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Phytoplankton productivity in the polar Southern Ocean (SO) plays
an important role in the transfer of carbon from the atmosphere to
the ocean’s interior, a process called the biological carbon pump,
which helps regulate global climate. SO productivity in turn is
limited by low iron, light, and temperature, which restrict the efficiency of the carbon pump. Iron and light can colimit productivity
due to the high iron content of the photosynthetic photosystems
and the need for increased photosystems for low-light acclimation
in many phytoplankton. Here we show that SO phytoplankton
have evolved critical adaptations to enhance photosynthetic rates
under the joint constraints of low iron, light, and temperature.
Under growth-limiting iron and light levels, three SO species had
up to sixfold higher photosynthetic rates per photosystem II and
similar or higher rates per mol of photosynthetic iron than temperate species, despite their lower growth temperature (3 vs.
18 °C) and light intensity (30 vs. 40 μmol quanta·m2·s−1), which
should have decreased photosynthetic rates. These unexpectedly
high rates in the SO species are partly explained by their unusually
large photosynthetic antennae, which are among the largest ever
recorded in marine phytoplankton. Large antennae are disadvantageous at low light intensities because they increase excitation
energy loss as heat, but this loss may be mitigated by the low SO
temperatures. Such adaptations point to higher SO production
rates than environmental conditions should otherwise permit,
with implications for regional ecology and biogeochemistry.
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arine microscopic phytoplankton are responsible for half
of global photosynthesis (1). They form the base of the
marine food web and transfer carbon from the atmosphere to the
ocean’s interior, a process called the biological carbon pump.
Carbon fixation by Southern Ocean (SO) phytoplankton plays a
particularly important role in the efficiency of the ocean’s carbon
pump and hence regulation of atmospheric carbon dioxide
(CO2) (2, 3). Iron (Fe) limits photosynthetic carbon fixation in
∼30% of the ocean and is particularly limiting in the frigid waters
of the SO, where light availability and low temperature also restrict phytoplankton growth and productivity (3–5).
The SO possesses distinct flora, fauna, and ecosystems due to
its unique environmental conditions and geographical isolation
(6, 7). Such isolation raises other key scientific issues, such as
how life evolved in this polar region, and how it has successfully
subsisted under the harshest of marine conditions (7). There is
emerging genomic evidence of unprecedented isolation of phytoplankton communities in the SO over sufficiently long timescales for directional selection to take place (8). If we are to
predict how such isolated populations will fare in a rapidly
changing ocean, we need to first understand how these primary
producers adapted to the three major environmental factors that
limit primary productivity in the SO—low iron supply, low
temperatures, and low underwater light levels (4). The recent
focus on the role of iron in limiting SO productivity (3, 5) has
obscured a physiological enigma—if resident phytoplankton acclimate to low light as most temperate species do, by increasing
the number of iron-rich photosystems (9), this would exacerbate
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iron limitation (10–13). SO phytoplankton could resolve this
dilemma by increasing the size (pigment content) of their photosystems to increase light absorption (14). However, large increases in antenna size decrease the fraction of absorbed light
energy transferred to reaction centers, which can be disadvantageous under limiting light conditions (14–17).
To examine this adaptation, experiments were conducted with
iron-sufficient and iron-limited cultures of three bloom-forming
SO phytoplankton: the diatoms Eucampia antarctica and Proboscia inermis and the haptophyte Phaeocystis antarctica. Results
from these experiments were compared with those for two wellstudied temperate diatoms: Thalassiosira weissflogii and Thalassiosira oceanica, isolated respectively from high-iron coastal
and low-iron oceanic waters. The SO and temperate species were
grown at representative temperatures for their environments (3
and 18 °C). They were cultured at low light intensities (30 and
40 μmol quanta·m−2·s−1, respectively, for the SO and temperate
species), which limited growth rates by 21 ± 5% and 35 ± 10%
(±SE) relative to light-saturating rates (18). The lower light intensity was needed in the SO species to achieve light limitation of
specific growth rate at the low 3 °C growth temperature (18).
The temperate oceanic species is able to grow at much lower
iron concentrations than the coastal species due to a lower cellular iron requirement for growth, which has been attributed to a
much lower ratio of iron-rich photosystem I (PSI) to lower iron
photosystem II (PSII) (13). The SO species also can grow at
exceptionally low intracellular iron levels (18, 19), but the
mechanisms responsible for this ability have not been examined
in detail. Here we report measurements of the cellular content of
Significance
Controls on phytoplankton productivity in the extreme environment of the Southern Ocean has received widespread attention. This polar region presents three challenges to primary
producers: how to subsist under the joint constraints of low
temperatures, low light, and growth-limiting concentrations of
the essential trace element iron. The resident phytoplankton
have overcome these extreme environmental conditions with a
unique combination of physiological adaptations. They have
modified parts of their photosynthetic machinery to harvest
low levels of light without substantially increasing their iron
requirements, and in a way that may exploit the low temperature in their environment. Together, these adaptations enable
them to use iron and light more efficiently and grow faster
than environmental conditions should otherwise permit.
Author contributions: R.F.S. and P.W.B. designed research; R.F.S. performed research;
R.F.S. and W.G.S. analyzed data; and R.F.S., P.W.B., and W.G.S. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.
1

To whom correspondence should be addressed. Email: robert.strzepek@utas.edu.au.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1810886116/-/DCSupplemental.

PNAS Latest Articles | 1 of 6

ENVIRONMENTAL
SCIENCES

Edited by David M. Karl, University of Hawaii, Honolulu, HI, and approved January 23, 2019 (received for review June 25, 2018)

Table 1. Relationships among specific growth rate, photosynthetic Fe-to-C ratios, and photosynthetic iron
use efficiencies in SO species (grown at 3 °C) and in temperate oceanic and coastal diatoms (grown at 18 °C)
Species

Region

Iron level

P. inermis

SO

E. antarctica

SO

P. antarctica

SO

T. oceanica

Temperate
Oceanic
Temperate
Coastal

Low
High
Low
High
Low
High
Low
High
Low
High

T. weissflogii

FePH:C,
μmol·mol−1

Growth
rate, d−1
0.30
0.44
0.14
0.26
0.15
0.33
0.38
0.67
0.34
0.55

±
±
±
±
±
±
±
±
±
±

0.01
0.01
0.02
0.01
0.00
0.04
0.01
0.03
0.01
0.01

2.1
3.5
1.6
1.6
1.1
4.6
2.8
6.4
9.5
20.9

±
±
±
±
±
±
±
±
±
±

0.5
0.7
0.4
0.5
0.2
2.2
0.8
1.1
0.9
3.2

PS IUE, kmol
C·mol FePH−1·d−1
143
127
87
163
131
72
137
105
36
26

±
±
±
±
±
±
±
±
±
±

33
27
26
47
27
36
41
19
4
4

PSII:PSI
2.0
0.8
1.3
2.4
1.8
1.4
7.5
10.8
4.4
1.7

±
±
±
±
±
±
±
±
±
±

0.4
0.2
0.3
0.4
0.2
0.3
2.1
1.6
0.4
0.2

FePH, photosynthetic Fe; PS IUE, photosynthetic iron use efficiencies.

the two photosystems (PSI and PSII), normalized to cell carbon,
in iron-limited and iron-sufficient SO algal species, which we
compare with those in the temperate diatoms. These measurements are of significance because the photosystems constitute
the core of the photosynthetic apparatus and, along with the
cytochrome b6f complex, represent the main iron-containing
components in phytoplankton (10, 13). From measurements of
cellular photosystem and carbon content, chlorophyll a (Chl a),
specific growth rates, and rates of photosynthetic O2 evolution,
we were able to compute photosynthetic rates and Chl a content
per photosystem in the iron-limited and iron-replete SO species
and the two temperate diatoms.
Results
The specific growth rates of the iron-limited cultures were reduced by 32 to 55% relative to those in the iron-sufficient cultures (Table 1; P < 0.05, SI Appendix, Table S4). Cellular PSI and
PSII normalized to cell carbon (C) differed among the species,
especially between the SO and temperate ones and the temperate coastal and oceanic diatoms (Fig. 1 C and D). In general,
photosystem:C ratios were lower in the iron-limited cultures, consistent with their lower specific growth rates (Fig. 1 C and D; P <
0.05, SI Appendix, Table S5). Under iron limitation, PSI:C ratios in
the SO species were similar to that in the temperate oceanic diatom, but were fivefold lower on average than in the temperate
coastal diatom (Fig. 1D; P < 0.05, SI Appendix, Table S5). PSII:C
ratios were up to 10-fold higher in the temperate diatoms than in
the SO species (Fig. 1C; P < 0.05, SI Appendix, Table S5).
PSII:PSI ratios also differed among the SO and temperate
species (Table 1; P < 0.05, SI Appendix, Table S4). The mean
PSII:PSI ratio in the iron-limited and iron-sufficient SO species
(1.7 ± 0.2) (±SE) equaled that (1.7) for the iron-sufficient
coastal diatom T. weissflogii, but was lower than that (4.4) for
this same species grown under iron limitation or those for the
oceanic temperate diatom T. oceanica grown under iron limitation (7.5) and sufficiency (10.8) (Table 1).
The maximum photosynthetic oxygen (O2) evolution rates
normalized to Chl a (PBmax) of the iron-limited cultures were
reduced by 1.3-fold in T. oceanica (P > 0.05), 1.7-fold in T.
weissflogii (P < 0.05), and 2.1-fold in the SO species (P < 0.05)
relative to those in the iron-sufficient cultures (SI Appendix, Fig.
S1 and Table S2; ANOVA, SI Appendix, Table S6). PBmax of the
three SO species was lower than that in the temperate species
under both iron sufficiency and iron limitation, likely reflecting
the lower growth temperature of the SO species (SI Appendix,
Table S2; P < 0.05, SI Appendix, Table S6). The maximum (lightsaturated) photosynthetic electron transport rates (1/τ; ms−1)
from water to a terminal electron acceptor [assumed to be
principally CO2 (14)] were 2.4 ± 0.5 and 2.7 ± 0.4 (±SE) times
2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1810886116

faster, respectively, in iron-limited and iron-sufficient SO species
than in the temperate diatoms (Fig. 2E; P < 0.05, SI Appendix,
Table S7). Dark respiration rates were significantly lower in the
SO species than in the temperate diatoms (Fig. 2F; P < 0.05, SI
Appendix, Table S7).
The initial slope of the photosynthesis–irradiance (P–E)
curve, αB, increased ∼2.7-fold under iron limitation in the SO
species (P < 0.05) and T. weissflogii (P > 0.05) but decreased
2.6-fold (P < 0.05) in T. oceanica [Fig. 3 and SI Appendix, Table
S2; Tukey’s multiple comparison test (MCT), SI Appendix,
Table S6]. αB is the product of the in vivo absorption crosssection normalized to Chl a (a*) and the quantum yield of
photosynthesis (φm). Thus, the 2.7-fold increase in αB in the
iron-limited SO species may indicate an increase in the quantum yield, but may also partly be caused by a 22 to 57% decrease in Chl a per unit of cell surface area (SI Appendix, Table
S1) and resulting decrease in Chl self-shading (20). An increase in
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Fig. 1. Ratios of cellular Chl a to PSII (A), cellular Chl a to PSI (B), PSII to cell
C (C), and PSI to cell C (D) in low-iron (open bars) and high-iron (shaded
bars) SO and temperate phytoplankton species. Error bars represent the SE
of replicate cultures, and are smaller than the symbols when not visible
(n = 3 to 9).
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Fig. 2. Gross O2 production rates per PSII (A) and PSI (B); PSII (C) and PSI (D)
use efficiencies (UEs); maximum steady-state electron turnover rates from
water to CO2 (E); and dark respiration rates normalized to cell C (F) in lowiron (open bars) and high-iron (shaded bars) SO and temperate phytoplankton species. Error bars represent the SE of replicate cultures, and are
smaller than symbols when not visible (n = 3 to 9).

αB under iron limitation has been observed previously with O2based measurements of photosynthesis (20), but not with the
short-term (hours) 14C-based method (21–23). The difference in the
results of the two methods may be linked to the fact that the shortterm 14C method measures neither gross nor net C-fixation rates,
while the O2 method measures rates of photosynthetic O2 production minus O2 consumption from respiration and photorespiration, which may be lessened under iron and light limitation (24, 25).
Measurements of specific growth rates, photosynthetic O2 evolution rates, and PSI:C and PSII:C ratios allowed us to assess the
photosynthetic efficiency of the two photosystems. Using the P–E
relationships (Fig. 3), we estimated O2 photoproduction rates and
O2 PS use efficiencies for all species at 30 μmol quanta·m−2·s−1,
the growth irradiance of the SO species, but not of the temperate
species, which, as noted earlier, were grown at a higher light intensity (40 μmol quanta·m−2·s−1) to obtain a more comparable degree of light limitation between the two sets of species. This increase
in light intensity increased photosynthetic O2 production rates by
29% on average in the temperate species (Fig. 3 and SI Appendix,
Fig. S1). In iron-limited cultures, the mean O2 PSII use efficiency of
the SO species was, respectively, 4.7- and 6.9-fold higher than in the
temperate coastal and oceanic diatoms (Fig. 2A and SI Appendix,
Table S3; P < 0.05). For iron-limited cultures, the mean O2 PSI use
efficiency for the SO species was not significantly different from that
for the temperate oceanic diatom (Fig. 2B and SI Appendix, Table
S3; P > 0.05, Tukey’s MCT, SI Appendix, Table S7).
Carbon use efficiencies for PSII and PSI were computed by dividing the specific growth rate by the PSII:C and PSI:C ratios, and
have units of net mol of fixed C per mol of photosystem per d. In
the iron-limited cultures, the C PSII use efficiencies were on average 2.5- and 7.0-fold higher in the SO species than in the temperate
oceanic and coastal diatoms, respectively (Fig. 2C; P < 0.05, SI
Appendix, Table S7), and the average C PSI use efficiency in the SO
species was 2.7-fold higher than in the temperate coastal diatom
Strzepek et al.

(Fig. 2D and SI Appendix, Table S3; P > 0.05, SI Appendix, Table
S7) but 44% lower than in the temperate oceanic diatom (P > 0.05).
The PSII:C and PSI:C ratios allowed us to estimate photosynthetic iron:C ratios, and thus photosynthetic iron use efficiencies. In these calculations, we assumed that the amount of
cytochrome (Cyt) b6f complex equaled that of PSI (13) and that
Cyt c6 and ferredoxin, which contain iron, were replaced by the
iron-free proteins plastocyanin and flavodoxin (13, 26). We also
assumed that PSII and PSI contain 2 and 12 Fe, respectively,
while the Cyt b6f complex contains 5 (10). For the iron-limited
cultures, the mean photosynthetic Fe:C ratio in the SO species
was 1.62 ± 0.34 (±SE) μmol·mol−1, 1.7- and 5.9-fold less than in
the temperate oceanic and coastal diatoms, respectively (Table
1). The photosynthetic Fe:C values equaled 75 ± 18% (±SE) of
the previously measured cellular Fe:C ratios (SI Appendix, Table
S1) in both low- and high-iron cultures of the temperate species
and four of the five SO species (all but P. inermis), which verifies
previous theoretical calculations and observations that the photosynthetic apparatus represents the dominant intracellular iron
pool, and hence that iron and light limitation are metabolically
linked (10–13). However, for P. inermis, the photosynthetic Fe:C
ratios were four- to fivefold higher than the measured cellular
Fe:C ratios (SI Appendix, Table S1), an impossibility if the
photosystems and Cyt b6f complex contain their normal complement of iron. The observed discrepancy is most likely caused
by an erroneously low measured intracellular iron value in this
large fragile diatom.
Photosynthetic iron use efficiencies were computed by dividing
the specific growth rate by the photosynthetic iron concentration (Table 1). The mean use efficiencies for the three SO species were 120.2 ± 20.9 (±SE) kmol C·(mol Fe)−1·d−1 for the
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Fig. 3. Photosynthesis-versus-irradiance curves for the light-limited portion
of the actinic irradiance range (0 to 140 μmol quanta·m−2·s−1). Mean gross
oxygen evolution rates are plotted as a function of actinic irradiance for lowiron (open symbols) and high-iron (closed symbols) cultures. (A) P. inermis,
(B) E. antarctica, (C) P. antarctica, and (D) T. oceanica (diamonds) and T.
weissflogii (circles). Note the different y-axis scale in D. Error bars represent
the SE of replicate cultures, and are smaller than the symbols when not
visible (n = 3). Solid lines denote exponential model fits (47). See SI Appendix, Fig. S1 for the full P–E curves, and SI Appendix, Table S2 for the
photosynthetic parameters derived from the modeled P–E curves.

PNAS Latest Articles | 3 of 6

ENVIRONMENTAL
SCIENCES

A

iron-limited cultures and 120.4 ± 15.5 kmol C·(mol Fe)−1·d−1 for
both the iron-limited and iron-sufficient cultures combined.
Similar values (P > 0.05) were observed for the temperate oceanic diatom [137.0 and 121.1 kmol C·(mol Fe)−1·d−1 under
iron limitation and combined conditions, respectively]. But the
mean SO value was 3.4-fold higher than the value for the temperate coastal diatom under iron limitation, and it was 4.6-fold
higher under iron sufficiency (Table 1).
Discussion
The higher C-based photosynthetic iron use efficiencies in the
SO species than the temperate coastal species are expected because
all three of the SO species are oceanic, and oceanic species have
lower iron requirements than coastal ones due to their adaptation
to much lower oceanic iron concentrations (27, 28). However, the
similarity between C-based use efficiencies for the SO species and
the oceanic temperate species is surprising given the higher light
intensity (40 vs. 30 μmol photons·m−2·s−1) and temperature (18 vs.
3 °C) for T. oceanica, which both should have increased rates of
photosynthesis and growth (14). The higher expected rates at the
higher temperature result from higher diffusion rates of small
photosynthetic electron carriers (plastoquinone, plastocyanin, flavodoxin, and NADPH) and higher reaction rates of the numerous
enzymes involved in C fixation and biosynthesis (14).
The unexpectedly high PS use efficiencies and photosynthetic
iron use efficiencies in the iron-limited SO species were likely
facilitated by higher amounts of Chl a per PS and associated
higher-functional absorption cross-sections of PSII (σPSII) and
PSI. The Chl a:PSII ratios in the iron-limited cultures were on
average 4.4- and 8.7-fold higher in the SO species than in the
temperate coastal and oceanic species, respectively (Fig. 1A),
and were associated with 4.7- and 3.0-fold higher σPSII (Fig. 4;
P < 0.05, SI Appendix, Table S8). These Chl a:PSII ratios and
σPSII values were among the highest ever recorded (9, 10, 16, 23).

Fig. 4. Inverse correlation between variable-to-maximum PSII fluorescence
and the functional absorption cross-section of PSII. Open and closed symbols
are for low- and high-iron cultures, respectively. Error bars represent the SE
of replicate cultures, and are smaller than the symbols when not visible (n =
3 to 9). The solid line denotes linear regression.
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The highest σPSII values were observed in the two iron-limited SO
diatoms, whose volumes per cell (51,300 fL for P. inermis and
11,100 fL for E. antarctica) were much larger than iron-limited
values for P. antarctica (16.9 fL) and T. oceanica (56 fL) (SI Appendix, Table S1). The combination of large cell size and large
σPSII values is surprising, because high-absorption cross-sections
have been previously observed only in small-celled species, where
the decreased cell size results in increased surface-to-volume ratios and resultant decreases in chlorophyll self-shading (package
effects) (14, 16). However, the iron-limited SO diatoms appear to
have overcome this adverse effect of large cell size by decreasing
their Chl:cell volume ratios by 3.3- to 20-fold and C:cell volume
ratios by 6.6- to 46-fold relative to those in the much smaller P.
antarctica and T. oceanica (SI Appendix, Table S1). These decreases presumably result from the presence of large cell vacuoles,
which commonly occur in large algal cells and can greatly reduce
protoplasm-to-cell volume ratios (29).
Large light-harvesting antennae not only cause increased Chl
self-shading but also decrease efficiency of transfer of light excitation energy to photosynthetic reaction centers (10, 15, 17), as
seen from the strong inverse correlation (R2 = 0.91) between σPSII
and variable-to-maximum fluorescence (Fv/Fm), a measure of the
photosynthetic efficiency of PSII (16) (Fig. 4). This photosynthetic
inefficiency for absorbed light is disadvantageous at growthlimiting light intensities, but nonetheless appears to have been
favored evolutionarily for growth and survival of phytoplankton in
the iron- and light-stressed SO. Similar inverse relationships between Fv/Fm and σPSII have been observed (16), including in SO
algal communities growing under varying iron stress levels (30).
Under light-saturating conditions, at least some of the low Fv/Fm
values in iron-limited phytoplankton appear to result from pigment protein complexes that are disconnected from their PSII
reaction centers (30–32), but such disconnected centers would be
disadvantageous under the light-limiting conditions of our experiments, as they would increase Chl self-shading.
The low temperature of the SO may facilitate the large pigment antenna sizes of PSII and PSI and mitigate their inherent
inefficiencies in light energy transduction. Very large antenna
sizes are disadvantageous because they increase residence times
of light excitation energy, and thus increase energy loss as heat
and fluorescence (10, 15, 17). However, heat loss should decrease with decreasing temperature (15), leaving more available
excitation energy to drive photosynthesis. Indeed, polar species
are able to grow phototrophically at extremely low light levels
(33), and the increased light energy transfer efficiency in photosynthetic antennae at low temperatures may be an important
factor in this phenomenon.
In addition, another possible cause for the high SO photosynthetic efficiencies, especially those for PSII, may be the use of
proteorhodopsin (PR), whose gene transcripts have been observed in all three of our experimental SO species, but not in T.
oceanica or other species of the genus Thalassiosira (34–36).
Transcripts of this protein have been found in phytoplankton
communities and isolates from iron-limited waters of the subarctic Pacific (34–36) and SO (26, 34), and its expression is
down-regulated with iron addition in field experiments and algal
cultures (34–36). Like photosynthesis, PRs absorb light energy to
produce a pH gradient across cell membranes, which may be
used to produce additional needed ATP over that produced by
linear photosynthetic electron transport (PET) (37, 38) (SI Appendix, Fig. S2). But, unlike iron-containing photosynthetic
proteins, PRs are iron-free, and thus can result in a considerable
iron saving to the cell (34).
Other adaptations may also have contributed to the high
photosystem use efficiencies and low iron requirements in the
SO phytoplankton. These include low rates of the iron-intensive
process of respiration (10), normalized to cell C, in the
SO species relative to values in T. oceanica, and especially
Strzepek et al.

Materials and Methods
Study Organisms. Experiments were conducted with two diatoms (P. inermis
and E. antarctica) and the haptophyte P. antarctica (clone AA1) isolated
from the Southern Ocean south of the polar front (18, 19). P. antarctica did
not form colonies during our experiments. For comparison, we also examined two temperate diatoms: T. oceanica [Center for Culture of Marine
Phytoplankton (CCMP) 1003], an oceanic species from the Sargasso Sea, and
the coastal species T. weissflogii (CCMP 1336), isolated from Long Island
Sound, NY. Both were obtained from the Provasoli-Guillard National Center
for Marine Algae and Microbiota.
Culturing. SO algal cultures were grown at 3 ± 1 °C in continuous light at an
intensity of 30 μmol quanta·m−2·s−1, and temperate diatoms were grown at
18 ± 1 °C in continuous light at 40 μmol quanta·m−2·s−1. Light was provided
from fluorescent bulbs (40-W Vita-Lite; Duro-Test) attenuated with neutraldensity screening, and was measured with a 4π quantum sensor (model QSL2100; Biospherical Instruments).

Strzepek et al.

All experimental cultures were grown in triplicate. They were grown as
semicontinuous batch cultures in trace metal ion buffered synthetic seawater
medium (Aquil; pH 8.3) containing 10 μmol·L−1 EDTA using trace metal-clean
techniques (18, 44). Calculated free trace metal ion concentrations were as
follows: Cu, 10−14.07 M; Mn, 10−8.17 M; Zn, 10−10.79 M; and Co, 10−11.09 M. For
the temperate diatoms, high- and low-iron media contained total iron
concentrations of 58 and 4.4 nmol·L−1, which correspond to computed
concentrations of dissolved inorganic iron hydrolysis species ([Fe′]) of 1,400
and 104 pmol·L−1 (18, 19). Total iron concentrations included that added as
filter-sterilized Fe-EDTA chelates plus a measured background concentration
of 1.8 ± 0.1 nmol·L−1 (18). For the SO species, the high-iron medium contained 4.4 nmol·L−1 ([Fe′], 145 pmol·L−1 at 3 °C) (18, 45). To induce a comparable degree of iron limitation in the SO species, a single low-iron
concentration was used (3.8 nmol·L−1) along with different concentrations
of the strong iron-binding siderophore desferrioxamine B (DFB; SigmaAldrich), which was added in addition to the EDTA. The following DFB
concentrations were used: P. antarctica, 400 nmol·L−1 ([Fe′], 0.02 pmol·L−1);
P. inermis, 200 nmol·L−1 ([Fe′], 0.03 pmol·L−1); and E. antarctica, 40 nmol·L−1
([Fe′], 0.17 pmol·L−1).
All phytoplankton species were maintained under axenic conditions (19).
Growth rates of acclimated cells were determined from in vivo chlorophyll a
fluorescence using a Turner Designs model 10-AU fluorometer. Specific growth
rates (d−1) were calculated from least-squares regressions of ln in vivo fluorescence versus time for exponentially growing cultures. All experimental
cultures were grown for 14 to 16 generations before analytical measurements,
and specific growth rates remained stable over the period of the study (19).
Biochemical Composition. Replicate (n = 3) 2-L (temperate diatoms) and 10-L
(SO species) cultures were harvested, and cell concentration and average
volume per cell were immediately measured on culture subsamples of T.
weissflogii, T. oceanica, and P. antarctica with a calibrated Coulter counter
(model Z2; Beckman Coulter) and by visual microscopy for P. inermis and E.
antarctica as described previously (18, 19). Intracellular iron and cellular
carbon concentrations were measured in parallel cultures grown in 28-mL
polycarbonate tubes using the radiotracers [14C]bicarbonate (specific activity
28 kBq; PerkinElmer) and 55FeCl3 (specific activity 920 to 2,015 MBq·L−1;
PerkinElmer). For intracellular iron measurements, the cells were washed
with a titanium(III) EDTA-citrate reducing solution to remove iron oxyhydroxides and ferric iron adsorbed to cell surfaces (19). Specific growth
rates and Fv/Fm (see below) in small (28-mL) radiolabeled cultures and large
(2-, 10-L) unlabeled cultures differed by less than 10 ± 1%, indicating comparable growth conditions between cultures. Oxygen flash yields and the
reaction center of PSI, P700, were used as proxies for PSII and PSI, respectively. For these calculations, we assumed that P700 was present within
functional complexes only, and in a fixed stoichiometry to the other subunits
of PSI. P700 was measured by spectroscopy (46). Cell concentrates for P700
analyses were prepared by concentrating cells on 20-μm polycarbonate filters (Poretics) by gravity filtration for P. inermis, or by centrifugation
[20,000 × g, 10 min, 3 °C (SO species) or 18 °C (temperate diatoms)] for the
other species (three technical replicates per biological replicate). Oxygen
flash yields (46) were performed to determine cellular PSII concentrations as
described previously (13). The cellular concentrations of functional PSII and
PSI were calculated from Chl a:PSII and Chl a:PSI ratios and cellular Chl a
concentrations, which were measured fluorometrically (18).
Photosynthetic Measurements. Photosynthetic measurements [oxygen flash
yields, photosynthesis-versus-irradiance curves, and fast repetition rate (FRR)
fluorometry] were performed on samples acclimated in the dark for 30 min. A
Chelsea Instruments FASTtracka FRR fluorometer was used to calculate the
ratio of variable-to-maximum fluorescence (Fv/Fm, where Fv = Fm − Fo) and
the functional absorption cross-section of PSII (σPSII) at 3 °C (SO species) or
18 °C (temperate species) using v6 data processing software (18). Cell concentrates (three technical replicates per biological replicate) were prepared
for P–E and oxygen flash yield measurements by gravity filtration (P. inermis;
20-μm polycarbonate membrane filters) or centrifugation (other species;
20,000 × g, 4 min) and resuspending the cells in 0.2-μm filter-sterilized
growth medium. P–E curves were determined at 18 °C (temperate species)
or 3 °C (SO species) using a calibrated oxygen electrode system (Hansatech;
model DW1), quartz-halogen light source, and neutral-density filters.
Changes in O2 concentration were measured at 14 irradiances (3 min per
irradiance) ranging from 0 to 2,665 μmol quanta·m−2·s−1, and an exponential
function (47) was fitted to the P–E data. The maximum rate at which electrons can be transferred from water to CO2 in the steady state (1/τ; ms−1)
was calculated as follows: 1/τ = PBmax/n, where PBmax is the maximum
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T. weissflogii (Fig. 2F). In the latter species and other coastal
temperate diatoms, mitochondrial respiration is used to produce
additional ATP, which is needed for C fixation and cell metabolism (39). However, in T. oceanica, additional needed ATP has
been hypothesized to be produced from a more iron-efficient PSII
water–water cycle, in which photosynthetically produced electrons
are used to reduce O2 back to water downstream of PSII via the
enzyme plastoquinol terminal oxidase (PTOX), which contains 2
Fe atoms (31). This process produces a hydrogen ion gradient
across thylakoid membranes for ATP synthesis, but no net NADPH
synthesis, and has been hypothesized (31, 40, 41) to account for the
very high PSII:PSI ratios observed in this oceanic diatom (13)
(Table 1). This PTOX-related process was not considered in our
estimation of photosynthetic iron in T. oceanica (Table 1). If it
were, and one PTOX was needed for every PSII complex used in
this process [i.e., the PSII complexes in excess of those needed for
linear PET, ∼1.7 times the PSI complex concentration (9, 31)], then
the photosynthetic Fe:C ratio in iron-limited T. oceanica would
increase by 1.36-fold, and the estimated photosynthetic iron use
efficiency would decrease by an equal relative amount, from 137 to
101 kmol C·(mol Fe)−1·d−1. This value is lower than the mean
photosynthetic iron use efficiencies for the iron-limited SO species
[120 ± 21 kmol C·(mol Fe)−1·d−1].
Other iron-saving adaptations include the replacement of the
iron-containing photosynthetic electron carrier Cyt c6 with the
copper protein plastocyanin (42) and replacement of the ironsulfur protein ferredoxin with the nonmetal protein flavodoxin
(43). In iron-sufficient cultures, gene transcripts for both plastocyanin and flavodoxin were found in all nine of the SO diatoms
examined (26), including our experimental species E. antarctica.
By contrast, ferredoxin transcripts were detected in only five of
the nine species, and these occurred at only low levels (26).
However, these iron-replacement adaptations are not unique to
the SO, as our temperate oceanic diatom T. oceanica also constitutively expresses plastocyanin under both high- and low-iron
conditions (42) and flavodoxin largely replaces ferredoxin in lowiron cultures of T. weissflogii and T. oceanica (13).
Our findings suggest that SO phytoplankton have evolved critical mechanisms to economize on the use of iron and increase light
absorption and specific rates of electron transport at low light
intensities and low iron levels, which have allowed them to adapt
to their cold, iron- and light-stressed environment. Of particular
interest may be the role of low temperature in facilitating these
adaptations, a hypothesis which warrants further investigation.
These findings should help us to better understand and model the
mechanisms that set the photosynthetic carbon fixation rate in the
SO and its response to ongoing global warming and climate
change. Our findings should also help to better predict the productivity of this vast ecosystem, and its impact on global carbon
cycles, atmospheric CO2, and global climate (2).

photosynthetic rate normalized to Chl a, and n is the oxygen flash yield
(mol O2·mol−1 Chl a) (48).

95% confidence level (P < 0.05). Linear regression analyses were performed
using Prism 6.

Statistical Analyses. Biological replicate means and SEM were calculated using
Microsoft Excel software (version 2017 for Mac). Data were examined for
normality and equal variance before two-way ANOVA and Tukey’s (species
effects) and Bonferroni’s (iron effects) post hoc multiple comparison tests
(Prism 6 for Mac; GraphPad Software). Significant results are reported at the
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