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Abstract
Aluminum (Al) may play a role in the ocean’s capacity for absorbing atmospheric CO2 via influencing carbon

fixation, export, and sequestration. Aluminum fertilization, especially in iron (Fe)-limited high-nutrient, low-
chlorophyll ocean regions, has been proposed as a potential CO2 removal strategy to mitigate global warming.
However, how Al addition would influence the solubility and bioavailability of Fe as well as the physiology of
Fe-limited phytoplankton has not yet been examined. Here, we show that Al addition (20 and 100 nM) had lit-
tle influence on the Fe solubility in surface seawater and decreased the Fe bio-uptake by 11–22% in Fe-limited
diatom Thalassiosira weissflogii in Fe-buffered media. On the other hand, the Al addition significantly increased
the rate of chlorophyll biosynthesis by 45–60% for Fe-limited T. weissflogii and 81–102% for Fe-limited
Thalassiosira pseudonana, as well as their cell size, cellular chlorophyll content, photosynthetic quantum effi-
ciency (Fv/Fm) and growth rate. Under Fe-sufficient conditions, the Al addition still led to an increased growth
rate, though the beneficial effects of Al addition on chlorophyll biosynthesis were no longer apparent. These
results suggest that Al may facilitate chlorophyll biosynthesis and benefit the photosynthetic efficiency and
growth of Fe-limited diatoms. We speculate that Al addition may enhance intracellular Fe use efficiency for
chlorophyll biosynthesis by facilitating the superoxide-mediated intracellular reduction of Fe(III) to Fe(II). Our
study provides new evidence and support for the iron–aluminum hypothesis.

Carbon dioxide removal is needed to achieve the target
during this century of limiting average global warming to no
more than 2�C above the pre-industrial level (IPCC 2022). The
ocean is the largest active carbon reservoir, and it has a large

potential to remove CO2 from the atmosphere (GESAMP
et al. 2019; Friedlingstein et al. 2022; Liu et al. 2022). Phyto-
plankton are an important factor in regulating the ocean’s
capacity for absorbing CO2 from the atmosphere; however,
their growth is limited in almost one third of the world’s sur-
face ocean by a limited supply of iron (Fe) (Moore et al. 2013;
Browning and Moore 2023).

The Iron Hypothesis suggests that Fe fertilization in Fe-
limited high-nutrient, low-chlorophyll (HNLC) regions such
as the Southern Ocean will stimulate phytoplankton growth
and draw down atmospheric CO2 concentrations, and thereby
cool the earth (Martin 1990; Martin et al. 1990). Artificial Fe
fertilization experiments showed that Fe fertilization signifi-
cantly stimulated the growth of marine phytoplankton, espe-
cially diatoms in the HNLC oceans (Boyd et al. 2007). However,
in some of the experiments, most of the phytoplankton-made
particulate organic carbon was remineralized in the upper
ocean and released back into the atmosphere as CO2.
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No significant Fe-induced increase in the carbon flux to the
ocean depths (e.g., below the winter mixed layer) was detected
in most of the 13 artificial Fe fertilization experiments (Martin
et al. 2013; Yoon et al. 2018). In addition, the Fe use efficiencies
(carbon export: Fe supply) of the artificial Fe fertilization trials
were low at only about 1–10% of those observed for natural Fe
fertilization (Blain et al. 2007; de Baar et al. 2008; Pollard
et al. 2009). Note that natural Fe fertilization through dust
deposition, sediment resuspension, river runoff, and hydrother-
mal venting provides the ocean not only with Fe but also with
Al and other elements (Zhou et al. 2018b).

Recent studies suggest that Al may play an important role
in the ocean carbon cycle by influencing Fe bioavailability,
carbon fixation by marine phytoplankton, and organic matter
decomposition (Zhou et al. 2021). For example, an early study
showed that the presence of Al (500 nM) increased Fe uptake
by the marine diatom Thalassiosira weissflogii (Santana-
Casiano et al. 1997). It has been suggested that Al may facili-
tate the superoxide-mediated reduction of ferric Fe (Fe(III)) to
ferrous Fe (Fe(II)) in vivo (Exley 2004; Mujika et al. 2011;
Ruipérez et al. 2012). Zhou et al. (2018b) borrowed this idea
and proposed that a similar process may occur in vitro, and
thus increase the bioavailability of Fe to marine phytoplank-
ton. Moreover, Al may replace and liberate Fe associated with
ligands and colloids in seawater, and hence alter the solubility
and speciation of Fe (M. Gledhill pers. comm.). A number of
studies have reported that the presence of Al favors the growth
and increases the net carbon fixation of marine phytoplank-
ton such as diatoms (Stoffyn 1979; Zhou et al. 2016, 2021)
and cyanobacteria (Shi et al. 2015; Liu et al. 2018; Zhou
et al. 2018a). Moreover, Al has long been known to decrease
the dissolution rate of diatom frustules (Lewin 1961; Dixit
et al. 2001; Tian et al. 2023). Aluminum addition at environ-
mentally relevant levels has also been reported to decrease the
decomposition rates of marine diatoms (Zhou et al. 2021) and
decaying cyanobacterium Trichodesmium (Zhou et al. 2023b).
Aluminum may also contribute to the long-term preservation
and sequestration of carbon in microfossils and sediments
(Blattmann et al. 2019; Hemingway et al. 2019; Anderson
et al. 2020).

On the basis of the knowledge of the effects of Al on car-
bon fixation by marine phytoplankton, carbon export, and
carbon sequestration, the iron–aluminum hypothesis was pro-
posed to suggest that the inputs of Al as well as Fe through
dust deposition to the Southern Ocean played an important
role in the glacial–interglacial climate cycles (Martin 1990;
Zhou et al. 2018b). As a result, Al fertilization in the ocean,
especially in Fe-limited HNLC regions such as the Southern
Ocean, has been proposed as a potential CO2 removal strategy
to cope with global warming (Zhou et al. 2023a). Adding both
Al and Fe to the HNLC oceans has been suggested to not only
facilitate an increase in phytoplankton carbon fixation in the
upper ocean but also enhance carbon export to and sequestra-
tion in the deep ocean (Zhou et al. 2018b, 2021). However,

how Al fertilization influences the growth of Fe-limited phyto-
plankton has not yet been examined. In addition, the poten-
tial effects of Al addition on the solubility of Fe in seawater
and its uptake by marine phytoplankton under Fe-limited con-
ditions remain unexplored. We hypothesize that Al addition
may stimulate diatom growth under Fe-limited conditions by
influencing Fe bioavailability.

To test the hypothesis, using a Fe radioisotope (55Fe), we
examined the influences of Al addition on the solubility of Fe
in natural seawater and the Fe uptake rate by the marine dia-
tom T. weissflogii. We also investigated the responses of two
Fe-limited marine diatoms (T. weissflogii and T. pseudonana) to
Al enrichment (20 and 100 nM) under Fe-limited and Fe-
sufficient conditions. The diatom responses with respect to
chlorophyll biosynthesis, cellular chlorophyll content, photo-
synthetic quantum efficiency (Fv/Fm, indicating potential
maximal photosynthesis performance), and growth rates
based on cell abundance and cell biovolume were monitored.

Materials and methods
Cultures of marine diatoms

Axenic cultures of T. weissflogii and T. pseudonana were
obtained from the National Center for Marine Algae and
Microbiota—Bigelow Laboratory for Ocean Sciences (USA). The
cultures were maintained in a Fe-limited Aquil* medium
(Supporting Information Table S1) contained in polycarbonate
bottles at 20�C under constant illumination (100 μmol m�2 s�1).

The Fe-limited Aquil* medium was prepared with filtered
North Atlantic surface seawater, using a 0.8/0.2-μm filter car-
tridge (AcroPak 500, Pall). The background metal concentra-
tions in the filtrate (mean � SD, n = 16–21) were
2.7 � 0.8 nM Al, 0.62 � 0.04 nM manganese, 0.35 � 0.08 nM
Fe, 0.034 � 0.002 nM cobalt, 2.75 � 0.08 nM nickel,
0.92 � 0.05 nM copper, and 0.48 � 0.07 nM zinc. Filtered
seawater and polycarbonate bottles were sterilized by micro-
waving. Stock solutions (1000�) of macronutrients, micro-
nutrients, and vitamins were sterilized by 0.2-μm syringe
filtration (Sunda et al. 2005). The stock solutions were added
to the sterilized filtered seawater in polycarbonate bottles to
prepare the Fe-limited Aquil* medium with macronutrients of
100 μM nitrate, 100 μM silicic acid, and 10 μM phosphate,
micronutrients of 40 nM Fe, 79.7 nM zinc, 121 nM manganese,
50.5 nM cobalt, 19.6 nM copper, and 10 nM selenium buffered
with 100 μM ethylenediaminetetraacetate (EDTA), and vitamins
of 0.55 μg L�1 vitamin B12, 0.50 μg L�1 biotin, and 0.10 mg L�1

thiamine (Supporting Information Table S1).

Experimental designs
Influence of Al addition on the concentration of dissolved Fe
(Fe solubility) in natural seawater

To test whether the presence of Al influences the concen-
tration of dissolved Fe (i.e., Fe solubility) in seawater, the
changes in dissolved Fe (< 0.22 μm) labeled with 55Fe were
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monitored in filtered North Atlantic surface seawater enriched
with different Al concentrations (0, 20, and 100 nM). Specifi-
cally, 10 μL 55FeCl3 stock solution (2.083 � 1013 Bq mol�1, or
49.93 Ci g�1 Fe in 1.6 mM HCl) was added to 100 mL filtered
Atlantic surface seawater, yielding a concentration of 3.6 nM
Fe. After being thoroughly mixed, 10-mL aliquots were trans-
ferred into nine 15-mL acid-clean Teflon tubes. Six 0.5-mL ali-
quots were transferred into six liquid scintillation vials for
analysis of the initial counts of 55Fe. For preparing the treat-
ments of the control, +20 nM Al, and +100 nM Al, we added
10 μL of 0.01 M HCl solution, 20 and 100 μM AlCl3 (trace
metal basis 99.999%, Sigma-Aldrich) stock solutions prepared
in 0.01 M HCl (Optimum grade, Fisher Scientific) separately to
the 10 mL seawater samples in the 15-mL Teflon tubes. The
addition of the equivalent of only 1 mL of 0.01 M HCl to
1000 mL of seawater did not influence the pH of seawater
(< 0.01 pH units). Three replicates were prepared for each
treatment. The final pH was 8.10 for each treatment.

The experimental tubes were set in darkness at room tem-
perature (20�C). Dissolved Fe in the seawater was sampled on
Days 0 (within 30 min from the beginning of the experiment),
1, 4, 8, 24, and 40. The seawater in the Teflon tubes was thor-
oughly mixed before sampling and then an aliquot of 0.5 mL
seawater was syringe-filtered (0.22 μm, Millex® GP filter units)
directly into a 5-mL scintillation vial. The filtered samples
were used for determining dissolved Fe labeled with 55Fe. The
precise volume of the filtered seawater in each vial was mea-
sured by weighing the vial before and after the addition of the
sample, using a high-precision electronic balance (� 0.1 mg).

Two milliliters of scintillation cocktail (Ultima Gold AB,
PerkinElmer) were added to each scintillation vial, thoroughly
mixed, and allowed to stand overnight before analyzing for
55Fe counts by using a liquid scintillation analyzer (Tri-Carb
2910 TR, PerkinElmer).

Influence of Al addition on Fe uptake rate by Fe-limited
T. weissflogii

To examine the effects of Al on Fe uptake by marine dia-
toms, 55Fe was used in Fe uptake experiments with Fe-limited
T. weissflogii.

The filtered North Atlantic surface seawater was used for
preparing the exposure media. No macronutrients (e.g., silicic
acid, phosphate, and nitrate) or vitamins were added to the
medium. Micronutrients including 40 nM Fe and other trace
metals were added following the recipe for Aquil* medium
and buffered with 100 μM EDTA. A 100-μL portion of the
55FeCl3 stock solution was then added to 500 mL of
the medium, yielding a final total concentration of 47 nM Fe
(54 pM [Fe0]). The control, +20 nM Al, +100 nM Al treatments
were prepared using the same Al stock solutions as mentioned
above. The media were allowed to stand overnight before use
to reach chemical equilibrium. The final pH was 8.10 for each
treatment.

The concentrations of dissolved inorganic iron [Fe0] in the
media were calculated using the temperature-adjusted dissoci-
ation factors from Sunda and Huntsman (2003) and the equa-
tion from Sunda et al. (2005) (see details in Jabre and
Bertrand 2020). The concentrations and speciation of dis-
solved Al and its influence on Fe speciation were calculated
using the Visual MINTEQ model version 3.1 (Gustafsson
2020) and the seawater component according to Sunda et al.
(2005) (Supporting Information Table S2).

T. weissflogii cells in the exponential growth phase cultured
in Fe-limited Aquil* medium were collected onto acid-washed
polycarbonate membrane filters (Millipore, 3 μm pore size,
47 mm diameter) by gravity filtration and rinsed three times
with the filtered seawater. The cells on the membrane were re-
suspended in the filtered seawater. Then 5 mL of the cell sus-
pension was added to 500 mL exposure media with different
concentrations of Al to reach a final density of 1.6 � 104

cells mL�1. Three replicates were run for each treatment. The
cells were incubated at 20�C under constant illumination
(100 μmol m�2 s�1). All the experiments and sampling opera-
tions were conducted in a clean laboratory (ISO 5).

Cell abundance and mean cell diameter (equivalent spheri-
cal diameter) were measured in the cell suspension with an
electronic particle counter (Multisizer 2 Coulter Counter with
a 100-μm aperture; Beckman).

Diatom cells were sampled at the time points of 23, 191,
and 343 min for measuring cellular 55Fe content. To measure
cellular 55Fe, diatom cells in 50-mL portions of each treatment
were collected by filtration onto polycarbonate membrane
filters (3 μm pore size, 25 mm diameter), soaked in 10 mL
EDTA–oxalate washing reagent for 5 min and then rinsed
three times with 5 mL filtered seawater to remove 55Fe associ-
ated with cell walls (Tovar-Sanchez et al. 2003). The filter
membrane with cells was transferred into a 20-mL scintillation
vial, and a 5 mL scintillation cocktail (Ultima Gold AB,
PerkinElmer) was added and thoroughly mixed, and allowed
to stand overnight before analysis for 55Fe counts using a liq-
uid scintillation analyzer (Tri-Carb 2910 TR, PerkinElmer).

Influence of Al addition on the photosynthesis and growth
of Fe-limited diatoms

To examine the effects of Al addition on chlorophyll bio-
synthesis, photosynthesis, and growth of diatoms, Fe-limited
diatoms were transferred to Fe-limited and Fe-sufficient Aquil*
media with different Al concentrations (0, 20, and 100 nM).
The diatom responses in terms of in vivo chlorophyll, cell
abundance, mean cell size, cellular chlorophyll content, pho-
tosynthetic quantum efficiency (Fv/Fm), and growth rate were
monitored.

Specifically, the Fe-limited Aquil* medium was the same as
the maintenance medium. The Fe-sufficient Aquil* medium
was prepared by adding 500 nM Fe, while all other macronu-
trients, micronutrients, vitamins, and EDTA were the same as
for the Fe-limited medium (Supporting Information Table S1).
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The majority of the Fe in the media was chelated with EDTA,
and only a small proportion was left in dissolved inorganic
form (Sunda et al. 2005). The concentrations of dissolved inor-
ganic Fe [Fe0] were 46 and 576 pM in the Fe-limited and Fe-
sufficient media, respectively. Aluminum concentrations of
20 and 100 nM were set by adding the appropriate volumes
of 20 and 100 μM AlCl3 stock solutions to the experimental
medium, respectively. Three replicates were set for each treat-
ment. All the bottles and tubes used for preparing the reagents
and solutions were acid-cleaned. All the media were prepared
and allowed to sit overnight before use to reach chemical
equilibrium.

Diatom cells in the exponential growth phase in 10 mL of
the Fe-limited Aquil* medium were added to 100 mL samples
of the experimental media. The initial cell densities were 6100
cells mL�1 for T. weissflogii and 6800 cells mL�1 for
T. pseudonana. The experimental cultures were kept at 20�C
under constant illumination (100 μmol m�2 s�1). All the sam-
pling and operations were done aseptically in a laminar flow
hood in a clean laboratory (ISO 5).

Cell abundance, mean cell diameter, in vivo chlorophyll,
and photosynthetic quantum efficiency (Fv/Fm) of the diatoms
for each treatment were monitored three times within 8 h.
Cell abundance and mean cell diameter were determined with
an electronic particle counter (Multisizer 2 Coulter Counter
with a 100-μm aperture; Beckman). Photosynthetic quantum
efficiency (Fv/Fm) indicating potential maximum photosyn-
thetic performance and in vivo chlorophyll were measured by
using Fast Repetition Rate Fluorometry (FastOcean Sensor).

Cell biovolume was calculated by using the cell diameter.
Growth rates based on the changes in cell abundance, cell
biovolume, and in vivo chlorophyll were calculated as the
linear regression slope of the natural logarithms of cell abun-
dance, cell biovolume, and in vivo chlorophyll concentra-
tion with incubation time, respectively. The growth rates
based on in vivo chlorophyll indicate the net chlorophyll
biosynthesis rates. Cellular chlorophyll content and chloro-
phyll per biovolume were calculated by dividing in vivo
chlorophyll concentration by cell abundance and cell
biovolume, respectively.

Data analysis
One-way ANOVA was used to compare mean values among

treatments. The values included the concentration of 55Fe-
labeled dissolved Fe in seawater, 55Fe-labeled diatom cellular
Fe, in vivo chlorophyll concentration, cell abundance, cell
biovolume, mean cell diameter, chlorophyll per biovolume,
cellular chlorophyll content, Fv/Fm, and growth rates. Least-
significant-difference pairwise comparisons followed the one-
way ANOVA and independent t-tests were used to compare
mean values between the control and Al-enriched treatments.
Analysis of covariance (ANCOVA) was used to compare the Fe
uptake rates. If the variance homogeneity hypothesis was vio-
lated, a nonparametric test (Kruskal–Wallis test) was used to

compare mean values among treatments. One-way
repeated-measures ANOVA with Mauchly’s test of sphericity
was conducted to compare mean values of in vivo
chlorophyll concentration, chlorophyll per biovolume, cellu-
lar chlorophyll content, and Fv/Fm among treatments during
the incubation experiments under Fe-limited conditions. The
statistical analyses were conducted by using the R version
4.2.3 software (R Core Team 2023).

Results
Influence of Al on the concentration of dissolved Fe
(Fe solubility) in North Atlantic surface seawater

As indicated in Fig. 1, after the addition of 55FeCl3 to
pre-filtered North Atlantic surface seawater, dissolved Fe
(< 0.22 μm) in all the treatments decreased quickly from about
2.6 to 1.8 nM over the first 8 d. The dissolved Fe concentra-
tions remained relatively stable at around 2 nM after Day
8. This behavior of Fe was not influenced in a consistent man-
ner by the addition of Al. Relatively higher concentrations of
dissolved Fe in the Al-enriched treatments compared to the
control were observed only on Day 4 (ANOVA, p = 0.09) and
Day 24 (ANOVA, p > 0.1). There were no significant differ-
ences in dissolved Fe concentrations among treatments at the
other sampling time points (Fig. 1). Some of the Fe in the frac-
tion of < 0.22 μm may be in colloidal form. The results indi-
cate that the presence of Al did not have a significant effect
on the concentration of dissolved Fe or Fe solubility in our
sample of Atlantic seawater.

Fig. 1. Changes of dissolved iron (Fe) (< 0.22 μm) with time in North
Atlantic surface seawater enriched with different concentrations of alumi-
num (Al). The error bars represent standard deviations (n = 3). Note that
the error bars are dodged for better visibility.
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Iron uptake rates by Fe-limited T. weissflogii in the
presence of Al

Cellular 55Fe content increased linearly with exposure time
(Fig. 2; Supporting Information Fig. S1), indicating significant
(p < 0.001) uptake of Fe by the diatom in all treatments.
Higher cellular Fe was observed in the treatments enriched
with higher concentrations of Al at the first time point
(Supporting Information Fig. S1), but at the subsequent time
points cellular Fe was higher in the control exposure. Indeed,
cellular 55Fe increased more rapidly in the control than in the
Al-enriched treatments, and the control cells had a higher cel-
lular 55Fe than the Al-treated cells at the end of the uptake
experiments.

As a result, the diatom cells in the control treatment had a
higher overall Fe uptake rate than those in the Al-enriched
treatments (Fig. 2; Supporting Information Table S3)
(ANCOVA, p < 0.001). Compared to the control, the Fe uptake
rates were lower by 22% and 11% in the treatments enriched
with 20 and 100 nM Al, respectively.

Effects of Al addition on the accumulation of diatom
biomass

The diatom biomass in terms of in vivo chlorophyll, cell
abundance, and cell biovolume all increased with incubation
time. Ample Fe supply in the Fe-sufficient media (576 pM [Fe0])
compared to the Fe-limited media (46 pM [Fe0]) resulted in sig-
nificantly higher diatom biomass accumulation (p < 0.001)

(Fig. 3; Table 1). Aluminum addition under Fe-limited condi-
tions also enhanced the accumulation of diatom bio-
mass (Fig. 3).

Significantly higher in vivo chlorophyll concentrations
were observed for the two diatom species in the Al-enriched
treatments compared to the control under Fe-limited condi-
tions (ANOVA, p < 0.001) (Fig. 3a,c). Higher in vivo chloro-
phyll concentrations in the Al-enriched treatments compared
to the control occurred after 2 h of incubation, and the differ-
ences between the control and the Al-enriched treatments
increased over incubation time (repeated-measures ANOVA,
p < 0.01; Mauchly’s test of sphericity, p > 0.05) (Fig. 3a,c). Alu-
minum addition under Fe-sufficient conditions did not
change the in vivo chlorophyll concentration of the two dia-
tom incubations (ANOVA, p > 0.1) (Fig. 3b,d).

Aluminum addition under Fe-limited conditions did not
significantly change the final cell abundance and cell
biovolume of T. weissflogii (ANOVA, p > 0.1) (Fig. 3e,i). In con-
trast, higher cell abundances and cell biovolumes of
T. weissflogii were observed in treatments enriched with higher
concentrations of Al under Fe-sufficient conditions (ANOVA,
p < 0.05; Kruskal–Wallis test, p < 0.01) (Fig. 3f,j).

For the diatom T. pseudonana, higher cell abundances were
observed in treatments enriched with higher concentrations
of Al under both Fe-limited (ANOVA, p < 0.001) (Fig. 3g) and
Fe-sufficient conditions (ANOVA, p = 0.004) (Fig. 3h). Alumi-
num addition also significantly increased the total cell
biovolume of T. pseudonana under both Fe-limited and Fe-
sufficient conditions (ANOVA, p < 0.001) (Fig. 3k,l).

Effects of Al addition on the diatom cellular chlorophyll
content and photosynthetic efficiency under Fe-limited
conditions

The results showed that Al addition in Fe-limited media
(46 pM [Fe’]) not only increased in vivo chlorophyll concen-
trations in the diatom cultures (Fig. 3a,c) but also significantly
(ANOVA, p < 0.01) increased diatom cellular chlorophyll con-
tent and photosynthetic quantum efficiency (Fig. 4e,g,i,k,m,o;
Table 1).

Sufficient Fe supply led to significantly higher mean cell
size, chlorophyll per biovolume, cellular chlorophyll content,
and photosynthetic quantum efficiency (Fv/Fm) of the diatoms
in the Fe-sufficient media compared to the Fe-limited media at
the end of incubation (ANOVA, p < 0.001) (Fig. 4; Table 1).
The mean cell diameter, chlorophyll per unit biovolume, cel-
lular chlorophyll content, and Fv/Fm of T. weissflogii increased
by 0.9% (p < 0.001), 7.6% (p = 0.001), 10.8% (p < 0.001), and
20.6% (p < 0.001) in the Fe-sufficient media, compared to the
Fe-limited media, respectively. The same monitored parame-
ters for T. pseudonana increased by 1.4% (p < 0.001), 44.5%
(p < 0.001), 50.5% (p < 0.001), and 11.6% (p < 0.001) in the
Fe-sufficient media, compared to the Fe-limited media, respec-
tively (Fig. 4).

Fig. 2. Cellular 55Fe in Thalassiosira weissflogii vs. exposure time in seawa-
ter with 47 nM 55Fe buffered by 100 μM EDTA (i.e., 54 pM [Fe’]) and with
different concentrations of aluminum (Al). The error bars represent stan-
dard deviations (n = 3). The regression lines show the linear increases in
cellular Fe with exposure time. The gray zones indicate 95% confidence
intervals of the regression lines.
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Aluminum addition under Fe-limited conditions increased
the mean cell size, chlorophyll per biovolume, cellular chloro-
phyll content, and photosynthetic quantum efficiency (Fv/Fm)
of the diatoms (Fig. 4). Specifically, Al addition to Fe-limited
media increased the chlorophyll content per biovolume by
4.0–6.1% for T. weissflogii (Kruskal–Wallis test, p = 0.061)
(Fig. 4e), and 2.7–13.3% for T. pseudonana (ANOVA,
p = 0.006) (Fig. 4g). Aluminum addition to Fe-limited media
also increased the cellular chlorophyll content by 4.2–6.9%

for T. weissflogii (Kruskal–Wallis test, p = 0.051) (Fig. 4i) and
by 4.5–14.8% for T. pseudonana (ANOVA, p = 0.006) (Fig. 4k).
Aluminum addition also increased the mean cell diameter by
0.1–0.3% for T. weissflogii (ANOVA, p > 0.1) and by 0.6–0.8%
for T. pseudonana (ANOVA, p < 0.01) in the Fe-limited media
(Fig. 4a,c).

Consistent with the increase in diatom cellular chlorophyll
content in Fe-limited media, the diatom Fv/Fm value in the Al-
enriched treatments increased by 12.0–12.7% for T. weissflogii

Fig. 3. Effects of aluminum (Al) addition on biomass accumulation of two diatoms (Thalassiosira weissflogii (TW) and T. pseudonana (TP)) in Fe-limited
(46 pM [Fe’]) and Fe-sufficient (576 pM [Fe’]) Aquil* media. The error bars represent standard deviations (n = 3).
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(ANOVA, p = 0.068), and by 2.0–8.0% for T. pseudonana
(ANOVA, p = 0.045), compared to the control (Fig. 4m,o). In
contrast, Al addition under Fe-sufficient conditions did not
change the mean cell size, chlorophyll per biovolume, cellular

chlorophyll content, or photosynthetic quantum efficiency
(Fv/Fm) for either diatom (ANOVA, p > 0.1) (Fig. 4b,d,f,h,j,l,h,p).

Under Fe-limited conditions, the higher cellular chloro-
phyll content and Fv/Fm values caused by Al addition

Fig. 4. Effects of aluminum (Al) addition on cellular chlorophyll content and photosynthetic quantum efficiency of two diatoms (Thalassiosira weissflogii
(TW), and T. pseudonana (TP)) in Fe-limited (46 pM [Fe’]) and Fe-sufficient (576 pM [Fe’]) Aquil* media. The error bars represent standard devia-
tions (n = 3).
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occurred earlier for T. pseudonana than T. weissflogii. For
T. weissflogii, higher chlorophyll per unit biovolume
(Kruskal–Wallis test, p = 0.061), cellular chlorophyll con-
tent (Kruskal–Wallis test, p = 0.051), and Fv/Fm (ANOVA,
p = 0.068) in the Al-enriched treatments compared to
the control were observed only at the final time point of
7.5 h (Fig. 4e,i,m). In contrast, for T. pseudonana, the bene-
ficial effects of Al addition on chlorophyll per unit
biovolume (ANOVA, p < 0.05), cellular chlorophyll content
(ANOVA, p < 0.05), and Fv/Fm (ANOVA, p < 0.05) occurred
earlier at 3.5 h of incubation, and the effects remained
until the end of the incubation (repeated-measures

ANOVA, p < 0.05; Mauchly’s test of sphericity, p > 0.05)
(Fig. 4g,k,o).

Effects of Al addition on chlorophyll biosynthesis and
diatom growth rates

The results showed that Al addition to Fe-limited media, as
well as the increased Fe supply in Fe-sufficient media, signifi-
cantly increased the chlorophyll biosynthesis and growth rates
of diatoms (Fig. 5). Sufficient Fe supply in the Fe-sufficient
media compared to the Fe-limited media increased the
(in vivo) chlorophyll biosynthesis rate, abundance-based
growth rate, and biovolume-based growth rate by 106%

Fig. 5. Effects of aluminum (Al) addition on the growth rates of T. weissflogii and T. pseudonana in Fe-limited (46 pM [Fe’]) and Fe-sufficient (576 pM
[Fe’]) Aquil* media. Growth rates are expressed in terms of chlorophyll biosynthesis, cell abundance, and biovolume. The error bars represent standard
deviations (n = 3).
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(p < 0.001), 9.3% (p = 0.004) and 12.2% (p < 0.001) for
T. weissflogii, and 272% (p < 0.001), 15.8% (p < 0.001), and
33.2% (p < 0.001) for T. pseudonana, respectively (Table 1).

Aluminum addition to Fe-limited media significantly
increased the chlorophyll biosynthesis rate by 45–60% for
T. weissflogii (ANOVA, p < 0.05), and 81–102% for T.
pseudonana (ANOVA, p < 0.01). Aluminum addition to Fe-
limited media also increased the abundance-based and
biovolume-based growth rates by 2.6–4.3% and 3.0–3.7%
for T. weissflogii (ANOVA, p > 0.1), respectively, and by
12.2–24.7% and 18.2–31.7% for T. pseudonana (ANOVA,
p < 0.01), respectively.

In contrast, Al addition under Fe-sufficient conditions did
not significantly change the chlorophyll biosynthesis rates of
either diatom (ANOVA, p > 0.1), except that the presence
of 20 nM Al increased the chlorophyll biosynthesis rate of
T. pseudonana by 14% (p < 0.01). That is to say, the positive
effects of Al addition on chlorophyll biosynthesis were not
apparent in Fe-sufficient media. However, Al addition in Fe-
sufficient media still significantly increased T. weissflogii
growth rates based on cell abundance (by 5.3–5.9%) (ANOVA,
p = 0.064), and biovolume (by 5.1–5.3%) (ANOVA, p = 0.015).
Aluminum addition to Fe-sufficient media also significantly
increased T. pseudonana growth rates based on cell abundance
(by 7.4–8.8%) (ANOVA, p = 0.08), biovolume (12.1–12.7%)
(ANOVA, p < 0.01) (Fig. 5).

Discussion
Our results showed that Al additions at the environmen-

tally relevant levels of 20 and 100 nM to Fe-limited Aquil*
media significantly increased the chlorophyll biosynthesis
rate, mean cell size, cellular chlorophyll content, and photo-
synthetic quantum efficiency (Fv/Fm) of the two Fe-limited
diatoms (T. weissflogii and T. pseudonana), and thus their
growth rates (Figs. 3–5). To a certain extent, these changes
resembled those noted in the diatom grown in the Fe-
sufficient medium. Aluminum addition to the Fe-sufficient
medium also significantly increased the diatom growth rates,
although the beneficial effects on the chlorophyll synthesis
rate, mean cell size, cellular chlorophyll content, and photo-
synthetic quantum efficiency (Fv/Fm) were not apparent. The
results also showed that the addition of Al (20 and 100 nM) to
our sample of natural seawater had little influence on the con-
centration of dissolved Fe or Fe solubility (Fig. 1), but
decreased the Fe uptake rates of T. weissflogii and resulted in
slightly lower cellular Fe content under Fe-limited conditions
(Fig. 2). These results suggest that the beneficial effects of Al
addition were not the result of an increased supply of Fe from
seawater. Rather in the presence of Al, Fe-limited diatom cells
could reach higher chlorophyll synthesis rates and photosyn-
thetic efficiency with slightly lower cellular Fe content.

If the positive effects were applicable to Fe-limited
marine diatoms in the HNLC regions, we speculate that Al

fertilization might increase the growth and carbon fixation
of Fe-limited diatoms by enhancing chlorophyll synthesis
and photosynthetic efficiency in such regions as the South-
ern Ocean. This study adds new evidence and support for
the iron-aluminum hypothesis.

Effects of Al on the photosynthesis and growth of marine
phytoplankton

The promoting effects of Al on the growth and carbon fixa-
tion of marine phytoplankton have previously been outlined
(Zhou et al. 2016, 2018a,b, 2021; Liu et al. 2018). Increased
use efficiencies of dissolved organic phosphorus and Fe have
been proposed as possible mechanisms for the positive effects
(Zhou et al. 2016, 2018b). The present study adds to these
considerations and shows that Al addition was beneficial
with respect to chlorophyll biosynthesis, cellular chlorophyll
content, photosynthetic efficiency, and growth of two
marine diatoms under Fe-limited conditions (Table 1). The
present study also shows that Al addition increased the
growth rates of these marine diatoms in Fe-sufficient media,
although it did not significantly change diatom cellular chlo-
rophyll content (Figs. 4, 5).

Previous studies also reported high cellular chlorophyll
content and enhanced growth of marine phytoplankton
including T. weissflogii in seawater media enriched with Al
(Shi et al. 2015; Zhou et al. 2016); f/2 medium and its deriva-
tives (such as f/200) were used in these studies. The nominal
concentrations of Fe in the media were deemed to be suffi-
cient for marine phytoplankton growth. However, the use of
an equimolar concentration of EDTA to buffer Fe (molar ratio
of EDTA : Fe of 1 : 1), and the procedure of sterilization by
autoclaving may have led to the precipitation of some of the
added Fe as hydrous ferric oxide (Sunda et al. 2005). The pre-
cipitation of Fe may lead to poorly constrained Fe availability
in the media, and under such conditions, it is unclear if the
observed effects of Al addition on the cellular chlorophyll con-
tent of marine phytoplankton were related to Fe-limitation.

The present study provides clear evidence showing that Al
addition to Fe-limited Aquil* medium increased the chloro-
phyll biosynthesis rates and cellular chlorophyll content of
two diatoms (Figs. 4, 5). The increased chlorophyll biosynthe-
sis and cellular chlorophyll content supported higher photo-
synthetic efficiency (Fig. 4) and increased the growth rates of
the diatoms (Fig. 5). Iron plays roles in chlorophyll biosynthe-
sis (Pushnik et al. 1984; Terry and Abadía 1986; Suehiro
et al. 2021; Jiang et al. 2023), and Fe fertilization significantly
stimulated chlorophyll increases in Fe-limited HNLC regions
(Martin and Fitzwater 1988; Boyd et al. 2000; Strong
et al. 2009). Our results showed that Fe deficiency inhibited
chlorophyll biosynthesis, cellular chlorophyll content, photo-
synthetic efficiency, and growth rates of two diatoms in Fe-
limited media compared to the Fe-sufficient media (Table 1).
Ample Fe supply liberated all the limitations and significantly
improved the status of all the variables. Moreover, Al addition
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worked in a somewhat similar manner to the increased Fe sup-
ply and significantly enhanced the chlorophyll biosynthesis,
cellular chlorophyll content, photosynthetic efficiency, and
growth rates of two diatoms in Fe-limited media (Supporting
Information Fig. S2). In contrast, the promoting effects of Al
addition on chlorophyll biosynthesis and cellular chlorophyll
content were not apparent in Fe-sufficient media. These
results suggested that Al addition had increased Fe bioavail-
ability for chlorophyll biosynthesis. However, the Fe uptake
experiments suggest that the increase in Fe bioavailability
may have occurred intracellularly.

The influence of Al on Fe bioavailability
The results of the experiments designed to test the influ-

ence of Al on the concentration of dissolved Fe (Fe solubility)
in seawater and Fe uptake by the marine diatom T. weissflogii
did not show any indication that the presence of Al increased
Fe bioavailability and Fe uptake by this marine diatom. Calcu-
lations based on the Visual MINTEQ model indicate that Al
addition does not impact the speciation of Fe and the concen-
trations of dissolved inorganic Fe in seawater and the experi-
mental media (Supporting Information Table S4). Aluminum
addition at the levels of 20 and 100 nM did not influence the
dissolved Fe concentration (or Fe solubility) as determined in
the present experiments (Fig. 1) but did result in decreased Fe
uptake rates by the diatom T. weissflogii under Fe-limited con-
ditions (Fig. 2; Table 1).

Our results differ from those presented in a study by
Santana-Casiano et al. (1997), who reported that in the pres-
ence of Al (500 nM), the marine diatom (T. weissflogii) took up
Fe at significantly higher rates in a seawater medium with
100 nM Fe buffered with 100 nM EDTA. The authors
suggested that Al may increase the concentration of labile Fe
in seawater. However, the exact mechanisms were unknown.
Zhou et al. (2018a,b) proposed that Al may increase Fe bio-
availability by complexing with superoxide in seawater and
catalyzing the extracellular reduction of Fe(III) to Fe(II). This
hypothesis was based on the knowledge that extracellular
reduction of Fe(III) to Fe(II) is often a prerequisite for Fe
uptake by marine phytoplankton, and Al has a significant pro-
oxidant activity and can bind with superoxide to form an Al-
superoxide complex (Exley 2004; Mujika et al. 2011), which
catalyzes the reduction of Fe(III) to Fe(II) in vitro and in vivo
(Shaked et al. 2005; Rose 2012; Ruipérez et al. 2012). However,
our present results showed that Al addition did not increase
but rather decreased the Fe uptake rate of the same marine dia-
tom (T. weissflogii) (Fig. 5).

There are two main differences between the present study
and the study by Santana-Casiano et al. (1997). First, Santana-
Casiano et al. (1997) used 100 nM Fe buffered with 0.1 μM
EDTA while we used 47 nM Fe buffered with 100 μM EDTA in
the exposure media. This would lead to differences in the con-
centrations of dissolved inorganic Fe ([Fe0], bioavailable) in the
exposure media. The concentration of dissolved inorganic Fe

was several orders of magnitude higher in the study by
Santana-Casiano et al. (1997) (> 1 nM [Fe0]) than in the pre-
sent study (54 pM [Fe0]). In addition, a large fraction (> 50%)
of Fe was present in colloidal form in the study by Santana-
Casiano et al. (1997). Aluminum may have different influ-
ences on the bioavailability of dissolved inorganic Fe and col-
loidal Fe to marine diatoms. Second, Fe-limited diatom
cells were used in the present study, while Fe-replete diatom
cells were used in the Santana-Casiano et al. (1997) study. Alu-
minum addition may have different impacts on the Fe-limited
diatom cell and Fe-replete diatom cell. The different experi-
mental designs may yield opposite effects with respect to Al
on Fe uptake by the same marine diatom.

We suggest that the artificial ligand EDTA-buffered system
may mask the effects of superoxide-facilitated extracellular
reduction of Fe(III) to Fe(II), and thus a possible role of Al in
increasing Fe bioavailability. Kustka et al. (2005) reported that
superoxide indeed can facilitate the extracellular reduction of
Fe(III) to Fe(II), but the increased supply of Fe(II) did not
change the Fe uptake rate by the marine diatom T. weissflogii
in a (100 μM) EDTA-buffered Aquil* medium. We used
the same high concentration of 100 μM EDTA to buffer Fe in
the Aquil* medium.

In our experiments, the Al additions not only failed to
increase Fe uptake by T. weissflogii, but they also had the
opposite effect. The underlying mechanisms for the decreased
Fe uptake of T. weissflogii in the presence of Al are unclear.
Calculations with the Visual MINTEQ chemical equilibrium
model (Gustafsson 2020) suggest that the high concentration
of 100 μM EDTA will complex the majority (> 99.99%) of the
47 nM Fe, and control the concentrations of dissolved inor-
ganic Fe to pM levels (54 pM). In contrast, EDTA does not
complex Al appreciably at seawater pH (Zhou et al. 2016)
(Supporting Information Table S5). As a result, the concentra-
tions of dissolved inorganic Al (i.e., 20 and 100 nM) could be
three orders of magnitude higher than that of dissolved inor-
ganic Fe in the 100 μM EDTA-buffered Aquil* medium. Note
that at these Al concentrations, the ion activity product for
Al(OH)3(s) is more than seven orders of magnitude below the
solubility limit as calculated for the most likely initial alumi-
num hydroxide solid, microcrystalline Gibbsite (Hem and
Roberson 1967). Our previous study showed that the marine
diatom T. weissflogii could assimilate Al from seawater, and
the Al uptake rate by T. weissflogii was comparable to the Fe
uptake rates by the same marine diatom when dissolved Fe in
seawater was present at a level of about 100 nM and was not
buffered by strong organic ligands (Anderson and Morel 1982;
Liu et al. 2019). However, the Al uptake mechanisms are still
unknown. The present results inspire us to suggest that some
of the Al might be absorbed by the marine diatom through a
Fe(III) uptake transporter (Sutak et al. 2020). The high concen-
trations (20 and 100 nM) of dissolved inorganic Al might com-
pete with a low concentration of dissolved inorganic Fe(III)
(i.e., 54 pM) for binding at the uptake site, resulting in
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decreased Fe uptake rates by the marine diatom in the present
study. Further work is needed to follow up on this
speculation.

In light of the foregoing reasoning, we suggest that the
EDTA-buffered system may not be suitable for testing
the hypothesis that Al complexes with superoxide and cata-
lyzes the reduction of Fe(III) to Fe(II) in vitro (Zhou
et al. 2018b). The use of EDTA was a major advance in algal
culturing and aided the study and understanding of trace
metal uptake, limitation, and toxicity (Sunda et al. 2005).
However, such strong ligand concentrations are not found in
natural seawater, and we must re-examine the risks of generat-
ing possibly misleading results by using high concentrations
of EDTA in culture media. In our view, the present study
results do not justify the rejection of the hypothesis that Al
may complex with superoxide and under certain conditions
catalyze the reduction of Fe(III) to Fe(II) in vitro. We believe
that it would be worthwhile to check directly whether Al
could facilitate the reduction of Fe(III) to Fe(II) in seawater by
using Ferrozine and 55Fe labeling methods as suggested by
Kustka et al. (2005).

Possible mechanisms underlying the promoting effects of
Al on chlorophyll biosynthesis and diatom growth

The present Fe uptake experiments indicated that Al could
decrease marine diatom Fe uptake rates and yet allow the dia-
tom T. weissflogii to achieve higher chlorophyll biosynthesis
and growth rates in Fe-limited media (Figs. 2, 5). That is to
say, the promoting effects of Al on chlorophyll biosynthesis
under Fe-limited conditions were not related to increased Fe
supply from seawater. Rather, our results suggest that Al may
enhance chlorophyll biosynthesis by improving the use effi-
ciency of cellular Fe.

Our results showed that Fe-limited diatom (T. weissflogii)
cells in the Al-enriched treatments achieved higher chloro-
phyll biosynthesis rates with lower cellular Fe content than
did the control treatments in the absence of added Al (Fig. 5;
Table 1). However, the Al-induced increases in cellular chloro-
phyll content, chlorophyll biosynthesis rate, and photosyn-
thetic quantum efficiency (Fv/Fm) were lower than those
induced by the supply of sufficient Fe (Supporting Informa-
tion Fig. S2). Our results also showed that the positive effects
of Al on cellular chlorophyll content, and chlorophyll biosyn-
thesis disappeared under Fe-sufficient conditions (Figs. 4, 5;
Table 1). These results suggest that the Al-induced increase in
chlorophyll biosynthesis rate of diatoms under Fe-limited con-
ditions was related in some manner to Fe scarcity. Neverthe-
less, as discussed above, the lower Fe uptake rates of the
diatom in the Al-enriched treatments (Fig. 2; Supporting Infor-
mation Fig. S1) suggest that the effects of Al addition were not
a result of enhanced Fe supply (uptake) from seawater to the
cell. Rather they suggest that in the presence of Al, lower cel-
lular Fe could support higher chlorophyll biosynthesis rates.
Therefore, we speculate that Al may enhance chlorophyll

biosynthesis by influencing the use of cellular Fe and support
higher chlorophyll biosynthesis rates. Given that Fe(II) is
needed in the pathway of chlorophyll biosynthesis (Suehiro
et al. 2021; Jiang et al. 2023), one possible manner is that Al
may help maintain more cellular Fe in Fe(II) form by facilitat-
ing the superoxide-mediated intracellular reduction of Fe(III)
to Fe(II) (Exley 2004; Mujika et al. 2011; Ruipérez et al. 2012).

It should be pointed out that no established biological role
of Al has been found yet (Exley and Mold 2015) and the present
study did not prove any biological role for Al. Aluminum’s appar-
ent lack of an essential biological role despite its wide presence
in the environment and biological systems is puzzling
(Exley 2013). This paradox has stimulated continuous efforts to
explore the possible biological role of Al (Exley and Mold 2015;
Sun et al. 2020), especially in the Aluminum Age when biota are
experiencing a burgeoning exposure to biologically available Al
(Exley 2003; Exley and Mold 2015). The present study inspires
us to ask a question that may be linked to the possible biological
role of Al: Could Al enhance the use of cellular Fe by facilitating
the superoxide-mediated intracellular reduction of Fe(III) to
Fe(II)? No doubt further work to answer the question is needed
to examine the possible role of Al in the biosynthesis of chloro-
phyll in marine diatoms.

Implications for the carbon cycle in the HNLC oceans
The present study suggests that Al addition at environmen-

tally relevant levels could increase the chlorophyll biosynthe-
sis and growth (carbon fixation) of marine diatoms, especially
under Fe-limited conditions. This is a new aspect of the possi-
ble indirect roles of Al in influencing growth and carbon fixa-
tion by marine phytoplankton. The present study adds new
evidence for the iron–aluminum hypothesis (Zhou
et al. 2018b), which proposes that Al, as well as Fe, may play
an important role in the glacial–interglacial climate cycles
because Al could influence carbon fixation in the upper ocean
by increasing the use of dissolved organic phosphorus, Fe, and
dinitrogen.

Based on the present study, one might also speculate that
natural/artificial Al fertilization might increase the growth and
carbon fixation of Fe-limited diatoms by enhancing chloro-
phyll synthesis and photosynthetic efficiency. This may be
relevant to HNLC regions such as the Southern Ocean, pro-
vided that the promoting effects of Al were applicable to
marine diatoms in these regions. We suggest that the inputs
of Al to the ocean through dust deposition, river discharge,
hydrothermal venting, and sediment resuspension could work
on their own or together with Fe in enhancing the chloro-
phyll biosynthesis and photosynthetic efficiency of marine
phytoplankton in Fe-limited HNLC regions. Further laboratory
work using native diatom species from the HNLC regions is
needed to test the reproducibility of the positive effects of Al
on diatom chlorophyll biosynthesis and growth. Onboard
incubation experiments in the HNLC regions are also needed
to test the effects of Al addition on the chlorophyll
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biosynthesis and growth of marine phytoplankton. After that,
further mesoscale fertilization experiments involving the addi-
tion of Al alone or Fe and Al together in HNLC regions such as
the Southern Ocean might be needed to test the potential
CO2 removal efficiency and environmental impacts of Al and
Fe fertilization.

Conclusion
This study reports the promoting effects of Al on the chlo-

rophyll biosynthesis and growth of two marine diatoms under
Fe-limited conditions. It provides a new perspective on the
possible roles of Al in influencing the growth and carbon fixa-
tion by marine phytoplankton. Our results also showed that
the positive effects were not a result of increased Fe bioavail-
ability from seawater to the phytoplankton cell. Rather, in the
presence of Al diatoms achieved higher chlorophyll biosyn-
thesis rates with less cellular Fe content under Fe-limited con-
ditions. We speculate that Al might enhance chlorophyll
biosynthesis indirectly by influencing the use of cellular Fe via
facilitating the intracellular superoxide-mediated reduction of
Fe(III) to Fe(II). Although Al does not play any biological role,
its indirect involvement in nutrient acquisition and/or man-
agement warrants further investigation.

Data availability statement
Data for this manuscript are available at the South China Sea

Ocean Data Center, National Earth System Science Data Center,
National Science and Technology Infrastructure of China (http://
data.scsio.ac.cn/metaData-detail/1692345741134483456).
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