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Diatoms are prominent eukaryotic phytoplankton despite being
limited by the micronutrient iron in vast expanses of the ocean.
As iron inputs are often sporadic, diatoms have evolved mecha-
nisms such as the ability to store iron that enable them to bloom
when iron is resupplied and then persist when low iron levels are
reinstated. Two iron storage mechanisms have been previously
described: the protein ferritin and vacuolar storage. To investi-
gate the ecological role of these mechanisms among diatoms,
iron addition and removal incubations were conducted using nat-
ural phytoplankton communities from varying iron environments.
We show that among the predominant diatoms, Pseudo-nitzschia
were favored by iron removal and displayed unique ferritin
expression consistent with a long-term storage function. Mean-
while, Chaetoceros and Thalassiosira gene expression aligned
with vacuolar storage mechanisms. Pseudo-nitzschia also showed
exceptionally high iron storage under steady-state high and low
iron conditions, as well as following iron resupply to iron-limited
cells. We propose that bloom-forming diatoms use different iron
storage mechanisms and that ferritin utilization may provide an
advantage in areas of prolonged iron limitation with pulsed iron
inputs. As iron distributions and availability change, this spec-
ulated ferritin-linked advantage may result in shifts in diatom
community composition that can alter marine ecosystems and
biogeochemical cycles.

phytoplankton | iron limitation | Pseudo-nitzschia | ferritin |
metatranscriptomics

In wide-ranging areas of the ocean, phytoplankton growth
is frequently limited by the availability of the micronutrient
iron (1, 2). Inputs of iron via atmospheric dust deposition or
resuspension of continental shelf sediment during upwelling are
spatially and temporally variable, leading to gradients or spo-
radic episodes of increased iron concentrations (3, 4). From
the tropics to the poles, the introduction of iron to iron-limited
surface waters is known to stimulate phytoplankton growth usu-
ally dominated by large diatoms (5). One cosmopolitan genus
of pennate diatoms in particular, Pseudo-nitzschia, consistently
thrives when iron is added (6). Consequently, certain bloom-
forming diatoms have evolved to possess a number of mech-
anisms that allow them to persist under chronically low iron
and rapidly divide when it is reintroduced (7, 8). One such
mechanism is the ability to store iron; however, methods for
storage are not universal among all diatoms, which in turn may
affect iron storage capacities. Two iron storage strategies in
diatoms have been previously described: the protein ferritin and
vacuoles (8). However, the ecological implications of these dif-
ferent storage mechanisms remain to be investigated in natural
communities.

Diatom ferritins are unlike those from other eukaryotes as
the gene was acquired via lateral gene transfer from cyanobac-
teria, some of which use ferritin for long-term storage (9-
11). Although ferritin (FTN) is present across all four diatom
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lineages, it appears to be mostly absent from centric diatoms,
including many Thalassiosira and Chaetoceros species, two
prominent genera in the ocean (9, 12, 13). Furthermore, evi-
dence suggests that diatom ferritins do not all serve the same
functional role. In addition to long-term storage, ferritin may
play a role in iron homeostasis. Free intracellular iron is toxic
to cells, and some microalgae express ferritin to buffer iron
released from degrading proteins (14-16). In the green algae,
Ostreococcus, ferritin that serves this buffering role was regulated
by the circadian clock rather than by iron availability (14). Simi-
larly in some FTN-containing diatoms, gene expression changes
are comparatively subdued between different iron nutritional
states, suggesting a role other than long-term storage (12).

In contrast, Pseudo-nitzschia ferritins are highly conserved
and, when acclimated to varied iron concentrations, Pseudo-
nitzschia substantially increase FTN expression with dissolved
iron concentrations (17, 18). Additionally, the oceanic species
Pseudo-nitzschia granii was able to perform significantly more cell
divisions than the non—ferritin-containing diatom, Thalassiosira
oceanica, when transitioned from high to low iron conditions
(18). As a result, ferritin in Pseudo-nitzschia provides an expla-
nation for their unusually high iron storage capacities (12, 18).
Biochemical examination of Pseudo-nitzschia ferritin, however,
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shows that iron remineralization is slow, suggesting a role in
buffering (19). Beyond speculation over its true function, the
ecological importance of ferritin also remains in question; it has
been suggested that competitive strength for diatoms in iron-
limited regions lies primarily in using iron-free proteins rather
than iron storage (20).

In the non-ferritin-containing species of the genus Thalas-
siosira, evidence supports an intracellular vacuole mechanism
for iron storage. Thalassiosira pseudonana possesses a diva-
lent transporter belonging to the natural resistance-associated
macrophage protein (NRAMP) family (21), and some NRAMP
proteins are used in other eukaryotes to transport iron out of
vacuoles (22, 23). Observed up-regulation of this gene under
low dissolved iron concentrations suggests that NRAMP could
be used to mobilize iron out of a vacuole although a role in cell-
surface uptake has not been ruled out (21). Anomalously high
intracellular regions of iron with stoichiometries consistent with
polyphosphate-bound iron in 7. pseudonana and Thalassiosira
weissflogii also support a vacuolar storage mechanism for these
diatoms (24).

These previous investigations of iron storage were performed
in the laboratory where conditions do not fully reflect the natu-
ral environment (25). In particular, these laboratory experiments
were conducted with monocultures where there is a lack of
competition among different diatoms and other phytoplank-
ton groups or interspecies interactions. Advances in analytical
capabilities have improved the ability to study the relation-
ship between iron and phytoplankton in natural communities.
Reference genomic data for marine organisms allow for anno-
tation of environmental RNA, or metatranscriptomes, includ-
ing accurate taxonomic annotation for well-represented genera
(26). Synchrotron X-ray fluorescence (SXRF) enables quanti-
tative elemental analysis, including that of iron, for individual
cells (27). Here we combine metatranscriptomics and SXRF
to examine iron storage in specific diatom taxa within nat-
ural eukaryotic phytoplankton communities. Using shipboard
incubations, iron was added to or removed from phytoplank-
ton with varying initial iron physiological states. We show that
iron storage ability can be exceptionally high and that fer-
ritin expression is unique in Pseudo-nitzschia while other non—
ferritin-using diatoms likely use vacuolar storage. This ferritin-
linked storage ability may provide an advantage to ferritin-using
diatoms such as Pseudo-nitzschia under prolonged periods of iron
limitation.

Results and Discussion

Iron States Within the Initial Phytoplankton Communities and Incu-
bations. The iron addition and removal experiments were con-
ducted at four coastal sites and one oceanic site (Fig. 1 and
Table 1). Three of the coastal sites are located in the Califor-
nia Upwelling Zone (CUZ): C-High, C-Lowl, and C-Low2. In
the CUZ, iron delivery is primarily dependent on upwelling-
driven resuspension of continental shelf sediments creating a
mosaic of iron-limited regions that is largely dependent on shelf
width (SI Appendix, Fig. S1) (3, 28, 29). The other experiments
were conducted along the Line-P transect, a well-characterized
iron gradient extending into the high-nutrient low-chlorophyll
(HNLC) region of the Northeast Pacific Ocean (30). Specifically,
the sites correspond to the coastal station, P4 (P-High), and an
oceanic site, Ocean Station Papa or P26 (P-Low).

Herein named based on their initial iron status (high or low),
these locations provided varying initial phytoplankton biomass,
macronutrient, and iron concentrations that were then further
manipulated by the addition of iron (Fe) or the removal of
bioavailable iron through addition of the strong iron chela-
tor desferrioxamine B (DFB) (Fig. 2 and Table 1). Short-
lived pulse additions were also simulated by an initial addi-
tion of iron followed by addition of DFB at the first time

E12276 | www.pnas.org/cgi/doi/10.1073/pnas.1805243115

48°N

42°N

36°N
km
0 500 1000
30°N
150°W 140°W 130°W 120°W
[ ee—

0 4 8 12
Nitrate (umol L™1)

Fig. 1. Map of field incubation locations with interpolated statistical means
of nitrate concentrations (umol-L~") on a 1° grid of all decades from World
Ocean Atlas 2013 (73).

point (FeDFB treatments). Iron status was assessed based on
oceanographic context (SI Appendix), differences in the chem-
ical and biological properties of the seawater [nitrate draw-
down, chlorophyll a, biogenic silica, and photosynthetic effi-
ciency (Fy:Fn)] (SI Appendix, Table S2), and a combination of
gene expression-based molecular indicators that evaluate iron
stress or limitation for distinct diatom genera (SI Appendix,
Fig. S2).

Low-iron sites displayed comparatively lower Fe:NOs3 ratios
(Table 1). Further substantiating their initial status, significant
differences between the Fe and control incubations were always
observed in photosynthetic efficiency (Fy:F) and commonly
found for chlorophyll, biogenic silica, nitrate drawdown, and the
molecular indicators of iron stress (SI Appendix, Table S3). C-
High phytoplankton dynamics were largely unaffected by the
addition of iron compared with controls as shown by a lack of
significant differences, and those at P-High were driven more by
macronutrient availability than by iron.

At all sites, significant differences were observed between
the Fe and DFB treatments, indicating that low- and high-iron
scenarios were created at each site, regardless of the initial
iron status. At C-High, nitrate was significantly reduced by iron
addition, but the other macronutrients, chlorophyll, and bio-
genic silica concentrations did not change significantly. However,
the molecular indicators validate that the diatom community’s
physiology was influenced by the addition of DFB, creating a
low-iron contrast. The remaining sites show significant differ-
ences between the Fe and DFB treatments in nitrate drawdown,
chlorophyll, and biogenic silica, although these differences are
also not entirely universal, which may be a result of the dissimi-
lar initial conditions. Fy:Fn, however, was consistently reduced
by DFB addition as were increases in the molecular indica-
tors, suggesting iron stress in diatoms at all sites in the DFB
treatments.

Taxonomic Distributions. Relative taxonomic distributions based

on transcript proportions were assessed within the whole com-
munity for phylum-based groupings and among diatom genera

Lampe et al.
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Table 1. Incubation site identifiers, location, and initial iron
conditions

Latitude and Fe:NOs, Initial Fe,
Name longitude nmol-L~":pmol-L~! nmol-L~"
C-High 38.7° N, 123.7° W 0.26 3.57
C-Low1 42.7° N, 125.0° W 0.06 1.05
C-Low2 35.9° N, 121.7° W 0.06 1.28
P-High 48.7° N, 126.7° W 0.42 0.64
P-Low 50.0° N, 145.0° W 0.01 0.05

At site P-High, 10 umol-L~" of NO3 was added.

(Fig. 3 and SI Appendix, Fig. S3). Although transcript propor-
tions may not always relate to cell abundance, they are indicative
of the relative activity among groups and within this study are
consistent with relative changes in cell abundance based on
microscopic counts where performed (31). Diatoms consistently
comprised higher relative abundances in the Fe treatments com-
pared with the DFB treatments at the low-iron sites while the
opposite was found by the final time points at both high-iron
sites (Fig. 34). Although these higher relative transcript propor-
tions at the low-iron sites appear minor (<10%), they may still
have translated to a large absolute abundance of certain diatoms.
These higher relative abundances were coupled to increases in
chlorophyll (>5 um) and biogenic silica concentrations, indicat-
ing that the absolute cellular abundance of diatoms was greater
following iron addition rather than simply a shift in proportions
(Fig. 2).

This increase in diatom transcript abundance and presumed
cellular abundance when iron was added aligns with diatoms’
known ability to respond positively when transitioning from low
iron to high iron (5). Diatoms were also favored when the envi-
ronment transitioned from high to low iron as shown by higher
relative abundance in the DFB treatments compared with the Fe
treatments by the last time points at the high-iron sites (Fig. 34).
Regardless of the situation (high iron to low iron or vice versa),
diatoms were ultimately able to increase in relative abundance,
aligning with their responsiveness to iron availability (32, 33). In
the transition from high to low iron, iron storage may play a role
in allowing diatoms to continue to divide as growth rates in other
taxa slow.

The dominant diatom genera within these experiments were
Chaetoceros, Pseudo-nitzschia, and Thalassiosira, which are also
among the most common in the open ocean (SI Appendix,
Fig. S3) (13). When iron was added, Thalassiosira generally com-
prised higher transcript proportions of the diatom community,
while inconsistent differences for Chaetoceros were observed
(Fig. 3B). Chaetoceros appeared to be favored by iron addition in
the coastal low-iron sites while having slightly higher proportions
with DFB in the high-iron sites. Interestingly, Pseudo-nitzschia
consistently had higher transcript proportions in the control and
DFB treatments compared with when iron was added. As antici-
pated from Pseudo-nitzschia species’ high-iron storage capacities,
their ability to store iron may play a role in these shifts. As iron
is removed, Pseudo-nitzschia can use stored iron to maintain a
higher growth rate while other species may not (18).

The exception was the oceanic site, P-Low, where Pseudo-
nitzschia transcripts greatly increased in the Fe treat-
ment compared with the control and DFB treatments, consistent
with previous observations of iron enrichment in HNLC regions
(SI Appendix, Fig. S3) (6). Here, Chaetoceros proportions
remained relatively low, but Thalassiosira rose in percentage
when iron was added as seen at the other sites. Also as observed
at the other sites in the DFB treatments, Pseudo-nitzschia still
increased to become the most prevalent genus, showing that it
persisted compared with the other genera although iron was
depleted.

Lampe et al.

Iron Quotas Among Diatom Genera. Cellular iron contents,
or quotas, were quantified in individual Chaetoceros and
Pseudo-nitzschia cells from within the incubations using SXRF
microscopy (Fig. 44 and SI Appendix, Fig. S4) (27). Both coastal
and oceanic Pseudo-nitzschia species are known to have excep-
tionally high iron storage capacities, (8, 12), which was observed
in these experiments (Fig. 44). At C-High, where in situ iron
concentrations were highest (Table 1), Pseudo-nitzschia had sig-
nificantly higher quotas in the high-iron treatments (control and
Fe) compared with Chaetoceros as well as Pseudo-nitzschia at the
other sites.

In many cases, the quotas in Pseudo-nitzschia and Chaetoceros
were similar. For instance, there were no significant differ-
ences in the quotas achieved between the genera at P-High,
and both increased their quotas when Fe was added at C-
Lowl (Fig. 44). At P-High, although phytoplankton growth
was induced by the addition of nitrate (primarily haptophytes),
diatoms declined in relative transcript proportions from 24 h
to 48 h as silicate concentrations decreased to <1 pmol-L™!,
which likely became limiting to diatom growth (Fig. 2 and
SI Appendix, Fig. S3). With silicate depletion preventing cell
division, cells likely accumulated iron in the Fe and control
treatments (34) and transitioned toward their minimum quo-
tas in the DFB treatment where dissolved iron was bound to
DFB (Fig. 44).

At P-Low, Pseudo-nitzschia showed an extraordinary ability
to maintain a substantial Fe:C quota of 58 + 11 umol:mol in
the control treatment even though the initial dissolved iron con-
centrations were 0.05 nmol-L ! and markers of iron stress were
high (SI Appendix, Fig. S2). Pseudo-nitzschia quotas dropped in
response to DFB, confirming that the control community had
accessed ambient iron to support quotas above their minimum
level. Matching the low transcript abundances for Chaetoceros
cells at this site, no Chaetoceros cells were found in SXRF sam-
ples, and therefore corresponding iron quotas could not be mea-
sured. Overall, these results align with previous studies showing
overlap in iron quotas for diatoms, including Thalassiosira, under
moderate iron conditions, but Pseudo-nitzschia species appear to
have higher maximum iron quotas and therefore a greater iron
storage capacity (8, 12).

A closer examination of the results at C-Low1 suggests that
maintenance of stored iron between the two diatom genera is
also not the same. At this site, Pseudo-nitzschia appeared to
be able to use iron storage to continue to divide and outcom-
pete Chaetoceros. As dissolved iron concentrations decreased
in the control incubations and indicators of iron stress were
exhibited (SI Appendix, Fig. S2), Pseudo-nitzschia were able
to maintain iron quotas (26 £ 7 pmol Fe:mol C) while
those in Chaetoceros declined (6 + 2 mol Fe:mol C) from
48 h to 72 h. Meanwhile, chlorophyll, biogenic silica, diatom
transcript proportions, and transcript proportions of Chaeto-
ceros and Pseudo-nitzschia all increased between the same two
time points (Fig. 4B). Notably, Pseudo-nitzschia increased from
26% to 39% of diatom transcripts while Chaetoceros remained
lower.

In the DFB treatments, Chaetoceros quotas at both time points
were similar to the control, suggesting that Chaetoceros cells
reached their minimum quota rapidly as iron was depleted.
Although the quotas at 72 h in the DFB treatment were sim-
ilar in both Chaetoceros and Pseudo-nitzschia, the reduction in
quota for Pseudo-nitzschia can be attributed to their proportions
approximately doubling over the time frame of the incubations to
40% of diatom transcripts while Chaetoceros proportions steadily
declined to 4% (Fig. 4B). Meanwhile, diatom transcript propor-
tions increased over time from 15% to 21% as did chlorophyll in
the large size fraction from 0.70 ug-L~"to 1.93 pg-L~"'. Pseudo-
nitzschia were likely able to use their stored iron at 48 h to
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Fig. 2. Macronutrient (umol-L~"), size-fractionated chlorophyll a (ug-L~"), and biogenic silica (umol-L~") concentrations and maximum photochemical
yields of photosystem Il (F,:Frm) from the initial collected seawater (t = 0) and incubations at various time points. Incubations are labeled as follows: control
(C), iron addition (Fe), iron removal (DFB), and iron addition followed by removal (FeDFB) and denoted as the first or second time point (T; or T;) where
applicable. CUZ sites and Line-P sites are grouped separately as two of the x-axis scales are different.

continue to divide and become a larger proportion matching
the control treatment by 72 h despite iron removal by addition
of DFB. Chaetoceros, on the other hand, lacked stored Fe to
draw on at 48 h in the presence of DFB. Taken together, iron
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storage at this low-iron site likely allowed Pseudo-nitzschia to
maintain a higher growth rate while Chaetoceros growth slowed,
consistent with what has been previously observed in laboratory
experiments between P. granii and T. oceanica (18).
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Ferritin Expression in Pseudo-nitzschia and Other Diatoms. Ferritin  Fig. S5). Phylogenetic analysis of environmental sequences indi-
expression in Pseudo-nitzschia was detected at all sites and at  cates that these FTN sequences belong to both diatom ferritin
comparatively high levels in several incubations, being unde-  groups (9) and are derived from multiple Pseudo-nitzschia
tected only in the extreme low-iron scenarios at P-Low and  species (SI Appendix, Figs. S6 and S7). A previous iron and B-
the initial community at C-Low?2 that was obtained from below  vitamin enrichment experiment at Ocean Station Papa (P-Low)
the euphotic zone and thus was severely light limited and con-  also detected FTN expression in Pseudo-nitzschia (35); thus, the
tained a low abundance of diatoms (Fig. 54 and SI Appendix, abundance of FTN transcripts across these sites and experiments

A C-High P-High C-Low1 P-Low
g 300
°
£ 200
]
[$)
3 100
e
O ¢ R O L R [N <] < e QO R < e
(% < K (% 3 < b 3 3 < 0% £ & 3 3 © £ &
V¥ W,.O VW W 'v"o u‘"’o WAV @ W §,9 wo o g@.o
Bl Pseudo-nitzschia B Chaetoceros
C-Low1 Chl a or bSi Proportion of Diatoms Proportion of Diatom Genera
== Control - Chla>5um 40%- 40%- - Pseudo-nitzschia
— Fe 7, 8] o bSi -0- Chaetoceros
— DFB _g 30%1 30%
g 6
5 ] 20%9 20%4
a
0 r - - 0% - - r 0% r r r
0 24 48 72 0 24 48 72 0 24 48 72
hours hours hours

Fig. 4. (A) Cellular iron quotas (umol Fe:mol C) in Chaetoceros and Pseudo-nitzschia from incubations. Bars are geometric means + SE. (B) Time course
for site C-Low1 of chlorophyll a (>5 um size fraction only), biogenic silica, diatom relative transcript proportions, and relative transcript proportions of
Pseudo-nitzschia and Chaetoceros within diatoms. The treatments shown are control (green), iron addition (Fe, red), and iron removal (DFB, blue). Plots are
grouped by initial iron state (high or low).
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Fig. 5. Pseudo-nitzschia normalized ferritin (FTN) expression for all initial conditions and incubations. ND, no transcripts detected. Symbols are colored
according to high (red)- or low (blue)-iron sites. (A) Box plots of FTN counts at each site. (B) Averaged FTN counts as a function of dissolved iron concentra-
tions. In the DFB treatments or where iron was less than 0.05 nmol-L~", FTN counts are plotted to the left of the gray vertical dashed line. (C) FTN counts as
a function of cellular iron content (quota) expressed as Fe:C (umol:mol) and fitted with a semilog line.

indicates that ferritin utilization is a widespread strategy used by
Pseudo-nitzschia spp.

Beyond detection, Pseudo-nitzschia FTN expression appears
to be regulated by their initial iron status. At high-iron sites,
comparatively less variation in FTN expression was observed
even though iron was either added or removed (Fe vs. DFB,
Fig. 54). Where replication was available (C-High), these dif-
ferences were not statistically significant. Conversely, the low-
iron sites showed greater variation in FTN expression, with
the most extreme case being the oceanic site, P-Low. Here,
Pseudo-nitzschia FTN was undetected in the ambient, severely
iron-limited community and then became highly expressed fol-
lowing iron addition (Fig. 54). Certainly, if the primary role
of ferritin is for long-term iron storage, it would favor Pseudo-
nitzschia to minimize synthesis of ferritin unless iron is available
in high enough levels to be stored. Pseudo-nitzschia strains within
environments where iron is low may be adapted to vary their
expression of FTN to accommodate these ephemeral inputs of
iron, whereas Pseudo-nitzschia in high-iron environments appear
to constitutively express FTN to accommodate the more frequent
iron inputs and higher supply.

In general, FTN expression in Pseudo-nitzschia declined under
low-iron concentrations and reached a maximal level of expres-
sion at dissolved Fe concentrations over 1 nmol-L " (Fig. 5B).
This expression pattern matches previous laboratory experi-
ments that used iron chelators to control iron availability (17,
18) and is unlike expression in Ostreococcus where ferritin serves
a role in recycling intracellular iron (14). Although not tested
to higher concentrations here, these data support the hypothesis
that Pseudo-nitzschia use FTN for long-term storage, as FTN is
likely expressed to maintain storage needed for their maximum
quotas. Further substantiating this role, there is a significant pos-
itive correlation (Pearson) between FTN expression and iron
quotas (Fig. 5C) as well as the changes in FTN expression and
iron quotas (SI Appendix, Fig. S8). This concordance in Pseudo-
nitzschia FTN expression and iron quotas supports increased
storage of iron as ferritin abundance increases.

Comparisons between the Fe and DFB treatments at each site
display these changes in expression in greater detail (Fig. 6).
FTN expression was always higher when iron was added and
lower when it was removed except at the second time point of
P-High, which was likely influenced by macronutrient depletion
(12). FTN was highly expressed in the low-iron sites following
iron addition, consistent with Pseudo-nitzschia increasing FTN
expression in response to increased iron concentrations (17, 18).
Responses varied when comparing the first and second time
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points in the Fe treatments, from a significant decrease in tran-
script abundance at C-Lowl to little change at C-Low2 (Fig. 6).
The strong difference at C-Low1 is largely driven by unusually
high FTN expression at the first time point, being much higher
than any other level of FTN expression even at high dissolved
iron concentrations (Fig. 5B). This result may be an artifact of
earlier timing of sampling. As noted in a previous laboratory
study, maximal expression of FTN quickly followed iron resup-
ply to iron-limited Pseudo-nitzschia multiseries and then gradually
returned to steady-state levels (18). This difference over time
could also be affected by macronutrient depletion at the second
time point (Fig. 2) (12).

As expected, FTN expression was similar between the first
and second time points where only DFB was added as the
low-iron status of Pseudo-nitzschia in the incubations remained
constant. In the cases where DFB was added after Fe (FeDFB),
FTN expression decreased following the addition of DFB at the
low-iron sites and matched expression within the DFB-only treat-
ments. The exception was at P-Low where expression of FTN
remained high and only marginally lower than that in the Fe
treatment although DFB had been added for 48 h, suggesting
that these oceanic diatoms display a delayed response to iron
removal. Once more, these gene expression patterns are con-
sistent with what has been observed for Pseudo-nitzschia in the
laboratory (17, 18), substantiating that members of this genus use
ferritin for long-term storage of iron.

To examine the prevalence of ferritin utilization in other dom-
inant diatoms, FTN expression was examined in Chaetoceros and
Thalassiosira (Fig. 6). FTN was virtually undetected in Chaeto-
ceros with only two assigned contigs from the assembly with low
read counts. Phylogenetic analysis shows that these contigs are
similar to the reference FTN sequence from Chaetoceros dichaeta
(81 Appendix, Fig. S9). As FTN sequences have been identified in
only a few reference Chaetoceros transcriptomes, this result was
anticipated (12). Only a few Thalassiosira species have been found
to possess FTN, and Thalassiosira FTN was detected only in low
abundances (SI Appendix, Figs. S5 and S10) with no significant
changesin expression (Fig. 6). Previous studies have also observed
minute changes in Thalassiosira FTN expression as a function of
iron status apart from one FTN homolog in Thalassiosira rotula
that had higher expression under iron-limited conditions, sug-
gesting a role other than long-term iron storage in this diatom
(12). Among these predominant diatom genera, Pseudo-nitzschia
appears to be the distinct utilizer of FTN for long-term iron stor-
age in its natural environment, whereas the other diatoms are
potentially using other mechanisms to store iron.
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Vacuolar-Associated Gene Expression. Expression of NRAMP was
investigated as it may be related to vacuolar storage of iron. This
relationship is based on evidence that some NRAMP orthologs
in other eukaryotes may be involved in vacuolar storage (22, 23).
Thalassiosira NRAMP has also been found to be up-regulated
when iron quotas and iron concentrations are low (21). As
NRAMP is a nonspecific divalent metal transporter and Fe
uptake in Thalassiosira was not inhibited by other divalent met-
als, NRAMP may not be a surface transporter and rather one
for transporting iron out of vacuoles (21). The presence of
iron contained within vacuoles is also supported by spatial ele-
mental analysis of certain non—ferritin-containing Thalassiosira
species (24).

Thalassiosira was the genus with the highest and most signifi-
cant differential expression of NRAMP (Fig. 6 and SI Appendix,
Fig. S5). Expression in the other two genera was typically low,
not significantly different, and inconsistent between treatments,
indicating that the use of NRAMP may be distinct to Thalassiosira
among the three examined diatom genera, much like F7TN in
Pseudo-nitzschia. Interestingly, Pseudo-nitzschia showed higher
expression only at P-Low, albeit with low differential expres-
sion between treatments (SI Appendix, Fig. S5). It is possible
that these subarctic oceanic Pseudo-nitzschia spp. constitutively
express NRAMP as a low-affinity metal permease on the cell sur-
face. For these diatoms, this function would be advantageous at
this site as iron availability is extremely growth limiting, Fe(II)
oxidation rates are slower in colder waters, and Fe(II) may
account for a significant amount of the total dissolved iron (36).
High expression of NRAMP in the low-iron treatments at this
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site was also observed in the closely related genus Fragilariopsis,
indicating that it may serve a similar role (S Appendix, Fig. S11).

Thalassiosira consistently demonstrated higher NRAMP tran-
script abundance in the DFB treatments with some significant
differential expression (Fig. 6). Expression was consistent when
comparing across time in the Fe or DFB treatments. In the iron
addition and then removal treatment (FeDFB), expression was
significantly higher compared with that in the Fe treatment. Low
differences in expression were observed between the FeDFB
treatment and the DFB treatment. These results are consistent
with the laboratory studies showing higher NRAMP expression
under low-iron concentrations and significant down-regulation
following iron resupply in 7. pseudonana (21); thus, they are con-
sistent with what we may expect from the role of NRAMP in
transporting iron out of a vacuole. In particular, the high expres-
sion in the FeDFB treatment suggests that Thalassiosira store
iron in vacuoles and then highly express this transporter to shut-
tle iron out of the vacuole once it is no longer externally available.
Given the rapid responsiveness to iron availability observed in
the laboratory (21) and the differential expression observed here,
it appears likely that NRAMP expression is regulated by external
iron availability rather than cellular iron quota.

Although this expression supports common use of this vac-
uolar strategy in Thalassiosira, the role of NRAMP in diatoms
remains rather elusive and may be different between genera as
is evident from its expression in ferritin-using, oceanic Pseudo-
nitzschia (Fig. 6). Phylogenetic analysis of diatom NRAMP
genes shows that they appear conserved to some degree among
diatoms, distinct from NRAMPs in other organisms, and to have
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originated from their red algal ancestor (S Appendix, Fig. S12).
The gene, however, is not universal to all diatoms given that
an ortholog was not detected in the Phaeodactylum tricornutum
genome (37).

Overall, Chaetoceros displayed little FTN or NRAMP expres-
sion in these incubations, but iron quotas were similar to that
of Pseudo-nitzschia within most treatments, particularly at C-
Lowl1 and P-High (Figs. 4 and 6 and SI Appendix, Fig. S5). From
these quotas, it is apparent that Chaetoceros is able to store
iron at quantities similar to that of Pseudo-nitzschia within these
time frames; however, their iron storage mechanism remains
unknown. High expression of NRAMP in Chaetoceros was found
in the FeDFB treatments at C-Low2, but not at C-Low1. The
difference appears to be pronounced at P-High, but this result
is an artifact of no detection in the Fe treatment (Fig. 6 and SI
Appendix, Fig. S5). It is possible that there was some NRAMP uti-
lization by Chaetoceros at certain sites, but this response was not
consistently found.

Expression of other iron-related genes that show similar pat-
terns to FTN and NRAMP were queried. In addition to NRAMP,
diatoms possess divalent metal transporters belonging to the ZIP
family (38). Like NRAMP, these may also be localized to the
cell or vacuolar membrane for passive metal transport, including
that of Fe(II) (39). Expression of two ZIP orthologs (ZIPI and
ZIP7) was detected in all three dominant genera in the meta-
transcriptomes. ZIP7 was expressed most by Pseudo-nitzschia
but not differentially expressed among treatments (S Appendix,
Fig. S13). Unlike FTN and NRAMP, ZIPI was expressed at sim-
ilar levels on average among the three genera; however, Chaeto-
ceros was the only predominant diatom to significantly modify
expression of the gene in relation to its iron status (Fig. 6). Fur-
thermore, this expression pattern is similar to that of NRAMP
where increased transcript abundance is observed when DFB is
added, particularly when transitioning from high to low iron as
in the high-iron sites and the FeDFB treatments. As a result, we
speculate that Chaetoceros may also use a vacuolar storage mech-
anism but potentially uses a different transporter protein, ZIP1,
for transport out of the vacuole. This gene appears to be similar
to one present in some other heterokonts and green algae, sug-
gesting different evolutionary origins from NRAMP or FTN (SI
Appendix, Fig. S14).

Furthermore, the mechanism of iron import into the vacuole
is unknown. Diatoms possess a homolog of the vacuolar iron
transporter, VITI or CCCI, used for this purpose in Arabidop-
sis thaliana and Saccharomyces cerevisiae, respectively (40, 41).
Expression of these genes was found to be low and inconsistent
among treatments in our incubations. Previous experiments show
that one of the homologs in P. tricornutum was significantly regu-
lated by cadmium; therefore, it is possible that V'IT1 is not related
to iron transport in diatoms (40).

Biogeochemical and Ecological Implications. The expression of
FTN in Pseudo-nitzschia and NRAMP in Thalassiosira in these
natural communities is consistent with previous laboratory stud-
ies substantiating these distinct iron storage strategies—ferritin
and vacuolar storage—in ecologically important diatom genera.
Of the three main diatom genera in this study, Pseudo-nitzschia
was the unique utilizer of FTN, explaining Pseudo-nitzschia’s
high iron storage capacity (12, 18). Meanwhile, NRAMP was
the most highly expressed and regulated in Thalassiosira. Tran-
scripts for neither of these genes were abundant in Chaetoceros
although iron quotas in Chaetoceros were often similar to those in
Pseudo-nitzschia, leading to speculation that Chaetoceros uses a
different divalent metal transporter, ZIP1, for vacuolar iron stor-
age. Interestingly, the presence of these three genes in diatoms
also appears to have different evolutionary origins: lateral gene
transfer (FTN), the red algal ancestor (NRAMP), or the green
algal ancestor (ZIPI). Since ferritin likely originated from a
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lateral gene transfer event from cyanobacteria, but it is present in
all four diatom classes (9, 18), we hypothesize that it was inher-
ited by a diatom ancestor before the first divergence of these
lineages ~56 Mya (7). Contributing to diatom diversification,
many centric diatoms may have maintained a vacuolar storage
mechanism whereas ancestral diatoms to Pseudo-nitzschia and
Fragilariopsis switched to using ferritin for long-term storage and
have conserved the gene. As other diatoms maintained a vacuo-
lar storage mechanism, ferritin genes may be absent as a result
of gene loss events or present for functions other than long-term
iron storage (12).

Ferritin in the closely related pennate diatom Fragilariopsis is
believed to serve the same function as ferritin in Pseudo-nitzschia
(18). In laboratory studies with Fragilariopsis cylindrus and
Fragilariopsis kerguelensis, ferritin expression was higher under
steady-state iron-replete conditions compared with iron-limited
conditions (17, 42). Fragilariopsis ferritin expression in the field
experiments described here was relatively low and inconsistent,
but Fragilariopsis were not abundant within the incubations (S/
Appendix, Fig. S11). Other metatranscriptomes also show con-
flicting results ranging from absent in one study from the Southern
Ocean (42), to very low abundances in another study at P-Low
(35), to abundant but not differentially expressed in another
Southern Ocean metatranscriptome (43). Considering the rel-
atively slow growth rate of Fragilariopsis from polar environ-
ments (17), timing of sampling may underlie the lack of observed
transcriptomic responses in the field compared with steady-state
laboratory conditions. Examining Fragilariopsis transcriptional
changes of iron-responsive genes such as FTN over time following
iron supply would provide context for these results.

The advantage of iron storage via ferritin vs. vacuolar stor-
age is likely most beneficial in regions of ephemeral iron supply
where iron can be accumulated following a pulsed input and then
passed on to progeny. As observed from artificial iron enrich-
ments, new inputs can be short-lived with a majority of the iron
being lost to dispersion or sinking with inorganic particles (44,
45). Dissolved iron as well as the relative contributions of exter-
nal and recycled Fe (i.e., the fe ratio) (46) can change in a period
of just a few days (47). As a result, diatoms likely must com-
pete for and quickly assimilate a relatively small proportion of
total new dissolved iron (48). While recycled iron may sustain
prolonged growth (44), iron uptake in later bloom stages can be
dominated by other phytoplankton groups, suggesting that other
small microbes may outcompete diatoms for regenerated iron
(25) and highlighting the ecological importance of accessing and
storing initial inputs of new iron for diatoms.

Iron within ferritin can be stored rapidly and effectively in
relatively high quantities, which enables ferritin-using diatoms
to sustain continued growth for longer periods of time across
large spatial distances while avoiding cellular iron toxicity (49).
Ferritin may also enable more uniform distribution of stored
iron to daughter cells compared with a vacuole as the protein
with stored iron may be more readily transferred to daugh-
ter cells during cell division. Indeed, the apparent ferritin-
using diatoms Pseudo-nitzschia and Fragilariopsis have domi-
nated iron-enrichment experiments in the subarctic Pacific and
Southern Oceans (6, 33). Low-iron sites and treatments here
also tended to favor Pseudo-nitzschia (Fig. 3). Fragilariopsis is
also known to be abundant in the Southern Ocean, particularly
in the open ocean regions where iron delivery is more spo-
radic and pulsed (50, 51). These genera can maintain higher
growth rates, enabling a larger initial bloom as well as a larger
and longer-lasting seed population until the next iron deposition
event occurs.

Iron distributions and availability will likely be altered as a
result of climate change (52). In some areas increases in sur-
face iron are predicted as a result of increased combustion
emissions of metals, dust from land use and climate changes,
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enhanced vertical supply of iron, or trapping of iron near the
surface from increased stratification (4, 53, 54). Lower biologi-
cal production may result in increases in dissolved iron as well
(55). However, elevated iron deposition may be offset by other
factors. Coastal upwelling environments such as the California-
based sites in this study may see more widespread iron limitation
(56). Potential increases in upwelled nitrate inputs could be
unmatched by new iron inputs which will further exaggerate
existing iron-limited regions or drive others into an iron-limited
state (57). Ocean acidification will likely result in less bioavail-
able iron for diatoms as the release of dissolved iron from
certain organic ligands is reduced under lower pH (58), and
high-affinity iron uptake via phytotransferrin in diatoms is sig-
nificantly impacted by decreased carbonate concentrations (59).
Moreover, uncertainty remains in regard to how acidification
will affect other factors governing iron solubility and availabil-
ity such as the production of siderophores by heterotrophic
bacteria (60).

If prolonged iron limitation occurs with greater frequency,
there will be a shift toward a system like that observed at P-Low
where increases in ferritin-using diatoms such as Pseudo-nitzschia
in these areas or potentially Fragilariopsis in the Southern Ocean
are anticipated from gaining longer-lasting seed populations due
to enhanced iron storage. Pseudo-nitzschia in coastal regions are
also known for their synthesis of the neurotoxin domoic acid
(DA), potentially favoring a system more conducive to its pro-
duction and leading to an increase in frequency and intensity of
harmful algal blooms (61). DA was detected in all CUZ incu-
bations with concentrations up to 3.00 ng-mL ™" (ST Appendix,
Fig. S15) (32). Furthermore, Fragilariopsis can contribute to
high biogenic opal burial in the Southern Ocean, suggesting an
enhancement in the silica pump (50, 62). Beyond simply the
impact that iron limitation has on primary productivity, these
long-term community shifts toward ferritin-using diatoms would
further influence the marine food web structure and associated
biogeochemical cycles.

Materials and Methods

Incubation experiments were conducted at five sites within the CUZ (July
2014) or along the Line-P transect in the subarctic Northeast Pacific Ocean
(June 2015) (Fig. 1 and Table 1). Near-surface water (S/ Appendix, Table S1)
was collected using trace-metal clean techniques and distributed into acid-
cleaned 10-L Cubitainers except in C-Low2 for which water was collected
from 96 m. Cubitainers were incubated on deck at near-ambient surface
water temperature and screened at approximately one-third surface irradi-
ance. Treatments included an unamended control (C), addition of iron with
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5 nmol-L~" FeCl; (Fe), removal of iron with 200 nmol-L~" of the siderophore
DFB, and iron addition at t = 0 followed by iron removal at the first time
point (FeDFB) to mimic a short-lived iron pulse. At site P-Low, DFB was added
to a control and Fe treatment at 48 h for the DFB and FeDFB treatment
sampled at 96 h. At site P-High, 10 umol-L—" of NO; was added to all incuba-
tions to support growth since initial NO3 concentrations were low. At dawn
of each time point, triplicate Cubitainers of each treatment were harvested
and subsamples were collected for the following measurements: dissolved
inorganic nutrients, chlorophyll a, biogenic silica, Fy:Fm, RNA, and SXRF.

RNA was extracted using the ToTALLY RNA Total RNA Isolation Kit,
and mRNA was sequenced on an lllumina HiSeq 2000. All samples were
sequenced in triplicate except samples for treatments with low yields
(all t = 0 and Line-P samples), where triplicate extractions were pooled into
one sample. Reads were assembled into contigs with ABySS v1.5.2 (63) and
were annotated de novo using BLASTX v2.2.31. For functional annotation,
Kyoto Encyclopedia of Genes and Genomes (KEGG) (64) assignments were
used whereas taxonomic classification was assigned using MarineRefll, a cus-
tom reference database that includes the transcriptomes from the Marine
Microbial Eukaroyte Transcriptome Sequence Project (65). Read counts were
estimated using Salmon v0.73 (66). Normalization, gene expression, and dif-
ferential expression were then assessed within each genera using DESeq2
v.1.12.4 (67).

SXRF samples were collected and analyzed following Twining et al.
(27, 68). Briefly, cells from 500 mL of sample were preserved with 0.25%
trace-metal clean electron-microscopy grade buffered glutaraldehyde and
centrifuged onto C/formvar-coated Au transmission electron microscopy
(TEM) grids. Light and chlorophyll fluorescence images were collected for
target cells, using a shipboard microscope. SXRF analyses were performed at
the 2-ID-E microprobe beamline at the Advanced Photon Source (Argonne
National Laboratory). The incident beam energy was tuned to 10 keV to
allow for the stimulation of K-line emissions for all elements ranging in
atomic number from Si through Zn. Element concentrations were calculated
by comparison with certified reference standards (27, 69), and cellular C was
calculated from cell volume (70).

Methods for analyzing chlorophyll a, biogenic silica, and F,:Fy, are
described in Cohen et al. (35). Sequence data have been deposited in
the NCBI Sequence Read Archive under accession numbers SRP074302 and
SRP108216 (71, 72). Additional materials and methods are provided in S/
Appendix.
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