phytoplankton. Science
327, 676–679 (2010).

18. McQuaid, J. B. et al. Carbonate-sensitive phytotransferrin controls
high-affinity iron uptake in diatoms. Nature 555, 534 (2018).

19. Boyd, P. W. et al. Why are biotic iron pools uniform across high-
and low-iron pelagic ecosystems? Glob. Biogeochem. Cycles 29,
1028–1043 (2015).

20. Avendaño, L., Gledhill, M., Achterberg, E. P., Rérolle, V. M. C. &
Schlosser, C. Influence of ocean acidification on the organic
complexation of iron and copper in Northwest European Shelf
Seas; aCombinedObservational andModel Study. Front.Mar. Sci.
3, 58 (2016).

21. Gledhill, M., van den Berg, C. M. G., Nolting, R. F. & Timmermans,
K. R. Variability in the speciation of iron in the northern North Sea.
Mar. Chem. 59, 283–300 (1998).

22. Stockdale, A., Tipping, E., Lofts, S. & Mortimer, R. J. G. Effect of
ocean acidification on organic and inorganic speciation of trace
metals. Environ. Sci. Technol. 50, 1906–1913 (2016).

23. Gledhill, M., Achterberg, E. P., Li, K., Mohamed, K. N. & Rijkenberg,
M. J. A. Influence of ocean acidification on the complexation of
iron and copper by organic ligands in estuarine waters. Mar.
Chem. 177, 421–433 (2015).

24. Zhu, K. et al. Influence of pH and dissolved organic matter on iron
speciation and apparent iron solubility in the peruvian shelf and
slope region. Environ. Sci. Technol. 55, 9372–9383 (2021).

25. Breitbarth, E. et al. Ocean acidification affects iron speciation
during a coastal seawatermesocosm experiment. Biogeosciences
7, 1065–1073 (2010).

26. Lorenzo, M. R., Segovia, M., Cullen, J. T. & Maldonado, M. T. Par-
ticulate trace metal dynamics in response to increased CO2 and
iron availability in a coastal mesocosm experiment. Bio-
geosciences 17, 757–770 (2020).

27. Sugie, K. et al. Synergistic effects of pCO2 and iron availability on
nutrient consumption ratio of the Bering Sea phytoplankton
community. Biogeosciences 10, 6309–6321 (2013).

Article https://doi.org/10.1038/s41467-023-42949-1

Nature Communications |         (2023) 14:7215 15

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA787648
https://doi.org/10.5281/zenodo.5758778
https://doi.org/10.5281/zenodo.5758778
https://dx.doi.org/10.6019/PXD038549
https://doi.org/10.6084/m9.figshare.22589218
https://doi.org/10.6084/m9.figshare.22589218
https://www.arb-silva.de/
https://github.com/pr2database/pr2database/
https://github.com/pr2database/pr2database/
https://allenlab.ucsd.edu/data/


28. Endo, H., Sugie, K., Yoshimura, T. & Suzuki, K. Effects of CO2 and
iron availability on rbcL gene expression in Bering Sea diatoms.
Biogeosciences 12, 2247–2259 (2015).

29. Trimborn, S. et al. Iron sources alter the response of Southern
Ocean phytoplankton to ocean acidification. Mar. Ecol. Prog. Ser.
578, 35–50 (2017).

30. Pausch, F. et al. Responses of a natural phytoplankton community
from the drake passage to two predicted climate change sce-
narios. Front. Mar. Sci. 9, 759501 (2022).

31. Endo, H., Yoshimura, T., Kataoka, T. & Suzuki, K. Effects of CO2 and
iron availability on phytoplankton and eubacterial community
compositions in the northwest subarctic Pacific. J. Exp. Mar. Biol.
Ecol. 439, 160–175 (2013).

32. Yoshimura, T. et al. Impacts of elevated CO2 on particulate and
dissolved organic matter production: microcosm experiments
using iron-deficient plankton communities in open subarctic
waters. J. Oceanogr. 69, 601–618 (2013).

33. Yoshimura, T. et al. Organic matter production response to CO2

increase in open subarctic plankton communities: Comparison of
six microcosm experiments under iron-limited and -enriched
bloom conditions. Deep Sea Res. Part I: Oceanogr. Res. Pap. 94,
1–14 (2014).

34. Feng, Y. et al. Interactive effects of iron, irradiance and CO2 on
Ross Sea phytoplankton.Deep Sea Res. Part I: Oceanogr. Res. Pap.
57, 368–383 (2010).

35. Hopkinson, B. M., Xu, Y., Shi, D., McGinn, P. J. &Morel, F. M. M. The
effect of CO2 on the photosynthetic physiology of phytoplankton
in the Gulf of Alaska. Limnol. Oceanogr. 55, 2011–2024 (2010).

36. Chen, M., Wang, W.-X. & Guo, L. Phase partitioning and solubility
of iron in natural seawater controlled by dissolved organicmatter.
Global Biogeochem. Cycles 18, GB4013 (2004).

37. Mausz, M. A. et al. High CO2 concentration and iron availability
determine the metabolic inventory in an Emiliania huxleyi-
dominated phytoplankton community. Environ. Microbiol. 22,
3863–3882 (2020).

38. Segovia, M. et al. Iron availability modulates the effects of future
CO2 levels within themarine planktonic foodweb.Mar. Ecol. Prog.
Ser. 565, 17–33 (2017).

39. Hoppe, C. J. M. et al. Iron limitation modulates ocean acidification
effects on southern ocean phytoplankton communities. PLOS
ONE 8, e79890 (2013).

40. Borer, P. M., Sulzberger, B., Reichard, P. & Kraemer, S. M. Effect of
siderophores on the light-induced dissolution of colloidal iron (III)
(hydr)oxides. Mar. Chem. 93, 179–193 (2005).

41. Tortell, P. D., Reinfelder, J. R. & Morel, F. M. M. Active uptake of
bicarbonate by diatoms. Nature 390, 243–244 (1997).

42. Tortell, P. D., Rau, G. H. & Morel, F. M. M. Inorganic carbon
acquisition in coastal Pacific phytoplankton communities. Limnol.
Oceanogr. 45, 1485–1500 (2000).

43. Tortell, P. D., DiTullio, G. R., Sigman, D. M. & Morel, F. M. M. CO2

effects on taxonomic composition and nutrient utilization in an
Equatorial Pacificphytoplankton assemblage.Mar. Ecol. Prog. Ser.
236, 37–43 (2002).

44. Osma, N. et al. Response of phytoplankton assemblages from
naturally acidic coastal ecosystems to elevated pCO2. Front. Mar.
Sci. 7, 323 (2020).

45. Vargas, C. A. et al. Species-specific responses to ocean acid-
ification should account for local adaptation and adaptive plasti-
city. Nat. Ecol. Evol. 1, 0084 (2017).

46. Joint, I., Doney, S. C. & Karl, D. M. Will ocean acidification affect
marine microbes? ISME J. 5, 1–7 (2011).

47. Valenzuela, J. J. et al. Ocean acidification conditions increase
resilience of marine diatoms. Nat. Comm. 9, 2328 (2018).

48. Beszteri, S., Thoms, S., Benes, V., Harms, L. & Trimborn, S. The
response of three Southern Ocean phytoplankton species to

ocean acidification and light availability: a transcriptomic study.
Protist 169, 958–975 (2018).

49. Jones, B. M. et al. Responses of the emiliania huxleyi proteome to
ocean acidification. PLOS ONE 8, e61868 (2013).

50. Turi, G., Lachkar, Z. & Gruber, N. Spatiotemporal variability and
drivers of pCO2 and air–sea CO2 fluxes in the California Current
System: an eddy-resolving modeling study. Biogeosciences 11,
671–690 (2014).

51. Fiechter, J. et al. Air‐sea CO2 fluxes in the California Current:
Impacts of model resolution and coastal topography. Glob. Bio-
geochem. Cycles 28, 371–385 (2014).

52. Bundy, R. M., Biller, D. V., Buck, K. N., Bruland, K. W. & Barbeau, K.
A. Distinct pools of dissolved iron-binding ligands in the surface
and benthic boundary layer of the California Current. Limnol.
Oceanogr. 59, 769–787 (2014).

53. Hogle, S. L. et al. Pervasive iron limitation at subsurface chlor-
ophyll maxima of the California Current. Proc. Natl. Acad. Sci. USA
115, 13300–13305 (2018).

54. Forsch, K. O. et al. Iron limitation and biogeochemical effects in
southern California Current coastal upwelling filaments. J. Geo-
phys. Res. Oceans 128, e2023JC019961 (2023).

55. Hutchins, D. A. & Bruland, K. W. Iron-limited diatom growth and
Si:N uptake ratios in a coastal upwelling regime. Nature 393,
561–564 (1998).

56. Wang, X. J., Behrenfeld, M., Le Borgne, R., Murtugudde, R. &
Boss, E. Regulation of phytoplankton carbon to chlorophyll
ratio by light, nutrients and temperature in the Equatorial
Pacific Ocean: a basin-scale model. Biogeosciences 6,
391–404 (2009).

57. Marchetti, A. & Maldonado, M. T. in The Physiology of Microalgae
(eds M. A. Borowitzka, J. Beardall & J. A. Raven) 233-279 (Springer
International Publishing, 2016).

58. Trimborn, S., Hoppe, C. J. M., Taylor, B. B., Bracher, A. &Hassler, C.
Physiological characteristics of open ocean and coastal phyto-
plankton communities of Western Antarctic Peninsula and Drake
Passage waters. Deep Sea Res. Part I: Oceanogr. Res. Pap. 98,
115–124 (2015).

59. Maldonado, M. T. & Price, N. M. Reduction and transport of orga-
nically bound iron by Thalassiosira Oceanica (Bacillariophyceae).
J. Phycol. 37, 298–310 (2001).

60. Maldonado, M. T. & Price, N. M. Utilization of iron bound to strong
organic ligands by plankton communities in the subarctic Pacific
Ocean. Deep Sea Res. Part II: Topical Stud. Oceanogr. 46,
2447–2473 (1999).

61. Malviya, S. et al. Insights into global diatom distribution and
diversity in the world’s ocean. Proc. Natl. Acad. Sci. USA 113,
E1516–E1525 (2016).

62. James, C. C. et al. Influence of nutrient supply on plankton
microbiome biodiversity and distribution in a coastal upwelling
region. Nat. Commun. 13, 2448 (2022).

63. Demir-Hilton, E. et al. Global distribution patterns of distinct
clades of the photosynthetic picoeukaryoteOstreococcus. ISME J.
5, 1095–1107 (2011).

64. Worden, A. Z. et al. Global distribution of a wild alga revealed by
targeted metagenomics. Curr. Biol. 22, R675–R677 (2012).

65. Dupont, C. L. et al. Genomes andgene expression across light and
productivity gradients in eastern subtropical Pacific microbial
communities. ISME J. 9, 1076–1092 (2015).

66. Sunagawa, S. et al. Structure and function of the global ocean
microbiome. Science 348, 1261359 (2015).

67. Buchan, A., González, J. M. & Moran, M. A. Overview of the Marine
Roseobacter Lineage. Appl. Environ. Microbiol. 71,
5665–5677 (2005).

68. Hoarfrost, A. et al. Global ecotypes in the ubiquitousmarine clade
SAR86. ISME J. 14, 178–188 (2020).

Article https://doi.org/10.1038/s41467-023-42949-1

Nature Communications |         (2023) 14:7215 16



69. Dutkiewicz, S. et al. Impact of ocean acidification on the structure
of future phytoplankton communities. Nat. Clim. Change 5,
1002–1006 (2015).

70. Edvardsen, B. et al. Phylogenetic reconstructions of the Hapto-
phyta inferred from 18S ribosomal DNA sequences and available
morphological data. Phycologia 39, 19–35 (2000).

71. Kazamia, E. et al. Endocytosis-mediated siderophore uptake as a
strategy for Fe acquisition in diatoms.Sci. Adv.4, eaar4536 (2018).

72. Behnke, J. & LaRoche, J. Iron uptake proteins in algae and the
role of Iron Starvation-Induced Proteins (ISIPs). Eur. J. Phycol. 55,
339–360 (2020).

73. Cohen, N. R. et al. Variations in diatom transcriptional responses to
changes in iron availability across ocean provinces. FrontMar. Sci.
4, 360 (2017).

74. Smith, S. R. et al. Transcriptional orchestration of the global cel-
lular response of a model pennate diatom to diel light cycling
under iron limitation. PLOS Genet. 12, e1006490 (2016).

75. McCain, J. S. P., Allen, A. E. & Bertrand, E. M. Proteomic traits vary
across taxa in a coastal Antarctic phytoplanktonbloom. ISME J. 16,
569–579 (2022).

76. Blaby-Haas, C. E. & Merchant, S. S. Comparative and functional
algal genomics. Annu. Rev. Plant Biol. 70, 605–638 (2019).

77. Allen, A. E. et al. Whole-cell response of the pennate diatom
Phaeodactylum tricornutum to iron starvation. Proc. Natl Acad. Sci.
USA 105, 10438–10443 (2008).

78. Lommer, M. et al. Genome and low-iron response of an oceanic
diatom adapted to chronic iron limitation. Genome Biol. 13,
R66 (2012).

79. Blaby-Haas, C. E. & Merchant, S. S. The ins and outs of algal metal
transport. Biochim Biophys. Acta Mol. Cell Res. 1823,
1531–1552 (2012).

80. Harrison, G. I. & Morel, F. M. Response of the marine diatom Tha-
lassiosira weissflogii to iron stress. Limnol. Oceanogr. 31,
989–997 (1986).

81. Lampe, R. H. et al. Different iron storage strategies among bloom-
forming diatoms. Proc. Natl. Acad. Sci. USA 115,
E12275–E12284 (2018).

82. Ibuot, A., Dean, A. P. & Pittman, J. K. Multi-genomic analysis of the
cation diffusion facilitator transporters fromalgae.Metallomics 12,
617–630 (2020).

83. Coale, T. H., Bertrand, E. M., Lampe, R. H. & Allen, A. E. in The
Molecular Life of Diatoms (eds A. Falciatore & T. Mock) 567-604
(Springer International Publishing, 2022).

84. Sutak, R. et al. A comparative study of iron uptake mechanisms in
marine microalgae: iron binding at the cell surface is a critical
step. Plant Physiol. 160, 2271–2284 (2012).

85. Kustka, A. B., Allen, A. E. & Morel, F. M. M. Sequence analysis and
transcriptional regulation of iron acquistion gens in two marine
diatoms. J. Phycol. 43, 715–729 (2007).

86. Staudenmaier, H., Van Hove, B., Yaraghi, Z. & Braun, V. Nucleotide
sequences of the fecBCDE genes and locations of the proteins
suggest a periplasmic-binding-protein-dependent transport
mechanism for iron(III) dicitrate in Escherichia coli. J. Bacteriol. 171,
2626 (1989).

87. Khan, A. A. & Quigley, J. G. Heme and FLVCR-related transporter
families SLC48 and SLC49. Mol. Asp. Med. 34, 669–682 (2013).

88. Hutchins, D. A.,Witter, A. E., Butler, A. & Luther, G.W. Competition
among marine phytoplankton for different chelated iron species.
Nature 400, 858–861 (1999).

89. Coale, T. H. et al. Reduction-dependent siderophore assimilation
in a model pennate diatom. Proc. Natl. Acad. Sci. USA 116,
23609–23617 (2019).

90. Behnke, J., Cai, Y., Gu,H. & LaRoche, J. Short-term response to iron
resupply in an iron-limited open ocean diatom reveals rapid decay
of iron-responsive transcripts. PLOS ONE 18, e0280827 (2023).

91. Turnšek, J. et al. Proximity proteomics in amarine diatom reveals a
putative cell surface-to-chloroplast iron trafficking pathway. eLife
10, e52770 (2021).

92. Paddock, M. L. et al. MitoNEET is a uniquely folded 2Fe–2S outer
mitochondrial membrane protein stabilized by pioglitazone. Proc.
Natl. Acad. Sci. 104, 14342–14347 (2007).

93. Urzica, E. I. et al. Systems and trans-system level analysis identifies
conserved iron deficiency responses in the plant lineage. Plant
Cell 24, 3921–3948 (2012).

94. Peers, G. & Price, N. M. Copper-containing plastocyanin used for
electron transport by an oceanic diatom. Nature 441,
341–344 (2006).

95. Groussman, R. D., Parker, M. S. & Armbrust, E. V. Diversity and
evolutionary history of iron metabolism genes in diatoms. PLoS
ONE 10, e0129081 (2015).

96. Raven, J. A. The iron and molybdenum use efficiencies of plant
growth with different energy, carbon and nitrogen sources. New
Phytol. 109, 279–287 (1988).

97. Fuster, D. G. & Alexander, R. T. Traditional and emerging roles for
the SLC9 Na+/H+ exchangers. Pflügers Arch. 466, 61–76 (2014).

98. Botebol, H. et al. Central role for ferritin in the day/night regulation
of iron homeostasis inmarine phytoplankton.Proc. Natl. Acad. Sci.
USA 112, 14652–14657 (2015).

99. Matsuda, Y., Hopkinson, B. M., Nakajima, K., Dupont, C. L. & Tsuji,
Y. Mechanisms of carbon dioxide acquisition and CO2 sensing in
marine diatoms: a gateway to carbonmetabolism. Philos. Trans. R.
Soc. Lond. B 372, 20160403 (2017).

100. Morel, F. M. M., Lam, P. J. & Saito, M. A. Tracemetal substitution in
marine phytoplankton. Ann. Rev. Earth Planet. Sci. 48,
491–517 (2020).

101. Samukawa, M., Shen, C., Hopkinson, B. M. & Matsuda, Y. Locali-
zation of putative carbonic anhydrases in the marine diatom,
Thalassiosira pseudonana. Photosynth Res 121, 235–249 (2014).

102. Jensen, E. L., Clement, R., Kosta, A., Maberly, S. C. & Gontero, B. A
new widespread subclass of carbonic anhydrase in marine phy-
toplankton. ISME J. 13, 2094–2106 (2019).

103. Hennon, G. M. M. et al. Diatom acclimation to elevated CO2 via
cAMP signalling and coordinated gene expression. Nat. Clim.
Change 5, 761–765 (2015).

104. Crawfurd, K. J., Raven, J. A., Wheeler, G. L., Baxter, E. J. & Joint, I.
The Response of Thalassiosira pseudonana to long-term exposure
to increased CO2 and decreased pH. PLOSONE 6, e26695 (2011).

105. Nakajima, K., Tanaka, A. & Matsuda, Y. SLC4 family transporters in
a marine diatom directly pump bicarbonate from seawater. Proc.
Natl. Acad. Sci. USA 110, 1767–1772 (2013).

106. Shaked, Y., Buck, K. N., Mellett, T. &Maldonado, M. T. Insights into
the bioavailability of oceanic dissolved Fe from phytoplankton
uptake kinetics. ISME J. 14, 1182–1193 (2020).

107. Boyd, P. W., Lennartz, S. T., Glover, D. M. & Doney, S. C. Biological
ramifications of climate-change-mediated oceanic multi-
stressors. Nat. Clim. Change 5, 71 (2014).

108. Chrachri, A., Hopkinson, B. M., Flynn, K., Brownlee, C. & Wheeler,
G. L. Dynamic changes in carbonate chemistry in the micro-
environment around single marine phytoplankton cells. Nat.
Comm. 9, 74 (2018).

109. Shen, C. & Hopkinson, B. M. Size scaling of extracellular carbonic
anhydrase activity in centric marine diatoms. J. Phycol. 51,
255–263 (2015).

110. Riebesell, U. et al. Enhanced biological carbon consumption in a
high CO2 ocean. Nature 450, 545–548 (2007).

111. Hurd, C. L. et al. Ocean acidification as a multiple driver: how
interactions between changing seawater carbonate parameters
affect marine life. Mar. Freshw. Res 71, 263–274 (2020).

112. Scheffer, M. et al. Early-warning signals for critical transitions.
Nature 461, 53–59 (2009).

Article https://doi.org/10.1038/s41467-023-42949-1

Nature Communications |         (2023) 14:7215 17



113. Sunda,W.G., Price, N.M.&Morel, F.M.AlgalCulturing Techniques
4, 35–63 (2005).

114. Hunter, J. D. Matplotlib: A 2D graphics environment. Comput Sci.
Eng. 9, 90–95 (2007).

115. Dickson, A. G., Sabine, C. L. & Christian, J. R. Guide to best prac-
tices for ocean CO2 measurements. (North Pacific Marine Science
Organization, 2007).

116. Lewis, E. & Wallace, D. Program developed for CO2 system cal-
culations. (Environmental SystemScienceData Infrastructure for a
Virtual Ecosystem, 1998).

117. Mehrbach, C., Culberson, C., Hawley, J. & Pytkowicx, R. Mea-
surement of the apparent dissociation constants of carbonic acid
in seawater at atmospheric pressure 1. Limnol. Oceanogr. 18,
897–907 (1973).

118. Dickson, A. & Millero, F. J. A comparison of the equilibrium con-
stants for the dissociation of carbonic acid in seawater media.
Deep Sea Res. Part A. Oceanogr. Res. Pap. 34, 1733–1743 (1987).

119. Dickson, A. G. Thermodynamics of the dissociation of boric acid in
synthetic seawater from 273.15 to 318.15 K. Deep Sea Res. Part A.
Oceanogr. Res. Pap. 37, 755–766 (1990).

120. Uppstrom, L. The boron/chlorinity ratio of deep-sea water from
the Pacific Ocean. Deep Sea Res. 21, 161–162 (1974).

121. Lohan, M. C., Aguilar-Islas, A. M. & Bruland, K. W. Direct determi-
nation of iron in acidified (pH 1.7) seawater samples by flow
injection analysis with catalytic spectrophotometric detection:
Application and intercomparison. Limnol. Oceanogr.-Meth 4,
164–171 (2006).

122. King, A. L. & Barbeau, K. A. Dissolved iron and macronutrient dis-
tributions in the southern California Current System. J. Geophys.
Res. Oceans 116, C03018 (2011).

123. Stukel, M. R., Ohman, M. D., Benitez-Nelson, C. R. & Landry, M. R.
Contributions of mesozooplankton to vertical carbon export in a
coastal upwelling system.Mar. Ecol. Prog. Ser. 491, 47–65 (2013).

124. Tang, D. & Morel, F. M. M. Distinguishing between cellular and Fe-
oxide-associated trace elements in phytoplankton. Mar. Chem.
98, 18–30 (2006).

125. Parada, A. E., Needham, D.M. & Fuhrman, J. A. Every basematters:
assessing small subunit rRNA primers for marine microbiomes
with mock communities, time series and global field samples.
Environ. Microbiol 18, 1403–1414 (2016).

126. Amaral-Zettler, L. A., McCliment, E. A., Ducklow, H. W. & Huse, S.
M. A method for studying protistan diversity using massively
parallel sequencing of V9 hypervariable regions of small-subunit
ribosomal RNA genes. PLOS ONE 4, e6372 (2009).

127. Bolyen, E. et al. Reproducible, interactive, scalable, and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37,
852–857 (2019).

128. Martin, M. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet.journal; Vol 17, No 1: Next
Generation Sequencing Data Analysis (2011).

129. Callahan, B. J. et al. DADA2: High-resolution sample inference
from Illumina amplicon data. Nat. Methods 13, 581–583 (2016).

130. Pedregosa, F. et al. Scikit-learn: Machine learning in Python. J.
Mach. Learn. Res. 12, 2825–2830 (2011).

131. Bokulich, N. A. et al. Optimizing taxonomic classification of
marker-gene amplicon sequences with QIIME 2’s q2-feature-
classifier plugin. Microbiome 6, 90 (2018).

132. Pruesse, E. et al. SILVA: a comprehensive online resource for
quality checked and aligned ribosomal RNA sequence data
compatible with ARB. Nucleic Acids Res. 35, 7188–7196 (2007).

133. Guillou, L. et al. The Protist Ribosomal Reference database (PR2): a
catalog of unicellular eukaryote Small Sub-Unit rRNA sequences
with curated taxonomy.Nucleic Acids Res. 41, D597–D604 (2012).

134. Kruskal, W. H. &Wallis, W. A. Use of ranks in one-criterion variance
analysis. J. Am. Stat. Assoc. 47, 583–621 (1952).

135. Anderson, M. J. A new method for non‐parametric multivariate
analysis of variance. Austral Ecol. 26, 32–46 (2001).

136. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550 (2014).

137. McMurdie, P. J. & Holmes, S. Waste not, want not: Why rarefying
microbiome data is inadmissible. PLOS Comput. Biol. 10,
e1003531 (2014).

138. Weiss, S. et al. Normalization andmicrobial differential abundance
strategies depend upon data characteristics. Microbiome 5,
27 (2017).

139. Benjamini, Y. &Hochberg, Y.Controlling the falsediscovery rate:A
practical andpowerful approach tomultiple testing. J. R. Stat. Soc.
B 57, 289–300 (1995).

140. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible
trimmer for illumina sequence data. Bioinformatics 30,
2114–2120 (2014).

141. Ewels, P., Magnusson, M., Lundin, S. & Käller, M. MultiQC: sum-
marize analysis results for multiple tools and samples in a single
report. Bioinformatics 32, 3047–3048 (2016).

142. Grabherr, M. G. et al. Full-length transcriptome assembly from
RNA-Seq data without a reference genome. Nat. Biotech. 29,
644–652 (2011).

143. Robertson, G. et al. De novo assembly and analysis of RNA-seq
data. Nat. Meth 7, 909–912 (2010).

144. Tang, S., Lomsadze, A. & Borodovsky, M. Identification of protein
coding regions in RNA transcripts. Nucleic Acids Res. 43,
e78 (2015).

145. Kopylova, E., Noé, L. & Touzet, H. SortMeRNA: fast and accurate
filtering of ribosomal RNAs in metatranscriptomic data. Bioinfor-
matics 28, 3211–3217 (2012).

146. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Meth 9, 357–359 (2012).

147. Buchfink, B., Xie, C. & Huson, D. H. Fast and sensitive protein
alignment using DIAMOND. Nat. Methods 12, 59–60 (2015).

148. Bertrand, E. M. et al. Phytoplankton–bacterial interactionsmediate
micronutrient colimitation at the coastal Antarctic sea ice edge.
Proc. Natl. Acad. Sci. USA 112, 9938–9943 (2015).

149. Podell, S.&Gaasterland, T. DarkHorse: amethod for genome-wide
prediction of horizontal gene transfer.GenomeBiol.8, R16 (2007).

150. Emms, D. M. & Kelly, S. OrthoFinder: phylogenetic orthology
inference for comparativegenomics.GenomeBiol.20, 238 (2019).

151. Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K.
KEGG: new perspectives on genomes, pathways, diseases and
drugs. Nucleic Acids Res. 45, D353–D361 (2017).

152. Aramaki, T. et al. KofamKOALA: KEGGOrtholog assignment based
on profile HMM and adaptive score threshold. Bioinformatics 36,
2251–2252 (2019).

153. Cohen, N. R., Alexander, H., Krinos, A. I., Hu, S. K. & Lampe, R. H.
Marine microeukaryote metatranscriptomics: sample processing
and bioinformatic workflow recommendations for ecological
applications. Front. Mar. Sci. 9, 867007 (2022).

154. Saito, M. A., Bulygin, V. V., Moran, D. M., Taylor, C. & Scholin, C.
Examination of microbial proteome preservation techniques
applicable toautonomous environmental sample collection. Front
Microbiol 2, 215–215 (2011).

155. Cruaud, P. et al. Open the SterivexTM casing: An easy and effective
way to improve DNA extraction yields. Limnol. Oceanogr.-
Meth. 15, 1015–1020 (2017).

156. Hulstaert, N. et al. ThermoRawFileParser: modular, scalable, and
cross-platform RAW file conversion. J. Proteome Res. 19,
537–542 (2019).

157. Kim, S. & Pevzner, P. A. MS-GF+ makes progress towards a uni-
versal database search tool for proteomics. Nat. Comm. 5,
1–10 (2014).

Article https://doi.org/10.1038/s41467-023-42949-1

Nature Communications |         (2023) 14:7215 18



158. Röst,H. L. et al.OpenMS: aflexible open-source softwareplatform
for mass spectrometry data analysis. Nat. Methods 13,
741–748 (2016).

159. Weisser, H. &Choudhary, J. S. Targeted feature detection for data-
dependent shotgun proteomics. J. Proteome Res. 16,
2964–2974 (2017).

160. Langley, S. R. & Mayr, M. Comparative analysis of statistical
methods used for detecting differential expression in label-free
mass spectrometry proteomics. J. Proteom. 129, 83–92 (2015).

161. Keeling, P. J. et al. The marine microbial eukaryote transcriptome
sequencing project (MMETSP): Illuminating the functional diver-
sity of eukaryotic life in the oceans through transcriptome
sequencing. PLOS Biol. 12, e1001889 (2014).

162. Pruitt, K. D., Tatusova, T. & Maglott, D. R. NCBI reference
sequences (RefSeq): A curated non-redundant sequence data-
base of genomes, transcripts and proteins. Nucleic Acids Res. 35,
D61–D65 (2007).

163. Edgar, R.C. Search and clustering orders ofmagnitude faster than
BLAST. Bioinformatics 26, 2460–2461 (2010).

164. Katoh, K. & Standley, D. M. MAFFT multiple sequence alignment
software version 7: improvements in performance and usability.
Mol. Biol. Evol. 30, 772–780 (2013).

165. Capella-Gutiérrez, S., Silla-Martínez, J. M. & Gabaldón, T. trimAl: a
tool for automated alignment trimming in large-scale phyloge-
netic analyses. Bioinformatics 25, 1972–1973 (2009).

166. Gouy, M., Guindon, S. & Gascuel, O. SeaView version 4: a multi-
platform graphical user interface for sequence alignment and
phylogenetic tree building. Mol. Biol. Evol. 27, 221–224 (2010).

167. Kalyaanamoorthy, S.,Minh, B.Q.,Wong, T. K. F., vonHaeseler, A. &
Jermiin, L. S. ModelFinder: fast model selection for accurate
phylogenetic estimates. Nat. Methods 14, 587–589 (2017).

168. Minh, B. Q. et al. IQ-TREE 2: newmodels and efficient methods for
phylogenetic inference in the genomic era. Mol. Biol. Evol. 37,
1530–1534 (2020).

169. Perez-Riverol, Y. et al. The PRIDE database and related tools and
resources in 2019: improving support for quantification data.
Nucleic Acids Res. 47, D442–D450 (2019).

Acknowledgements
We thank the captain and crew of the R/V Atlantis as well as the parti-
cipants of the California Current Ecosystem Long-Term Ecological
Research (CCE LTER) P1908 Cruise (AT42-15). In particular, we thank
Mark Ohman, Mike Stukel, and Ralf Goericke for their contributions to
the overall cruise operations and Max Fenton who assisted with sample
collection. We also thank Jeff McQuaid for advice on the experimental
design. This work was supported by the National Science Foundation
Grants OCE-1756884 (to A.E.A.), OCE-1637632 (to K.A.B.), OCE-1756860
(to K.A.B. and A.J.A.), OCE-2224726 (to K.A.B. and A.E.A.), and DGE-
1650112 (Graduate Research Fellowship to R.H.L), the National Ocean
and Atmospheric Administration Grant NA19NOS4780181 (to A.E.A.), the
Simons Foundation Collaboration on Principles of Microbial Ecosystems
(PriME) Grant 970820 (to A.E.A.), the Simons Foundation Grant 504183
(to E.M.B.), the National Sciences and Engineering Research Council of
Canada Grant RGPIN-2015-05009 (to E.M.B.), the Czech Science Foun-
dation Grant 21-03224S (to M.O.), and the European Regional

Development Fund ERDF/ESF Grant CZ.02.1.01/0.0/0.0/16_019/
0000759. R.H.L. was also partially supported by a Chateaubriand Fel-
lowship from the Office of Science and Technology of the Embassy of
France in the United States and Inserm. This work also used the Extreme
Science and Engineering Discovery Environment (XSEDE), which is
supported by National Science Foundation grant ACI-1548562. Specifi-
cally, the Comet cluster at the San Diego Supercomputer Center was
used through allocation TG-OCE200007 (to R.H.L.).

Author contributions
R.H.L, T.H.C., K.O.F., S.K., E.M.B., A.J.A., K.A.B., A.E.A. designed the
research; R.H.L., T.H.C., K.O.F., L.J.J, S.K., A.H., M.O., A.J.R., E.R., H.Z.,
K.A.B. performed the research; R.H.L., T.H.C., K.O.F., L.J.J, S.K., E.M.B.,
A.H., M.O., K.A.B., A.E.A. analysed the data; R.H.L. drafted the manu-
script; all authors contributed to the discussion of results and prepara-
tion of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-42949-1.

Correspondence and requests for materials should be addressed to
Andrew E. Allen.

Peer review information Nature Communications thanks Yeala Shaked
and the other, anonymous, reviewers for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-42949-1

Nature Communications |         (2023) 14:7215 19

https://doi.org/10.1038/s41467-023-42949-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Short-term acidification promotes diverse iron acquisition and conservation mechanisms in upwelling-associated phytoplankton
	Results
	Experimental set-up, initial conditions, and assessments of iron limitation
	Whole-community physiological responses
	Microbial community composition
	Differential expression of transcripts and proteins among CO2 treatments

	Discussion
	Methods
	Experimental�design
	Satellite data and�maps
	Carbonate chemistry
	Dissolved iron concentrations
	Labile particulate iron concentrations
	Dissolved macronutrient concentrations
	Siex proxy for diatom iron limitation
	Parallel incubations to assess iron�status
	Chlorophyll a
	Particulate organic carbon and nitrogen
	Short-term 59Fe uptake�assays
	RNA collection and extraction
	16S and 18S rRNA amplicon sequencing and analysis
	Metatranscriptome library preparation, sequencing, and analysis
	Protein sample collection, extraction, and preparation
	Metaproteomic processing and analysis
	Phylogentic analyses
	Statistical analyses
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




