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Abstract

Iron (Fe) and manganese (Mn) availability and the divergent requirements of phytoplankton species were
recently shown to be potential important drivers of Southern Ocean community composition. Knowledge about
Antarctic phytoplankton species requirements for Fe and Mn remains, however, scarce. By performing labora-
tory experiments and additional calculations of the photosynthetic electron transport, we investigated the
response of the ecologically important species Phaeocystis antarctica under a combination of different Fe and Mn
concentrations. Fe deprivation alone provoked typical physiological characteristics of Fe limitation in
P. antarctica (e.g., lowered growth and photosynthetic efficiency). In comparison, under Mn deprivation alone,
the growth and carbon production of P. antarctica were not impacted. Its tolerance to cope with low Mn concen-
trations resulted from an efficient photoacclimation strategy, including a higher number of active photosystems
IT through which fewer electrons were transported. This strategy allowed us to maintain similar high growth
and carbon production rates as FeMn-enriched cells. Due to its low Mn requirement, P. antarctica performed
physiologically as Fe-deprived cells under the combined depletion of Fe and Mn. Hence, our study reveals that
different from other Southern Ocean phytoplankton species, P. antarctica possesses a high capacity to cope with
natural low Mn concentrations, which can facilitate its dominance over others, potentially explaining its eco-

logical success across the Southern Ocean.

The Southern Ocean is the world’s largest high-nutrient low-
chlorophyll (HNLC) region as a result of low concentrations of
the trace metal iron (Fe), which acts as a key driver for Antarctic
phytoplankton growth and community composition (Martin
et al. 1990a; Boyd et al. 2007; Sunda 2012). In addition to Fe,
total dissolved manganese (Mn) concentrations were also found
to be low in the Atlantic sector (0.04 nmol L™'; Middag
et al. 2011) and in several other regions of the Southern Ocean,
such as the Weddell Sea (< 0.2 nmol L™}; Middag et al. 2013),
Ross Sea (0.21-0.26 nmol L™1; Wu et al. 2019), and the Drake
Passage (~0.03-2nmol L™'; Middag et al. 2012; Browning
et al. 2014, 2021; Balaguer et al. 2022). Already in the early
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1990s, low Mn concentrations were reported in the Drake Pas-
sage, which led John Martin and colleagues to hypothesize the
importance of Mn next to Fe for phytoplanktonic growth
(Martin et al. 1990b).

Indeed, Fe and Mn are essential elements required for cell
growth. Fe is needed in many cell pathways, including photo-
synthesis and respiration processes, nitrogen fixation, and chlo-
rophyll synthesis (Behrenfeld and Milligan 2013; Twining and
Baines 2013). Mn is the second most abundant trace metal
required in the thylakoids (Raven et al. 1999), being an essential
element of the metalloenzyme cluster of the oxygen-evolving
complex during photosynthesis (Raven 1990). It is also requisite
for the antioxidant enzyme superoxide dismutase to scavenge
reactive oxygen species during photosynthesis (Wolfe-Simon
et al. 2005). Both superoxide dismutase and photosystem II
have a high Mn demand (Raven 1990; Yu and Rengel 1999).
Accordingly, Mn was unraveled to limit alone or to co-limit
with Fe Southern Ocean phytoplankton biomass buildup based
on various FeMn-enrichment incubation experiments in the
Drake Passage (Browning et al. 2014, 2021; Balaguer et al. 2022),
Weddell Sea (Buma et al. 1991), and Ross Sea (Wu et al. 2019),
and more recently projected in a biogeochemical model (Hawco
et al. 2022). Within the same Southern Ocean phytoplankton
community, it was also uncovered that the growth of the most
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abundant diatom Fragilariopsis sp. was FeMn co-limited. In con-
trast, the other diatoms of the community were primarily Fe-
limited (Balaguer et al. 2022). In addition, in a monocultural
laboratory experiment, the Antarctic diatom Chaetoceros debilis
was found to be FeMn co-limited when grown under FeMn-poor
natural seawater (Pausch et al. 2019).

Next to diatoms, the haptophyte Phaeocystis usually thrives
across the Southern Ocean (Weddell Sea, Ross Sea, and the Drake
Passage; see review Schoemann et al. 2005). Phaeocystis antarctica
is a major actor in carbon fixation (DiTullio et al. 2000), and due
to its unique physiology (Lancelot et al. 1994), it has an essential
role in ocean biogeochemistry (Schoemann et al. 2005). The
ubiquitous P. antarctica is mainly observed during spring and
summer (Stoecker et al. 1995) as well as in seasonal ice zones
and coastal waters (El-Sayed et al. 1983). While it is well docu-
mented that P. antarctica can cope with Fe limitation by
adjusting its pigment composition (van Leeuwe and Stefels 1998;
DiTullio et al. 2007), photophysiology (van Leeuwe and
Stefels 2007; Alderkamp et al. 2012; Strzepek et al. 2012), and
elemental stoichiometry (Koch et al. 2019; Trimbormn
et al. 2019), co-limitation of P. antarctica with another trace
metal is, however, less understood. According to a recent labora-
tory study, the colonial P. antarctica exhibited reduced photosyn-
thetic efficiency under Mn depletion and altered expression of
specific protein signatures (e.g., flavodoxin and plastocyanin)
when both Fe and Mn supplies were low, suggesting Mn defi-
ciency in this species under low light (25 ymol photons m ?s™*;
Wu et al. 2019). Due to its complex life cycle (Schoemann
et al. 2005), whether this is also the case for the solitary
P. antarctica remains unknown. To fill this gap, we conducted a
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laboratory experiment and performed cellular modeling of the
photosynthetic electron transport to understand the photo-
physiological adjustments and trace metals requirements of
P. antarctica under low natural Fe and/or Mn concentrations rep-
resentative of natural Southern Ocean waters.

Methods

Experimental setup

The experiment was performed with the solitary P. antarctica
(solitary cells isolated by P. Pendoley in March 1992 at 68°39'S,
72°21'E). P. antarctica was pre-acclimated for at least 10 genera-
tions and was grown for the main experiment in 0.2 ym filter-
sterilized (0.2 ym, Sartobran, Sartorius) naturally FeMn-poor
Antarctic seawater (Table 1) under trace metals clean conditions.
The water was sampled from 25 m depth during Polarstern expe-
dition PS112 at 62.25-64.6W in 2018. This seawater was spiked
with chelexed (Chelex 100; Sigma-Aldrich) macronutrients
(100 ymol L™!  Si, 100 yumolL™! NO;~, and 6.25 ymol L}
PO,37) and vitamins (30 nmolL™! B;, 23nmol L™! B,, and
0.228 nmol L' By,) according to F/2z medium (Guillard and
Ryther 1962). To represent trace metal concentrations of South-
ern Ocean HNLC waters, a mixture of zinc (0.16 nmol L™1), cop-
per (0.08 nmol L™!), cobalt (0.09 nmol L™'), molybdenum
(0.05 nmol L™}) was added and adjusted to maintain the ratio of
the original F/2y recipe. The different treatments consisted of
four different concentrations of Fe and Mn to the culture
medium, where Fe and Mn were added as iron chloride (FeCls,
2.8 nmol L1, AAS standard, TraceCERT, Fluka) and manganese
chloride (MnCl,, 2.8 nmol L™}, AAS standard, TraceCERT, Fluka):

Table 1. Dissolved and intracellular concentrations of trace metals. At the end of the experiment, total dissolved Fe, Mn, Zn, and the
deficiency of dissolved Mn relative to Fe concentrations (Mn*, see Methods; Eq. 2) were determined in the culture medium (without
cells) and in the Phaeocystis antarctica incubation bottles after exposure to different Fe and Mn availabilities. Intracellular Fe and Mn con-
tents of P. antarctica were also determined at the end of the experiment. Values represent the mean + SD (Culture medium dissolved
Fe: n = 2, Culture medium dissolved Mn-Zn: n =4, P. antarctica incubations dissolved Fe: n = 6, P. antarctica incubations dissolved
Mn-Zn: n = 6, Intracellular TM content of P. antarctica: n = 3). Different letters from a to c indicate significant differences from the
highest to the lowest mean (p < 0.05). nd Denotes that values could not be determined.

Parameter Control —Mn —Fe —FeMn
Culture medium
Dissolved Fe (nmol L") 215 1.88 0.27 0.63
Dissolved Mn (nmol L™") 2.70+0.18a 0.15+0.02b 2.71+0.07a 0.13+0.03b
Dissolved Zn (nmol L™") 10.49+nd 9.334+0.66 9.41+0.56 9.17+1.26
Mn* (nmol L") 1.89 —0.55 2.61 -0.11
P. antarctica incubations
Dissolved Fe (nmol L") 0.71+£0.02a 1.02+0.12a 0.33+nd 0.23+nd
Dissolved Mn (nmol L™") 1.31+0.06a 0.00+0.00b 1.63+0.49a 0.02+0.01b
Dissolved Zn (nmol L™") 6.13+0.27a 5.47+0.45a 6.384+0.57a 6.89+0.91a
Intracellular TM content of P. antarctica
Fe (amol Fe cell™) 4.20+0.90a 4.60+0.53a 3.36+0.56ab 1.44+1.68b
Mn (amol Mn cell™") 0.59+0.18a 0.23+0.09b 0.36+0.15ab 0.23+0.06b

[Correction added on 18th August 2023, after first online publication: Table 1 values and Equation 2 has been updated in this version.]
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enriched either with both Fe and Mn (Control treatment), with Fe
alone (—Mn treatment), with Mn alone (—Fe treatment), and no
addition (—FeMn treatment) (Table 1). To all culture media, no
addition of ethylenediaminetetraacetic acid was made to reduce
the alteration of the natural seawater trace metal chemistry and
ligands (Gerringa et al. 2000). Due to an initial Fe complexing
capacity of 1.32 + 0.29 nmol L™}, it is supposed that most of the
added Fe were buffered rather than forming inorganic colloids.
To contain contamination, trace metal clean techniques (sam-
pling and handling) were used during the whole experiment. All
incubation bottles and other equipment needed for the experi-
ment were cleaned 7d in a detergent bath containing 1%
Citranox solution (Sigma-Aldrich) followed by rinsing seven
times with Milli-Q (Millipore). Then, they have been subse-
quently filled with 1 mol L™' hydrochloric acid for 7 d. After
seven rinsing steps with Milli-Q, all types of equipment were
dried under a clean bench (Class 100; Opta) and stored triple-
bagged in polyethylene bags until usage. All P. antarctica cells
were kept in mid-exponential growth in dilute batch cultures
and were grown in triplicates in polycarbonate bottles, in 1L
bottles during the acclimation phase, and in 4 L bottles during
the main experiment. The initial inoculum for each treatment
was ~ 2500 cells mL~}, and each treatment was harvested when
cells had reached a density between 80,000 and
150,000 cells mL~". The main experiment lasted between 9 and
11 d, depending on the experimental treatment. Each incuba-
tion was grown at 100 ymol photons m 2 s~ ! under a 16 : 8 (lig-
ht : dark) hours cycle at 2°C. As the strain of P. antarctica used
for the experiment does not form colonies, the cell density and
size were monitored every 2 d using a Beckman Multisizer™
3 Coulter Counter® with a 100 um aperture.

The maximum growth rate (4, d~') was determined
from Eq. 1:

”:ln(Ntz/Ntl)l (1)

At

where Ny; and Ny, are the cell abundance at the start (day 3 or
5 depending on the treatment) and the end (day 9 or
11 depending on the treatment) of the experimental phase of
growth (Supporting Information Fig. S1), respectively, while
At is the duration of the exponential growth phase, in days.

To ensure that P. antarctica was not forming colonies, the cul-
tures were also monitored unfixed and fixed with Lugol’s solu-
tion via light microscopy at the beginning, during, and at the
end of the experiments. Briefly, samples were fixed with Lugol’s
solution (1% final concentration) and stored at 2°C in the dark
until analysis. All samples were allowed to settle in Utermohl
sedimentation chambers (Hydrobios) for at least 24 h and were
analyzed on an inverted light microscope (Axiovert 200; Zeiss),
according to the method of Utermohl (1958).

Trace metal seawater chemistry
Total dissolved Fe and Mn concentrations were determined
in the culture medium (without cells) (Table 1). To this end,
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100 mL. of seawater was filtered through hydrochloric
acid-cleaned polycarbonate filters (0.2 yum pore size; EMD
Millipore) using a trace metal clean filtration system, and the
filtrate collected in a hydrochloric acid-cleaned polyethylene
bottle, which was stored triple bagged at 2°C for immediate
analysis. Concentrations of total dissolved Fe and Mn were
analyzed via external calibration using a SeaFast system
(Elemental Scientific) coupled to an inductive plasma mass
spectrometer (Element2; Thermo Fisher Scientific, resolution
of 2000) (Hathorne et al. 2012; Rapp et al. 2017). An
iminodiacetate chelation column (part number CF-N-0200;
Elemental Scientific) was used during the preconcentration
step. Before analysis, all seawater samples were acidified to pH
1.7 with a double distilled nitric acid (distilled 65%, pro analy-
sis; Merck) and irradiated for 1.5 h using a UV power supply
system (7830) and photochemical lamp (7825) from ArcGlass to
provide total dissolved concentrations of trace metals and avoid
the presence of organic compounds (Biller and Bruland 2012).
During each UV digestion step, two blanks were performed. The
inductive plasma mass spectrometer was optimized daily to
achieve oxide forming rates below 0.3%. Each seawater sample
was analyzed via standard addition to minimize any matrix
effects that might influence the quality of the analysis. To assess
the accuracy and precision of the method, a NASS-7 (National
Research Council of Canada) reference standard was analyzed in
a 1:10 dilution (corresponding to environmentally representa-
tive concentrations) at the beginning, in the middle, and at the
end of a run (two batch runs; n = 18). Recoveries for Fe and Mn
were 104%. The measured values were within the limits of the
certified NASS-7 reference material with a concentration of
6.5+ 0.02 nmol L' for dissolved Fe and 14.2 + 0.17 nmol L ™"
for dissolved Mn.

The Mn deficiency rate (Mn*, nmol L) was determined
from Eq. 2 (Browning et al. 2021):

Mn* =dMn — dFe/R, (2)

where R is the assumed average of the phytoplankton Fe : Mn
ratio (2.67; Moore et al. 2013).

Elemental composition and stoichiometry
Particulate organic carbon and nitrogen

At the end of the experiment, 250 mL of water was filtered
onto precombusted glass-fiber filters (15h, 500°C, GEF/F,
~ 0.6 ym, 25 mm; Whatman) and stored at —-20°C in
precombusted glass Petri dishes. Before analysis with a Euro
Elemental Analyzer 3000 CHNS-O (HEKAtech GmbH), the fil-
ters were dried for > 12 h at 60°C and then acidified with
200 uL of 0.2 N hydrochloric acid to remove inorganic carbon
and dried a second time. Contents of particulate organic car-
bon (POC) and particulate organic nitrogen (PON) were
corrected for blank measurements and normalized to filtered
volume and cell densities to yield cellular quotas. The POC
production rate (pg C cell”! d~') was determined from Eq. 3:
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POCproduction =POCcontent X #, 3)
where p is the maximum growth rate (Eq. 1).

Cellular trace metals quotas

For determination of the cellular trace metal content, at the
end of the experiment, 400 mL of water was filtered onto
0.2 ym trace metal cleaned polycarbonate filters (EMD
Millipore) and then rinsed for 15 min with a 0.1 mol L™!
oxalic acid wash to remove cell surface bound trace metals
(Hassler and Schoemann 2009). Finally, the filters were rinsed
with filtered seawater and stored in 5 mL trace metal-cleaned
polyfluoroalkyl vials until further analysis. Samples were ana-
lyzed with an inductive plasma mass spectrometer following
digestion with nitric and hydrofluoric acid (Ho et al. 2003;
Twining and Baines 2013; Koch et al. 2019). The filters were
digested for 16 h at 180°C using 5 mL of sub-boiled nitric acid
and 0.5 mL of sub-boiled hydrofluoric acid (40%, suprapure;
Merck) followed by the addition of 0.5 mL of Milli-Q water.

Via evaporation using a 140°C hot plate, the volume of the
cell extract was concentrated down to 0.5 mL and the evapo-
rate was then passed through a calcium/sodium hydroxide
solution. Then, 0.2 mL of sub-boiled nitric acid was added as
an internal standard diluted up to 10 mL with Milli-Q water
and analyzed on a high-resolution inductive plasma mass
spectrometer (Attom; Nu Instruments). To avoid high back-
ground trace metal concentrations and to ensure high diges-
tion quality, acid (5 mL of sub-boiled nitric acid and 0.5 mL
hydrofluoric acid), two filter blanks, as well as the BCR-414
(Plankton reference material; Sigma-Aldrich) samples were also
processed and analyzed (Supporting Information Table S1).
Intracellular trace metal contents were normalized to filtered
volume, cell densities, and POC.

Pigments

At the end of the experiment, 250 mL of sample were filtered
onto 0.2 uym filters (25 mm, GFF; Whatman) and directly
flashed frozen into liquid nitrogen. The samples were stored at
—80°C in the dark until further analysis. The concentrations of
the light-harvesting (LH) pigments chlorophyll a and c¢,, fuco-
xanthin, and the light protective (LP) pigments diatoxanthin
and diadinoxanthin were determined by reverse-phase high-
performance liquid chromatography after centrifugation
(5 min, 4°C, 13000 rpm) and filtration through a 0.45 ym pore
size nylon syringe filter (Nalgene®; Nalge Nunc International)
(Wright et al. 1991). LaChromFlite® system was used to run the
analysis. For pigments separation, a Spherisorb® ODS-2 column
(25cm x 4.6 mm, Spum particle size; Waters) with a
LiChropher® 100-RP-18 guard cartridge was used, and the gradi-
ent was applied according to Wright et al. (1991). Using the
software EZChrom Elite ver. 3.1.3. (Agilent Technologies), the
peaks were detected at 440 nm and then identified and quanti-
fied by co-chromatography with standards for chlorophyll g,
chlorophyll ¢,, fucoxanthin, diatoxanthin, and diadinoxanthin
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(DHI Lab Products). Pigment contents were normalized to fil-
tered volume and cell densities.

Photophysiology

Chlorophyll a fluorescence measurements were performed
using a Fast Repetition Rate fluorometer coupled to a FastAct
Laboratory system (FastOcean PTX, both from Chelsea Tech-
nologies Group). The measurements were performed at the
start, during, and at the end of the experiment. The excitation
wavelengths of the fluorometer’s LEDs were 450, 530, and
624 nm, and the light intensity was automatically adjusted
between 0.66-1.2 x 10?2 photons m ?s~'. The single turn-
over mode was set with a saturation phase of 100 flashlets on
a 2 us pitch followed by a relaxing phase of 40 flashlets on a
50 ps pitch. To calculate the maximum quantum yield of pho-
tosystem II F,/F, (dimensionless), the minimum (F,) and
maximum (F,,) chlorophyll a fluorescence was determined
after 10 min of dark acclimation (Eq. 4) (Oxborough and
Baker 1997):

FV/Fm:(Fm_FO)/Fm; (4)

with the F,/F, measured before and after the fluorescence
light curve, the Fy/F,, recovery was calculated and expressed
as a % of the initial F,/Fy,.

The functional absorption cross-section of photosystem II
(opsr, NM?), the time constant for electron transport at the accep-
tor side of photosystem II (zq,, ps), the concentration of func-
tional photosystem II reaction centers ([RCII], zmol cell™?), the
connectivity factor (P, dimensionless) and the non-
photochemical quenching (Supporting Information Fig. S2) were
derived using the FastPro8 Software (Version 1.0.55; Kevin
Oxborough, CTG Ltd) from Oxborough et al. (2012). Electron
transport rates (ETRs) irradiance curves were conducted by apply-
ing 8 irradiances from O up to ~ 800 ymol photons m 2 s~! for
5 min for each light level at the end of the experiment. A light
sensor (ULM-500; Walz GmbH) measured each light intensity
(E, umol photons m~2s~!) emitted from the FastAct Laboratory
system. Using the following formula, ETRs (e~ PSII"' s~!) were
derived according to Suggett et al. (2004, 2009) (Eq. 5):

(Fq'/Fim')

ETR = opsIT X m

x E, (5)

where F¢//F, is the effective photosystem II quantum yield at
ambient light. Maximum ETR (ETR, e~ PSIT" ' s~ '), light utili-
zation efficiency (@), and minimum saturating irradiance (I,
umol photons m 2s7') were calculated from the fitted
irradiance-dependent ETR using the model of Platt et al.
(1981) (Silsbe and Kromkamp 2012) through a Nelder-Mead
method programmed on R Studio (version 1.1.463, © 2009-
2016). The overall ETR per cell (ETR.ey;) was derived as a multi-
plication of the photosystem II normalized ETR with [RCII].
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Modeling

The cell model used in this study was adapted from Kroon
and Thoms (2006). This model aims to describe phytoplank-
ton steady-state growth by including the main mechanisms
and processes in photosynthetic electron transport, involving
all intermediary steps from photon absorption and charge sep-
aration at photosystem II up to the reduction of the terminal
electron carrier ferredoxin at the end of the electron transport
chain. In particular, the model includes the representation of
a free plastoquinone pool interacting with a Qg binding site at
photosystem II, the cytochrome b6/f complex, the Q-cycle,
the binding of ferredoxin to the cytochrome b6/f (which
allows for cyclic electron transport) and the electron transfer
steps within photosystem 1. The model describes photosynthe-
sis in terms of electron flow, which is assumed to be the most
elementary product for describing the consequences of differ-
ent Fe-deficient and Mn-deficient treatments on well-known
growth characteristics (e.g. ETR curve). As a result of the pho-
tochemical nature of the model, ETR normalized to photosys-
tem II and ETR of the entire P. antarctica cells were calculated
(Fig. 4), please note that the model outputs are represented by
lines-connected points and were not fitted. The used parame-
ters of the model by Kroon and Thoms (2006) adapted to
P. antarctica are shown in Supporting Information Table S2.

Statistics

Shapiro-Wilk tests were performed to test the normal distri-
bution and equal variances of the data set. A one-way analysis
of variance was conducted to assess the impact of Fe and Mn
concentrations on the different parameters. As post hoc tests,
the Tukey honest significant difference test was used between
the mean groups. Significant differences among treatments
were established at a p < 0.05 level indicated by letters. Different
letters indicate significant differences at the 5% level from the
higher mean (a) to the lowest mean (c). All statistical analyses
were performed with R Studio (version 1.4.1106, © 2009-2021).
R packages to reproduce statistical analysis are: stats (aov and Im
functions) and agricolae (HSD.test function).

Results

Trace metal chemistry

The concentration of total dissolved Fe in the culture
medium (without P. antarctica cells) was higher in the Control
and the —Mn treatments (~ 2 nmoL L™%; Table 1) relative to
the —Fe and —FeMn treatments (< 0.6 nmoL L™; Table 1). In
comparison, the concentration of the total dissolved Mn
in the culture medium (without P. antarctica cells) was signifi-
cantly (p < 0.05) higher in the Control and the —Fe treatments
relative to the —Mn and —FeMn treatments (Table 1). At the
end of the experiment, the concentrations of total dissolved
Fe in the culture medium (with P. antarctica cells) were lower
in all Fe-poor treatments (—Fe and —FeMn) compared to the
Control and remained similar between the —Mn and the
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Control treatment. The concentrations of total dissolved Fe in
the culture medium (with P. antarctica cells) were lower in all
Mn-poor treatments (—Mn and —FeMn) compared to the Con-
trol and remained similar between the —Fe and the Control.
The deficiencies of dissolved Mn relative to Fe concentrations
(Mn*, see Methods; Eq. 2) were the lowest in the Mn-deficient
treatments (—0.55 and —0.11 nmol L~! for —-Mn and —FeMn,
respectively) and the highest in the Fe-deficient treatment
(2.61 nmol L) compared to the Control. The concentration
of total dissolved zinc (Zn) in the culture medium (without
and with P. antarctica cells) remained similar across all treat-
ments (Table 1).

Growth and elemental composition

The growth rate of P. antarctica in the Control treatment
was similar to the one in the —Mn treatment (Fig. 1a). Com-
pared to the Control, the growth rate was significantly
(p < 0.05) decreased in both Fe-poor treatments (—Fe: 8% and
—FeMn: 5%). For all treatments, the size of the P. antarctica
cells remained similar, being ~ 3.2 yum (Supporting Informa-
tion Table S3). Under every experimental condition, the par-
ticulate organic carbon (POC) content of P. antarctica
remained the same (~ 4 pg cell™!; Fig. 1b). The POC produc-
tion rates of both low Fe supply treatments (—Fe and —FeMn)
were significantly (p <0.05) decreased by =~ 15% relative to
the —Mn treatment (Fig. 1c¢). The molar carbon : nitrogen
ratios (C : N; Fig. 1d), as well as the PON contents (Supporting
Information Fig. S3), were not altered under all experimental
conditions. Compared to the Control, the molar TM : C ratio
of P. antarctica in the —FeMn treatment decreased significantly
(p<0.05) by ~70% for Fe (Fig. 2a) and by ~ 60% for Mn
(Fig. 2b). In addition, low Mn concentrations alone (—Mn)
also significantly (p < 0.05) decreased the Mn : C ratio by 60%
when compared to the Control (Fig. 2b).

Photophysiological response

Compared to the Control, the dark-adapted maximum
quantum yield of photosystem II (F,/F,) of all other treat-
ments was significantly decreased (p < 0.05), with a decrease
by ~ 10% in the —Fe and by =~ 20% in the two Mn-deficient
treatments (—Mn, —FeMn) (Table 2). The functional absorp-
tion cross-sections of photosystem II (opsy) of the —Mn
remained unchanged relative to the Control (Table 2).
Adversely, opsy of both Fe low supply treatments (—Fe and
—FeMn) increased by 34% and 50%, respectively, compared to
the Control (Table 2). The time constant for electron transfer
at photosystem II (zq,) remained unchanged between Control
and —Mn but decreased by 12% in response to Fe depletion
alone and more strongly by ~ 20% under a low supply of both
Fe and Mn (Table 2). The connectivity between adjacent pho-
tosystems (P) decreased similarly by ~ 30% for all other treat-
ments compared to the Control (Table 2). Relative to the
Control, the concentration of functional photosystem II reac-
tion centers [RCII] was significantly (p < 0.05) increased in all
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Fig. 1. Growth and elemental composition of Phaeocystis antarctica. Box plots of growth rate u (a), content of particulate organic carbon (POC) (b),
daily production rate of POC (c), and molar carbon : nitrogen ratio (C : N) (d) were determined in cells grown under different Fe and Mn availabilities at
the end of the experiment. The black points represent the individual replicates, and the red points represent the mean. Different letters from a to c indi-

cate significant differences from the highest to the lowest mean (p < 0.05).

other treatments (—Mn: 22%, —Fe: 13% and —FeMn: 18%;
Table 2). Compared to the Control, the F,/Fy, recovery of all
other treatments significantly (p <0.05) decreased between
10% and 20%, with no differences across these treatments
(=Mn, —Fe, and —FeMn; Table 2). The —FeMn treatment
reached the highest ETR values relative to the other treat-
ments (Fig. 3; Table 2). Relative to the Control, the ETR;,ax
was strongly increased by 13% and 51% in the —Fe and
—FeMn treatments, respectively (Table 2). Adversely, only
when grown under —Mn, ETR significantly (p <0.05)
decreased by 20% relative to the Control (Figs. 3, 4a; Table 2).
In comparison, ETRs of a single P. antarctica cell (ETRcey)
remained unchanged in Control and —Mn treatments

(Fig. 4b). The minimum saturating irradiance (Iy) was similar
across all treatments (~ 50 yumol photons m~2s~!; Table 2).
The light use efficiencies () of the Control, —Mn, and —Fe
treatments were similar but significantly (p < 0.05) increased
in the —FeMn treatment (Table 2).

Pigment composition

The concentration of the LP pigments (LP =sum of dia-
dinoxanthin and diatoxanthin; Table 3) was similar in the
Control and the —Mn treatment (Table 3). Only when Fe sup-
ply was low (—Fe and —FeMn) the concentration of LP signifi-
cantly (p <0.05) decreased by 31% and 24%, respectively,
relative to the Control, primarily due to the reduction of
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Fig. 2. Molar trace metal to carbon ratio of Phaeocystis antarctica. Box plots of Fe : C ratio (a) and Mn : C ratio (b) were determined in cells grown under
different Fe and Mn availabilities at the end of the experiment. The black points represent the individual replicates, and the red points represent the
mean. Different letters from a to c indicate significant differences from the highest to the lowest mean (p < 0.05).

Table 2. Photophysiological responses. The dark-adapted maximum quantum vyield (F,/F.), the functional absorption cross-section of
photosystem Il (ops)), the time constant for electron transfer at photosystem Il (zq,), the connectivity between adjacent photosystems
(P), the concentration of functional reaction centers for photosystem Il ([RCII]), the F,F,, recovery, the minimum saturating irradiance
(1), light utilization efficiency (a) and the maximum electron transport rate (ETR,ax) Were determined after exposure to different Fe and
Mn availabilities at the end of the experiment. Values represent the mean + SD (n = 3). Different letters from a to c indicate significant
differences from the highest to the lowest mean (p < 0.05).

Parameter Control —Mn —Fe —FeMn
F/Fy (dimensionless) 0.36+0.01a 0.29+0.02c 0.32+0.01b 0.294+0.02c
opsi (NmM?) 6.2+0.6¢ 6.6+0.7¢ 8.3+£0.7b 9.3+2.8a
7qQa (US) 779+92a 814+83a 683+51b 628+73c

P (dimensionless) 0.25+0.08a 0.18+0.06b 0.17+0.07b 0.16+0.07b
[RCH] (zmol cell™") 23+3b 28+3a 26+2a 27+2a
F./Fon recovery (%) 67+1a 56+3b 544+0b 60+3b
ETRmax (€~ PSIITT s 275+13b 222+25¢ 312+28b 416+17a
I (umol photons m=2s™") 54+27a 50+24a 51+30a 56+29a

a (dimensionless) 5.0+0.5b 4.54+0.6b 6.1+0.9ab 7.44+0.6a

Table 3. Pigment concentrations. The concentration of chlorophyll g, chlorophyll ¢,, fucoxanthin, diadinoxanthin, diatoxanthin, light
protective pigments (LP = diadinoxanthin + diatoxanthin), and the light-harvesting pigments (LH = chlorophyll a + chlorophyll
¢, + fucoxanthin) were determined after exposure to different Fe and Mn availabilities at the end of the experiment. Values represent
the mean + SD (n = 3). Different letters from a to c indicate significant differences from the highest to the lowest mean (p < 0.05).

Parameter Control —Mn —Fe —FeMn
Chlorophyll a (fg cell ") 49+3ab 59+9a 43+3b 43+3b
Chlorophyll ¢, (fg cell™") 11+1a 13+2a 11+0.4a 11+0.4a
Fucoxanthin (fg cell ") 19+1b 28+4a 13+3b 12+3b
Diadinoxanthin (fg cell™") 11+1a 11+2ab 8+0.4c 9+0.1bc
Diatoxanthin (fg cell ") 0.94+0.1a 0.54+0.02b 0.5+0.02b 0.4+0.2b
LP (fg cell™™) 12.31+0.99a 11.72+1.64ab 8.49+0.40c 9.31+0.13bc
LH (fg cell™") 78.54+5.24ab 100.56+14.78a 67.15+5.51b 66.25+6.74b
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Fig. 3. Electron transport rates (ETRs) vs. light intensity. ETRs were mea-
sured in response to increasing light intensity in Phaeocystis antarctica after
exposure to different Fe and Mn availabilities at the end of the experi-
ment. Values represent the mean + SD (n = 3).

diadinoxanthin concentrations (Table 3). The concentration
of the LH pigments (LH = sum of chlorophyll a, chlorophyll
¢», and fucoxanthin; Table 3) remained the same for the treat-
ments —Mn, —Fe, and —FeMn compared to the Control
(Table 3). However, fucoxanthin concentration significantly
increased only when Mn supply was low (—Mn; Table 3).
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Antarctic phytoplankton under low Fe and Mn supply

Discussion

To understand how low Fe and Mn concentrations affect
Southern Ocean phytoplankton community composition, lab-
oratory studies provide insight into their physiological strate-
gies, which may explain why some species occur in a specific
location and others do not. Due to a limited knowledge of the
species-specific Fe and Mn requirements of Southern Ocean
phytoplankton species, we conducted a FeMn addition experi-
ment with the ecologically important P. antarctica and provide
a modeling-based interpretation of the photophysiological
data. While P. antarctica was Fe limited, it was not by low Mn
supply due to its low Mn requirements.

P. antarctica was not limited by low Mn supply

Based on previous laboratory experiments, Mn deficiency
resulted in a reduced rate of growth accompanied by a
decreased rate of POC production for several temperate (Sunda
and Huntsman 1983; Peers and Price 2004) and an Antarctic
diatom (Pausch et al. 2019). In contrast, this was not the case
for our tested species (—Mn treatment; Fig. 1la,c) as
P. antarctica was not affected by the applied low Mn concen-
tration (0.15 + 0.02 nmol L~!; Table 1). These results are con-
sistent with previous observations of another P. antarctica
strain, which was grown in Mn-free artificial seawater in the
laboratory (Wu et al. 2019). Moreover, the dissolved Mn
concentration of our —Mn treatment is representative of previ-
ously measured dissolved Mn values in several areas of the
Southern Ocean (< 0.2 nmol L™1), such as the Atlantic sector
(Middag et al. 2011), the Weddell Sea (Middag et al. 2013),
the Ross Sea (Wu et al. 2019), and the Drake Passage

b
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Fig. 4. Measured and calculated electron transport rates normalized to either photosystem Il (ETR) (a) or to the entire cell (ETR.e) (b). The measured

rates are shown in response to increasing light intensity of Phaeocystis antarctica for the Control indicated by cross points, and for the —Mn indicated by

circles, while the dotted lines indicate the calculated data from the model.
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(Middag et al. 2012; Browning et al. 2014, 2021; Balaguer
et al. 2022). Taking these observations together, our
P. antarctica strain was not limited under the applied low Mn
concentrations as naturally occurring in the field.

Still, one must consider that in both Mn-repleted and Mn-
depleted treatments, Zn concentrations were 4-60 times higher
than the Mn concentrations of the culture medium (Table 1).
According to Hawco et al. (2022), Mn limitation might also be
tightly related to Zn-Mn interactions in the field, with a higher
prevalence of Mn limitation under high Zn concentrations
(Hawco et al. 2022). Due to the finding that Zn and Mn com-
pete for the same transporter (Sunda and Huntsman 1998a), the
possibility that the high Zn concentrations potentially inhibited
Mn uptake cannot be excluded from our study. Since we did
not observe any differences in terms of growth and POC
between the Mn-repleted and Mn-depleted treatments, it seems
that the provided Zn supply had no impact and did not pro-
mote Mn limitation even in the low Mn treatment, where Zn
concentrations were relatively high.

Although studies have investigated Mn limitation in two
Antarctic phytoplankton species in the laboratory (Pausch
et al. 2019; Wu et al. 2019), information regarding their Mn
contents was not incorporated. In our study, with decreasing
Mn supply, the Mn : C ratio of the Mn-deficient cells (—Mn)
significantly decreased relative to the Control cells (1.7 £ 0.4
and 0.6 + 0.2 umol mol ™}, respectively; Fig. 2b). As their cellu-
lar POC content was not affected by low Mn concentrations
relative to FeMn-enriched conditions, this indicates that their
internal cellular Mn pool was decreased under low Mn supply.
As four Mn ions are needed for the water-splitting complex of
photosystem II, a lack of Mn was previously found to disturb
the photochemical activity of photosystem II (Peers and
Price 2004; Pausch et al. 2019; Wu et al. 2019). Accordingly,
the photosynthetic efficiency (F,/F,,) and recovery values of
Mn-deficient P. antarctica cells were reduced relative to the
Control (Table 2). In addition, P. antarctica cells under low Mn
supply did not change their functional absorption cross-
section of photosystem II (opsy;) but instead increased both the
concentration of functional reaction centers for photosystem
II ([RCII]) and fucoxanthin to maximize the capture of light
energy (Table 2). Such photoacclimation strategy potentially
compensated for the lower efficiency of each photosystem II
and was previously suggested for Fe-limited Southern Ocean
diatoms and P. antarctica (Strzepek et al. 2012), but not yet
under low Mn supply. Still, the higher number of photosys-
tem II under the —Mn condition is surprising as additional
[RCII] require more Mn, indicating that Mn was possibly
relocated from another Mn-dependent metabolic process
(e.g., Mn-containing superoxide dismutase, the 2" most
important sink of Mn in the cell; Wolfe-Simon et al. 2005).
Consequently, reactive oxygen species production must have
been reduced to decrease the need for Mn-containing superox-
ide dismutase. Reactive oxygen species are formed through
leaking electrons generated by photosystem II activity

Antarctic phytoplankton under low Fe and Mn supply

(Asada 2006), which increases when light energy is in excess.
Mechanisms such as non-photochemical quenching act as
energy dissipaters; however, they were not altered under low
Mn supply (Supporting Information Fig. S2). Hence, another
alternative pathway to reduce the energy in excess is to have
additional RCII. Therefore, Mn may be relocated from the
superoxide dismutase to the photosystem II to dissipate
the excessive light energy and reduce reactive oxygen species
production. In contrast to recovering fewer damaged reaction
centers from excess light energy, this pathway may be less
energy-expansive.

Surprisingly, POC production rates remained the same
while the ETR normalized to photosystem II was reduced in
the —Mn treatment compared to the Control treatment
(Fig. 3; Table 2). To understand this process, additional cellular
modeling simulations were performed (Fig. 4; Supporting
Information Table S2). The output of the model indicates that
the lowered ETR under low Mn supply cannot be explained by
a decrease in pigment concentrations (Supporting Information
Table S2), a finding supported by the unaffected LH pigment
contents and the increase of fucoxanthin between the —Mn
and the Control treatment (Table 3). In addition, the alter-
ation of intrinsic processes in photosystem II (e.g., exciton
trapping by open photosystem II and exciton exchange
between photosystem II units) due to Mn depletion does not
explain the decrease of the ETR (Supporting Information
Table S2). Instead, the model simulation reveals that the
decreased ETR of the Mn-deficient treatment resulted from a
decrease in ferredoxin reduction by photosystem I and/or
a decrease of the rate constant for terminal ferredoxin
reoxidation at the end of the electron transport chain. Please
note that the model cannot differentiate between the latter
two processes.

When ferredoxin reduction by photosystem I is only con-
sidered, the model shows that the reduced ETR in the —Mn
treatment (Fig. 4a) was enhanced by a 25% decrease in the fer-
redoxin reduction rate (kps; Supporting Information
Table S2). Henceforth, an upstream process in the electron
transport chain behind the Mn-containing photosystem II
under low Mn supply may have caused the reduction of ETR.
This indicates active downregulation of the electron transport
in each photosystem II in Mn-deficient P. antarctica. To coun-
teract this, P. antarctica, on the other hand, displayed addi-
tional RClIIs (Table 2). This strategy was successful as the POC
production rate of the —Mn treatment was as high as the Con-
trol treatment (Fig. 1c).

The overall ETR of the cell (ETRc) was calculated to sup-
port this finding. The basic assumption that each functional
photosystem II has a single RCII (Oxborough 2012) was made,
and the ETRs normalized to photosystem II (Fig. 3) were mul-
tiplied by the total number of [RCII] (Table 2). Consequently,
both Control and —Mn treatments displayed similar ETRcep
(Fig. 4b). By having identical ETR.y, the POC production rate
of Mn-deficient P. antarctica remained unchanged compared
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to the Control (Fig. 1c). Hence, through higher RCII abun-
dance, P. antarctica maintains stable growth and POC produc-
tion under low Mn concentrations.

Overall, this study indicates that the growth and POC pro-
duction of P. antarctica was not limited by the naturally low
Mn seawater concentrations of our experiments, and this was
potentially due to its low Mn requirements.

P. antarctica was limited by low Fe supply

Fe is involved in many metabolic pathways of the cells,
such as photosynthesis and respiration processes, nitrogen fix-
ation, and chlorophyll synthesis (Behrenfeld and Mil-
ligan 2013; Moore et al. 2013; Twining and Baines 2013).
Hence, Fe deficiency in the cells usually leads to a reorganiza-
tion of the thylakoid membrane. As 23-24 atoms of Fe are
needed for photosynthetic electron transport (Raven
et al. 1999; Behrenfeld and Milligan 2013), it represents 80%
of the total Fe demands. Concomitantly, Fe limitation fre-
quently results in decreased efficiency of electron transport
and lower availability of adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide phosphate hydrogen for
carbon fixation (Peers and Price 2004). Due to reduced elec-
tron transport effectiveness under low Fe supply, growth of
P. antarctica was reduced in the —Fe treatment compared to
the Control (Fig. 1a,c), indicating Fe limitation. A decline in
growth rate in response to Fe limitation was already reported
for the same (Koch et al. 2019; Trimborn et al. 2019) and
other strains of P. antarctica (Alderkamp et al. 2012; Rizkallah
et al. 2020), also in combination with light (Strzepek
et al. 2012, 2019) and Mn (Wu et al. 2019). Fe-limited phyto-
plankton usually also displays reduced F,/F,, values and larger
opsiy (Behrenfeld and Kolber 1999; Hopkinson et al. 2007;
Trimborn et al. 2015). This strategy applied by our Fe-deficient
P. antarctica cells (—Fe; Table 2) is known to increase the size
of the LH antennas and to reduce the number of Fe-rich pho-
tosynthetic reaction centers under Fe-limiting conditions
(Strzepek et al. 2012).

Relative to the Control, POC production remained the same
under low Fe supply (Fig. 1c). However, the ETR of P. antarctica
was found to be significantly higher than for the Control
(Fig. 3; Table 2), which means that light energy in excess needs
to be dissipated via alternative electron pathways, such as the
Mehler reaction, where the oxygen is reduced at the acceptor
side of photosystem 1 (Mehler 1951). As previously reported for
the Fe-limited diatom C. debilis (Pausch et al. 2019), higher ETR
coupled with a faster reoxidation time of Q, (zqn; Table 2) indi-
cates a nonreduced state of the plastoquinone pool. In combina-
tion with the lower energy exchange between the photosystems
(P; Table 2), it implies that another pathway was used instead.
This alternative channel turns electrons aside after photosystem
II oxidation and before photosystem I reduction and would
then exclude the possibility of cyclic electron flow within pho-
tosystem I (Halsey and Jones 2015). Henceforth, an additional
alternative pathway that potentially involves a midstream

Antarctic phytoplankton under low Fe and Mn supply

oxidase, the plastid terminal oxidase (PTOX), which accepts the
electrons from the plastoquinone pool to reduce oxygen and
regenerate water. By avoiding the Fe-rich photosystem I and
cytochrome b6/f (Mackey et al. 2008), this path may sustain
ATP production, which appears to be beneficial for some Fe-
limited phytoplankton (Mackey et al. 2008; Behrenfeld and
Milligan 2013).

The low Fe concentration determined in our —Fe treatment
corresponds to values measured in the Ross Sea in December/
January (Wu et al. 2019) and the Drake Passage in March
(Balaguer et al. 2022), where both the occurrence of
P. antarctica cells and low dissolved Fe concentrations were
simultaneously reported. Under these conditions, the
observed lowered growth and photophysiological characteris-
tics suggest that these environments were limiting the —Fe
P. antarctica cells. Nevertheless, more drastic responses to Fe
addition were reported for the same strain of P. antarctica
(e.g., POC content, Fe : C and F,/F,, values; Koch et al. 2019)
as a result of higher dissolved Fe concentrations applied in
their Fe-enriched treatments (4 vs. 2.15 nmol L™! our study).
This implies that the Fe-replete treatments in our study were
at the border of Fe limitation, and potentially greater Fe effects
could have been observed (e.g., on growth and carbon produc-
tion) if higher Fe concentrations had been applied.

Low FeMn supply mainly provokes physiological
characteristics of Fe limitation

Relative to —Fe cells, growth and POC production of FeMn-
deficient P. antarctica cells remained equally low (Fig. 1a,c).
We also observed under low supply of both Fe and Mn
(—FeMn) highest ETR together with faster rq, relative to —Fe
conditions (Tables 2, 3). This indicates photophysiological
adjustments of Fe limitation also for the —FeMn treatment.
Similar to our —Fe conditions, also under —FeMn conditions,
higher PTOX activity potentially enabled the —FeMn-deficient
P. antarctica cells to yield similar high POC production rates as
under low Fe supply alone. Overall, the response of
P. antarctica under —FeMn is primarily driven by Fe. Similarly,
Wu et al. (2019) did not observe changes in the growth of
another P. antarctica strain between these two treatments (—Fe
vs. —FeMn) in a laboratory experiment. The latter, neverthe-
less, reported significant shifts in flavodoxin and plastocyanin
expression patterns of P. antarctica when both Fe and Mn con-
centrations were low relative to low Fe supply alone, indicat-
ing FeMn co-limitation. However, a lower light regime was
applied compared to ours (25 vs. 100 umol photons m %5~ !
in our study); this potentially enhanced the Mn requirements
of P. antarctica. Under low light intensities, LH pigment pro-
duction must be increased, thereby enhancing Fe require-
ments (Sunda and Huntsman 1998b; Strzepek and Price 2000).
Some Southern Ocean phytoplankton species possess
adaptative mechanisms to cope with low Fe-light environ-
ments, including acclimation strategies to keep cellular Fe
requirements constant (Strzepek et al. 2012). Nonetheless,
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little is known about the additional effects of Mn limitation
under varying light supply. Henceforth, light limitation may
strengthen the interdependence of Fe and Mn and enhance
the production of reactive oxygen species (Peers and
Price 2004; McCain et al. 2021).

Ecological implications

Our study, together with another laboratory (Pausch
et al. 2019; Wu et al. 2019) and field studies (Browning
et al. 2014, 2021; Balaguer et al. 2022), pinpoint the need to
investigate species-specific requirements for Fe and Mn to be
able to better understand Southern Ocean phytoplankton
community structure. This study reveals that different from
the Southern Ocean diatoms C. debilis (Pausch et al. 2019) and
Fragilaropsis sp. (Balaguer et al. 2022), the solitary P. antarctica
possessed the capacity to cope well with low Mn seawater con-
centrations. In Fe-limited open ocean waters, where solitary
cells of P. antarctica mostly thrive (Smith et al. 2003), future
climate change scenarios predict a deepening of the upper
mixed water layer (Hauck et al. 2015) induced by stronger
westerly winds (Meijers 2014). The consequence of this physi-
cal forcing would inject additional Mn into Southern Ocean
surface waters. One could speculate that diatoms (such as
C. debilis [Pausch et al. 2019] or Fragilariopsis sp. [Balaguer
et al. 2022]) will potentially benefit from the Mn release,
whereas single-celled haptophytes like P. antarctica may not.
However, a deepening of the mixed water layer would reduce
light availability in the upper surface layer and may affect its
Mn requirements, as revealed with P. antarctica populations of
the Ross Sea (Wu et al. 2019). Currently, the influence of light
availability with low Mn concentrations remains poorly
understood. At least under low Fe conditions, it is known that
the Mn requirement increases (Peers and Price 2004), but how
this affects the physiology of Southern Ocean phytoplankton
species is yet not comprehended in the context of low Mn
supply. Irrespective of the future climate scenarios, our study
reveals that different from diatoms, P. antarctica displays effi-
cient physiological strategies to cope with low Mn supply. The
response to the limitation of varying trace metals between dif-
ferent phytoplankton groups can have significant conse-
quences, on which phytoplankton species potentially
dominate blooms and therefore influence the efficiency of the
biological carbon pump.
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