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Abstract

The western Antarctic Peninsula (WAP) is a climatically sensitive region where foun-
dational changes at the basis of the food web have been recorded; cryptophytes are
gradually outgrowing diatoms together with a decreased size spectrum of the phy-
toplankton community. Based on a 11-year (2008-2018) in-situ dataset, we demon-
strate a strong coupling between biomass accumulation of cryptophytes, summer
upper ocean stability, and the mixed layer depth. Our results shed light on the envi-
ronmental conditions favoring the cryptophyte success in coastal regions of the WAP,
especially during situations of shallower mixed layers associated with lower diatom

biomass, which evidences a clear competition or niche segregation between dia-

toms and cryptophytes. We also unravel the cryptophyte photo-physiological niche

by exploring its capacity to thrive under high light stress normally found in confined
stratified upper layers. Such conditions are becoming more frequent in the Antarctic
coastal waters and will likely have significant future implications at various levels of

the marine food web. The competitive advantage of cryptophytes in environments
with significant light level fluctuations was supported by laboratory experiments that

revealed a high flexibility of cryptophytes to grow in different light conditions driven
by a fast photo-regulating response. All tested physiological parameters support the

hypothesis that cryptophytes are highly flexible regarding their growing light condi-

tions and extremely efficient in rapidly photo-regulating changes to environmental

light levels. This plasticity would give them a competitive advantage in exploiting an
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1 | INTRODUCTION

The local processes of the Southern Ocean have a global impact reg-
ulating the Earth's climate (Rintoul, 2018). Like other ocean basins,
the Southern Ocean is changing rapidly, with regional differences in
the magnitude and direction of such changes (Ferreira et al., 2020;
Petrou et al., 2016). These environmental changes have been partic-
ularly pronounced in the western Antarctic Peninsula (WAP), which
is one of the world's most sensitive regions to climate change (e.g.,
Steig et al., 2009; Turner et al., 2005), particularly due to a signif-
icant sea ice decrease and rapid winter warming over the last de-
cades (Ducklow et al., 2013; Henley et al., 2019; Saba et al., 2014,
Stammerjohn et al., 2012). The WAP is unique amongst Antarctic
regions due to its NE-SW geographic orientation and direct expo-
sure to prevailing westerly winds and oceanic circulation (Ducklow
et al., 2013). Such coastal orientation produces a strong latitudi-
nal climate gradient in both temperature and sea ice cover, which
is characterized by a shorter (longer) ice season and more maritime
(continental) conditions in the northern (southern) areas (Ducklow
et al., 2013; Montes-Hugo et al., 2009; Stammerjohn et al., 2008).
The WAP is also strongly influenced by the ElI Nifio Southern
Oscillation (ENSO) and the Southern Annular Mode (SAM), which
are the two main climate oscillation patterns that influence environ-
mental variability in the Southern Ocean (Stammerjohn et al., 2008).
This spatiotemporal environmental variability, in association with
the large-scale climate oscillations, has been driving strong shifts in
phytoplankton communities (Mendes et al., 2013; Mendes, Tavano,
Dotto, et al., 2018; Montes-Hugo et al., 2009; Schofield et al., 2010),
particularly marked by latitudinal gradients associated to the pro-
gressive southward warming (Brown et al., 2019; Montes-Hugo
etal., 2009).

The southernmost sector of the WAP has been somewhat well
studied (e.g., Ducklow et al., 2013; Henley et al., 2019; Schofield
et al., 2010). However, there are still many key features of phyto-
plankton communities along the northern Antarctic Peninsula (NAP)
that are not yet understood, mainly those related to the intrinsic
elusive relationship between anthropogenic climate change and
natural climate variability (Ferreira et al.,, 2020). This knowledge
gap is mainly associated with the short-term duration of ship and/or
field sampling periods during each season studies carried out in this
northernmost region (Ferreira et al., 2020). Overall, such short-term
samplings have shown that the spatial distribution of phytoplank-
ton communities around the Antarctic Peninsula's northernmost
regions is complex and affected by several environmental factors,

ecological niche where light levels fluctuate quickly. These findings provide new in-
sights on niche separation between diatoms and cryptophytes, which is vital for a

thorough understanding of the WAP marine ecosystem.

Antarctic Peninsula, light, nanoflagellates, photophysiology, phytoplankton, regional warming

which likely drive their composition and succession stage (Ferreira
et al.,, 2020 and references therein). A common feature among these
surveys is that cryptophytes are gradually outgrowing other phyto-
plankton groups (e.g., diatoms and Phaeocystis antarctica), especially
in areas influenced by sea-ice and glacial melting processes (Mendes
et al., 2013; Mendes, Tavano, Dotto, et al., 2018; Mendes, Tavano,
Kerr, et al., 2018).

The northern Antarctic Peninsula (henceforth referred as NAP;
Figure 1) covers a wide range of oceanic and coastal ecosystems
with complex hydrographic and biogeochemistry dynamics (Kerr
et al., 2018). It ranges from the Anvers Island to the oceanic waters
surrounding the northern tip of the Antarctic Peninsula, including
the Bransfield and Gerlache Straits (Figure S1). The NAP's vulner-
ability to climate change has resulted in strong environmental vari-
ations along its multiple ecosystems (see Figure 1 for an overview
of trends over the past 20years), inducing different selective pres-
sures on biological communities, including shifts in dominant phy-
toplankton groups (Mendes et al., 2013; Mendes, Tavano, Dotto,
et al., 2018; Moline et al., 2004; Montes-Hugo et al., 2009; Schofield
et al., 2017). Namely, in the NAP's western sector, sea surface tem-
perature has been rising significantly, contributing to a decrease in
seasonal sea ice extent and duration and to thinner glaciers (Cook
et al., 2005, 2016; Henley et al., 2019; Stammerjohn et al., 2008).
In addition, in the eastern sector, the sea surface salinity has been
decreasing due to the disintegration and thinning of the ice shelves
(Paolo et al., 2015; Pritchard et al., 2012). Moreover, although atmo-
spheric warming has already exceeded 1.5°C over the second half of
the 20th century (Turner et al., 2005), air temperature trends have
markedly reversed over the first two decades of the 21st century in
the NAP (see inset in Figure 1; Clem et al., 2020; Oliva et al., 2017;
Turner et al., 2016). This reversal is mostly explained by regional
wind patterns coupled with an inversion of the Interdecadal Pacific
Oscillation (Stammerjohn & Scambos, 2020). All these changes re-
ported in the physical environment along the Antarctic Peninsula,
particularly sea ice dynamics, have resulted in major shifts in ma-
rine food webs across all trophic levels—from primary producers to
top predators (e.g., Ducklow et al., 2007; Mendes, Tavano, Dotto,
et al., 2018; Schofield et al., 2010).

It has been widely reported that the shift from diatoms to
cryptophyte-dominated phytoplanktonic communities has im-
portant consequences to the entire food web and, ultimately, to
the entire biome of this ecosystem (Ducklow et al., 2007; Ferreira
etal., 2020; Moline et al., 2004; Montes-Hugo et al., 2009). However,
the mechanisms driving the success of cryptophytes in Antarctic
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FIGURE 1 Map of the northern

1998-2018 Summer Air Temperature (°C)

Antarctic Peninsula (NAP) showing the
linear trends of environmental changes
over the past 20years. Linear trends (per
year) of summer sea surface temperature
(SST; color bar), air temperature (inset
plot) and sea surface salinity in the NAP
between 1998 and 2018. The black solid 62°S
and dashed lines correspond to positive or
negative trend isolines of surface salinity,
respectively. The inset plot presents

data collected in the Frei, Marambio

and Palmer Antarctic stations (location
indicated by red, blue and black stars in
the main graph, respectively). [Colour
figure can be viewed at wileyonlinelibrary.

com]
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FIGURE 2 Relationship between summer northern Antarctic
Peninsula upper ocean physical structure and biomass of
cryptophytes. Symbol size indicates the relative contribution of
cryptophytes to total chlorophyll a (Chl a; an index of phytoplankton
biomass), whereas symbol color refers to absolute contribution range
of cryptophytes . The black dashed line indicates stability modelled
as a function of upper mixed layer depth (UMLD; R? = .41; p<.0001;
n = 274). [Colour figure can be viewed at wileyonlinelibrary.com]

coastal waters are yet to be unraveled. Here, we focus on the rap-
idly changing NAP using a 11-year (2008-2018) dataset from both
the Bransfield and Gerlache Straits (see map of station locations in
Figure S1) to demonstrate a strong coupling between summer upper
ocean stability, upper mixed layer depth (UMLD) and cryptophytes
dominance (Figure 2). We provide particular emphasis on under-
standing the cryptophyte photo-physiological niche, by exploring
its capacity to thrive under high light (HL) stress normally found in

Salinity Positive Trend (years™)

—-0.04

= = = Salinity Negative Trend (years™)

confined stratified upper layers. Such conditions are becoming more
frequent in the NAP coastal waters and will likely have significant
future implications at various levels of the marine food web, thereby
affecting the abundance and availability of key-species such as krill
and their predators, and ultimately impacting their fitness and dis-
tribution patterns (e.g., Ducklow et al., 2007; Forcada et al., 2006;
Nowacek et al., 2011; Seyboth et al., 2016; Trivelpiece et al., 2011).

2 | MATERIALS AND METHODS
2.1 | Oceanographic setting and data collection

Data for this study were collected over 11years of oceanographic
cruises along the NAP, conducted each austral summer (January-
February) from 2008 to 2018 onboard the polar vessels Ary Rongel
(2008-2010) and Almirante Maximiano (2013-2018) of the Brazilian
Navy. The study area covered the Gerlache Strait, which separates
the Anvers and Brabant Islands from the Antarctic Peninsula, and
the Bransfield Strait, located between the Southern Shetland
Islands and the Antarctic Peninsula (Figure S1). Oceanographic
campaigns were not carried out in 2011 and 2012. From 2008 to
2010 the collected data were restricted to the Bransfield Strait.
From 2013 onward, data were collected in both the Bransfield
and Gerlache Straits (see Table S1 for cruise details). The hydro-
graphic data profiles, such as in situ temperature (°C) and salinity,
and seawater discrete samples were collected using a combined
Sea-Bird CTD (conductivity-temperature-depth instrument)
Carrousel 911+system® equipped with twenty-four 5 L Niskin
bottles. Surface seawater samples (from 5 m) were taken in all
CTD stations for analysis of phytoplankton pigments. Although
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discrete-depth sampling was carried out at some selected stations
during the cruises, in this work we only used the information col-
lected at the surface (5 m in depth).

Photosynthetically active radiation (PAR; 2 = 400-700nm) was
measured in the water column (Iz, pmolphotonsm™ s™) with a
Biospherical Instrument QSP-2300 radiometer attached to the ro-
sette. These data were used to estimate the variability of the light
attenuation coefficient (Kd, m™) at typical stations dominated by
cryptophytes and/or diatoms (>50% of total biomass—chlorophyll a).
This coefficient was defined by plotting the natural logarithm of
the absolute PAR values against their measurement depths and
computing the slope of the resulting line. The attenuation profiles
revealed minor differences among the sampling stations, with Kd
values between 0.11 and 0.16m™, highlighting the importance of
the UMLD in the light regime to which the phytoplankton is ex-
posed. Unfortunately, PAR measurements along the water column
were only available during three cruises. Furthermore, all measure-
ments were performed during daylight stations, between 10:00 and
17:00h, which were considered appropriate given the prevailing
summer solar angle. Stations representative of the presence of cryp-
tophytes and/or diatoms were considered as those with biomass
values above 1 mgm’3 of chlorophyll a and a relative contribution
of cryptophytes or diatoms greater than 50% to the total biomass.
Based on this criterion and the daytime measurement restrictions,
only 7 (5) stations were representative to cryptophyte (diatom)
dominance.

In situ sea surface salinity data (unitless) from 1998 to 2018 was
also retrieved from the CORA-GLOBAL in situ Dataset, available in
the Copernicus Marine Environment Monitoring Services (CMEMS;
https://marine.copernicus.eu/). This dataset integrates data from
the main in situ global networks (e.g., Argo, GOSUD, OceanSITES,
World Ocean Database). Daily satellite sea surface temperature (°C)
with a spatial resolution of 0.05°x0.05° for the Antarctic Peninsula
was extracted from the Operational Sea Surface Temperature and
Sea lce Analysis (OSTIA) product (Good et al., 2020), also available at
CMEMS. In situ PAR measurements (pmol photons m2s™), collected
off the WAP during the U.S. Antarctic Marine Living Resources
(AMLR) 2000 cruise (22 February 2000-6 March 2000), were ob-
tained from the NASA SeaWiFS Bio-optical Archive and Storage
System (SeaBASS) archive.

2.2 | Water column stability and stratification
parameters

Seawater thermodynamic calculations were performed using the
Thermodynamic Equation of Seawater-2010 (TEOS-10; McDougall
& Barker, 2011). For each CTD cast, the seawater potential density
(ps kgm'a) referenced to O dbar was determined based on seawa-
ter conservative temperature, absolute salinity, and pressure data.
To examine the water column physical structure, the UMLD (m) and
the water column stability (x107® m™) were calculated from 5 m
smoothed profiles of p. Although recent studies have estimated

UMLD through the depth of the maximum water column buoy-
ancy frequency (N?) (Brown et al., 2019; Schofield et al., 2018), this
method does not consider the strength of stratification but only
the homogeneity of the upper ocean layer. Therefore, to determine
the variation of the UMLD based on the strength of stratification,
the UMLD was calculated as the depth at which p deviates from
its 10 m depth value by a threshold of Ap = 0.03 kgm™3 (de Boyer
Montégut et al., 2004). The water column stability was estimated
using vertical p variations as a function of N? by the local gravity
(Costa et al., 2020). To represent the variation of the stability val-
ues within the upper ocean layers, the mean stability between 5
and 150 m (upper ocean stability) was used based on the analysis of
Costa et al. (2020).

2.3 | High performance liquid chromatography
pigment analysis

Phytoplankton pigment analysis was carried on seawater samples
(0.5-2.5 L) that were filtered under low vacuum through GF/F
filters. The filters were immediately frozen in liquid nitrogen for
later high performance liquid chromatography (HPLC) pigment
analysis. In the laboratory, the filters were placed in a screw-cap
centrifuge tube with 3 mL of 95% cold-buffered methanol (2% am-
monium acetate) containing 0.05mg Lt trans-p-apo-8’-carotenal
as internal standard. Samples were then sonicated for 5 min in an
ice-water bath, placed at -20°C for 1 h, and then centrifuged at
1100g for 5 min at 3°C. The supernatants were filtered through
Fluoropore polytetrafluoroethylene membrane filters (0.2 pum
pore size) to separate the extract from filter remains and cell de-
bris. Immediately prior to injection, 1000 L of sample was mixed
with 400pL of Milli-Q water in 2.0 mL amber glass sample vials,
which were then placed in the HPLC cooling rack (4°C). The pig-
ment extracts were analysed using a Shimadzu HPLC comprised
by a solvent distributor module (LC-20AD) with a control system
(CBM-20A), a photodiode detector (SPDM20A) and a fluorescence
detector (RF-10AXL). The chromatographic separation of the pig-
ments was performed using a monomeric C8 column (SunFire;
15cm long; 4.6 mm in diameter; 3.5 pm particle size) at a constant
temperature of 25°C. The mobile phase (solvent) and respective
gradient followed the method developed by Zapata et al. (2000),
which was discussed and optimized in Mendes et al. (2007),
with a flow rate of 1 mLmin™, injection volume of 100puL, and
40min runs. All the studied pigments were identified from both
absorbance spectra and retention times, and the concentrations
were calculated from the signals in the photodiode array detec-
tor in comparison with commercial standards obtained from DHI
(Institute for Water and Environment, Denmark). The peaks were
integrated using LC-Solution software, and all the peak integra-
tions were checked manually and corrected when necessary. A
quality assurance threshold procedure, through application of
quantification limit (LOQ) and detection limit (LOD), was applied
to the pigment data to reduce the uncertainty of pigments found
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in low concentrations (Hooker et al., 2005). The LOQ and LOD
procedures were performed according to Mendes et al. (2007). In
order to correct for losses and volume changes, the concentra-
tions of the pigments were normalized to the internal standard.

Through HPLC analysis, photo-pigment indices were used to
investigate phytoplankton pigment acclimations in response to
different environmental light regimes (Mendes, Tavano, Dotto,
et al., 2018). The carotenoids were separated into photosynthetic
carotenoids (PSCs) and photoprotective carotenoids (PPCs). The PSC
included 19'-butanoyloxyfucoxanthin, 19'-hexanoyloxyfucoxanthin,
fucoxanthin, prasinoxanthin and peridinin, whereas the PPC were
composed by zeaxanthin, violaxanthin, lutein, alloxanthin, diadi-
noxanthin, diatoxanthin, p,B-carotene and B,e-carotene (Araujo
et al., 2017). Usually, high concentrations of PSCs are associated
with high productivity and dominance of large phytoplankton
cells, whereas high PPCs proportions indicate a low productivity
and dominance of smaller cells, suggesting a potential light stress
regime (Mendes et al., 2012; Mendes, Tavano, Dotto, et al., 2018).
Therefore, two photo-pigment indices were derived and used here,
PSC:Chl-a and PPC:Chl-a. These indices show the proportion of
each carotenoid pigment group (PSCs and PPCs) to the total biomass
(Chl-a).

The HPLC analysis allows the separation, identification, and
quantification of two types of Chl a degradation product: the phe-
opigments pheophytin a (Phytin a) and pheophorbide a (Phide a).
Phytin a is derived from degradation of Chl a by losing the Mg
atom, while the Phide a is derived by losing both the Mg atom and
the phytol chain, associated with zooplankton gut-related acid ex-
posure (Shuman & Lorenzen, 1975). Pheopigments have long been
found in the fecal material of zooplankton (Coelho et al., 2011;
Jeffrey, 1974). Thus, the relative content of those degradation
products can be used as a proxy for zooplankton assemblage graz-
ing (Costa et al., 2020, 2021; Jeffrey, 1974; Mendes et al., 2012).
Hence, the sum of the Phytin a and Phide a was obtained to cal-
culate an index used as a proxy of grazing pressure in this work.
This index was computed as the sum of the above phaeopigments
divided by a total of Chl a plus degradation products (i.e., sum of
Chl a, Phytin a, Phide a and chlorophyllide a), and represented as

a percentage.

2.4 | CHEMTAX analysis for determining
phytoplankton groups biomass

The absolute and relative contribution of phytoplankton groups to
the overall biomass was calculated from the class-specific accessory
pigments and total Chl-a using the Chemical taxonomy (CHEMTAX)
software v1.95 (Mackey et al., 1996). CHEMTAX uses a factor analy-
sis and steepest descent algorithm to best fit the data onto an initial
matrix of pigment ratios (the ratios between the respective accessory
pigments and Chl-a). This software package has been extensively
and successfully used in many worldwide investigations, including in
the Southern Ocean (Brown et al., 2019; Mendes et al., 2012, 2015;

S i ey

Wright et al., 2010), to determine the distribution and Chl-a biomass
of phytoplankton functional groups. This approach provides valu-
able information about the whole phytoplankton community, includ-
ing small-size species, which are normally difficult to identify by light
microscopy (LM). Although concentration of Chl-a is not an absolute
measure of algal biomass, such as carbon, it can be used as a proxy
for biomass (Costa et al., 2020; Huot et al., 2007; Jeffrey et al., 1997)
since this photosynthetic pigment is common to all autotrophic phy-
toplankton. Therefore, in this study, we use the term Chl-a referring
to either total biomass or relative biomass attributed to the corre-
sponding taxonomic groups. Seven algal groups were selected for
CHEMTAX analysis based on previous pigment ratios derived for
the NAP (Mendes, Tavano, Kerr, et al., 2018). These groups include
diatoms Type-A, diatoms Type-B, dinoflagellates Type-A, dinoflag-
ellates Type-B, cryptophytes, “P. antarctica” and green flagellates.
However, in view of the focus of this study, only the absolute and
relative biomass of cryptophytes was used, apart from the occa-
sional use of diatom data for comparison purposes.

The whole pigment dataset was separated in two distinct sub-
regions: Gerlache and Bransfield, each of which was separately an-
alysed by CHEMTAX, according to their respective year, to allow
for variation in pigment: Chl-a ratios (Mackey et al., 1998). This pro-
cedure assured a homogeneity of the pigment: Chl-a ratios within
all samples from the same bin, providing some compensation for
changes in these ratios, which are known to vary with light availabil-
ity (Higgins et al., 2011; Schliter et al., 2000). For optimization of the
input matrix, a series of 60 pigment ratio matrices were generated
by multiplying each ratio from the initial matrix by a random func-
tion as described in Wright et al. (2009). The averages of the best
six (10%) output matrices, with the lowest residual or mean square
root error, were taken as the optimized results. Lastly, the results
of phytoplankton groups derived from the CHEMTAX were quality-

controlled by microscopic analysis confirmation.

2.5 | Cryptophyte species isolated from the NAP

Plankton samples containing cells of Geminigera cryophila
(GEMCRY1) were collected in the Bransfield Strait during the
2016/17 austral summer (25 February 2017; 56.32° W/62.02° S).
Cells were isolated, washed and maintained in medium L1 (Guillard
& Hargraves, 1993) at salinity (35) and temperature (3+ 1°C) close to
the conditions found in the field, and under white fluorescent light of
approximately 100 pmolphotons m2 s, on 16:8 h light:dark cycle.
The L1 culture medium was prepared with seawater collected in the

Bransfield region.
2.6 | Experimental setup for the light intensity
treatments

To investigate GEMCRY1 growth and photosynthetic charac-
teristics under different light levels, cultures were grown at five
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light intensities (3.4, 72, 197, 257 and 535 pmol photons m?2 s
in a light:dark regime of 14:10 at 3°C for 31days. The irradiance
levels for this experiment were obtained under white light fluo-
rescent lamps (Osram®) and covering the Erlenmeyer flasks with
different mesh screens to attenuate light to the intensities men-
tioned above. Irradiance measurements were made inside the
flasks with a submersible Spherical Micro Quantum Sensor (Walz
GmbH®). Original cultures were acclimated in each irradiance
through at least three transfers over a month during the expo-
nential growth phase. Cells in the early exponential growth phase
were inoculated into Erlenmeyer flasks (200 mL, initial densities
of 1x10%cellsmL™?) in triplicate, at each irradiance level. Growth
was monitored daily by counting cells in samples fixed with neutral
Lugol solution (1%) in Sedgewick Rafter chambers and observed
under an inverted microscope at 200x magnification (OLYMPUS
IX51). The specific growth rate (u, day ™) was calculated during
the exponential growth phase, when the cell concentrations were
log (In) transformed and a linear regression was applied (Wood
et al., 2005; Zar, 1996). Samples for pigment analysis (including
phycobiliproteins) were taken after 21 days of culture, which cor-
responded to the middle-late exponential phase. All experiments

were performed in quadruplicate.

2.7 | Pulse amplitude modulation (PAM)
fluorescence measurements

To assess the link between photosynthetic light harvesting and
photosynthesis PSIl quantum efficiency, a second experiment
was conducted where GEMCRY1 cells were grown at two con-
stant light intensities (low light [LL] = 35 and HL = 370pumolpho-
tonsm™ s7Y) in quadruplicate. All fluorescence measurements were
made using a pulse-amplitude modulated Phyto-PAM fluorometer
(Walz GmbH®). GEMCRY1 photo-physiological parameters were
estimated by carrying out rapid light-photosynthesis curve (RLC)
responses. The fluorescence parameters estimated from the RLCs
were: a, initial slope of the RLC at limiting irradiance; rETRmax, rela-
tive unit, maximum relative electron transport rate; Ek = rETRmax/a,
pmol photons m2 s’l, light saturation coefficient; and Eopt,
pmol photons m2 st optimum light (Eilers & Peeters, 1988). Prior
to all RLC, a measurement was carried out on dark adapted sample
to measure maximum PSII quantum yields (F /F, ). Additionally, both
cultures (LL vs. HL) were submitted to a light stress induction and re-
covery experiment (LSRE), following the same light treatment: 3min
of very LL (14 pmol photons m~2 s7Y): 9 min of very HL (650 pumol pho-
tonsm™2 s™Y); 2min of very LL (14 pmolphotons m2 s™); and finished
by 15 min of darkness. With the LSREs experiments it was possible
to determine other physiological parameters such as photosystem Il
operational quantum efficiency [Y(PSII)] and energy dissipation yield
that is not regulated by the cell [Y(NO)]. All fluorescence measure-
ments were made in a stirred, temperature controlled (3°C) chamber.
Prior to measurements, all samples were dark adapted in the dark for
a minimum of 60min (Schreiber et al., 1994).

2.8 | Morphometric and phycobilin pigment
analysis

For identification purposes, cryptophytes cells were observed and
measured using LM (n = 30) and scanning electron microscopy (SEM,
n = 10). Cells were measured and photographed alive under LM at
1000x magnification using a Zeiss Axiocam digital system (ZEISS).
Because cryptophytes swimming movements are very fast, the tech-
nique to immobilize cells in agarose (Reize & Melkonian, 1989) was
also carried out. For SEM analysis, cells were fixed in a 2.5% glu-
taraldehyde solution, left to settle overnight at room temperature,
collected on 1-3 mm pore size nucleopore filters, washed in distilled
water, dehydrated through an alcohol series (10%, 25%, 50%, 75%
and 100%), and critical-point dried (Cerino & Zingone, 2006). Dried
filters were mounted on stubs, coated with gold, and examined
under SEM (JEOL JSM—6610 LV; JEOL).

The extraction protocol for phycobiliproteins was carried out ac-
cording to Thoisen et al. (2017). The cryptophyte samples (10-50 mL
each) were concentrated by centrifugation for 10 min at 1100g. The
supernatant was decanted, the pellet re-suspended in 3 mL of the
extraction solvent 0.1 m phosphate buffer (pH 6.7, 0.05 m K,HPO,,,
0.05 m KH,PO,), the slurry homogenized on a vortexer, and frozen
at —-80°C for 24 h to disrupt the cells. Hereafter, the Falcon® 15mL
conical centrifuge tubes with the pellets were placed in a refrigera-
tor (4°C) for 24 h to complete the extraction process. Then, the ex-
traction mixture was transferred with a plastic Pasteur pipette to a
10 mL syringe with a 25mm filter (0.2 pm, cellulose acetate mem-
brane), and the filtrate was poured into a 1 cm quartz glass cuvette.
The absorbance at 455, 564, 592 and 750nm was measured on a
Shimadzu® UV-2600 spectrophotometer using phosphate buffer as
a blank. The measured absorbance values were corrected for light
scattering contributions by subtracting the absorbance at 750nm.
The content of phycoerythrin (PE) was calculated according to Beer
and Eshel (1985), i.e., PE (mgmL’l) = [(A564 - A592) - (A455 - A592)><
0.2]x0.12; where Arefersto absorption atthe indicated wavelengths.

Cryptophytes phycobiliproteins are categorized as either a PE
(Cr-PE) or phycocyanin (Cr-PC). Cryptophytes with Cr-PE, as is the
case of GEMCRY1, generally have pink to red appearance and are
divided into three classes according to the wavelength of maximal
absorption. The absorption peak of the purified preparation of
phycobiliproteins from GEMCRY1 was at 545nm. Therefore, the
GEMCRY1 phycobiliprotein was identified as Cr-PE 545.

2.9 | DNA sequencing and phylogenetic inference

The strain GEMCRY1 DNA was extracted from centrifuged pel-
lets using the DNeasy® Plant Mini Commercial Kit (QIAGEN). The
amplification of 18S rDNA was carried out with Platinum® Taq
DNA Polymerase (Invitrogen) and the primers CrNIF and Br (Marin
et al., 1998) in a thermocycler (The Veriti Dx™ 96-Well Thermal
Cycler; Applied Biosystems). The PCR conditions followed recom-
mendations in Marin et al. (1998). The amplified products were
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purified with the QiaQuick PCR Purification Kit (QIAGEN). The
sequencing was performed with BigDye Terminator v3.1 Cycle
Sequencing Kit using the automatic sequencer AB 3500 Genetic
Analyzer (Applied Biosystems) by ACTGene Analises Moleculares
Ltd. (Center for Biotechnology, UFRGS, Porto Alegre, RS, Brazil).
Sequencing reactions were performed with the PCR primers (CrNIF
and Br) and additional internal sequencing primers (528>; 920>,
920<; 536<) that were designed by Marin et al. (1998). These inter-
nal primers were used only in sequencing reactions to allow overlap
between reverse and forward sequences, as used in some taxonomic
studies on cryptophytes (Laza-Martinez, 2012; Marin et al., 1998).

The phylogenetic tree was produced with 36 sequences iden-
tified at the species level from Genbank representing mainly
Cryptophyceae class (Daugbjerg et al., 2018; Laza-Martinez, 2012)
plus one sequence of our strain and two sequences of Katablepharid
(Leucocryptos marina and Roombia truncata) as outgroups (Burki
et al., 2020). The sequences were aligned using Clustal Omega
(Madeira et al., 2019), then the alignment obtained was manually
edited and trimmed using MEGA-X software (Kumar et al., 2018),
generating a data matrix with 39 sequences (185 rDNA) and 1669
alignable positions. Phylogenetic inferences were based in Bayesian
analysis (BA) and maximum likelihood analysis (ML) using a GTR
family model with gamma distribution and invariant sites (+G+I)
(Rodriguez et al., 1990). This model was selected to be applied to the
data matrix using the Akaike information criterion (Akaike, 1974) by
the software jModel Test 2 (Darriba et al., 2012). BA was performed
with Markov Chain Monte Carlo sampling method in two runs, four
chains of 10million generations each, one topology sampled each
500 generations and a discard of 25%, using the software MrBayes
3.2.3 (Ronquist & Huelsenbeck, 2003). The convergence between
runs and analysis performance was validated with the likelihood
plots for each run and the effective sample size (>200) using Tracer
v.1.7.1. The ML was run using the software MEGA-X and the boot-
strap were calculated from 5000 replications (Kumar et al., 2018; Nei
& Kumar, 2000). The tree topology was based on BA and the robust-
ness of clades were evaluated by probability from BA and bootstrap
from ML.

3 | RESULTS AND DISCUSSION

3.1 | Thedistribution, dominance patterns and
niche preferences of cryptophytes

Phytoplankton is a diversified group of unicellular photosynthetic
organisms, globally important for their role as ocean primary produc-
ers and key players in the cycling of carbon and nutrients (Falkowski
et al., 1998). Antarctic food webs are sustained by these photo-
synthetic microorganisms, particularly by large-celled diatoms that
usually dominate phytoplankton communities in highly productive
Antarctic regions (e.g., Armbrust, 2009; Arrigo et al., 1999; Costa
et al.,, 2020; Pondaven et al., 2000). These large bloom-forming
marine microorganisms are responsible for more than 85% of total
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annual primary production in the Southern Ocean (Rousseaux &
Gregg, 2014). The high phytoplankton productivity in the Antarctic
waters, particularly in coastal regions, is fuelled by an abundant
supply of nutrients (Kim et al., 2016) and the availability of light
when the mixed layers are shallow, thus allowing cells to overcome
light limitation (Brown et al., 2019; Costa et al., 2020; Ducklow
et al., 2007; Mendes, Tavano, Dotto, et al., 2018; Mendes, Tavano,
Kerr, et al., 2018; Schofield et al., 2017).

Latitudinal changes in NAP phytoplankton biomass have been
recorded and attributed to regional climate patterns reflected by
a progressive warming towards the southern end of the Peninsula,
with increasing chlorophyll-a in that sector, contrasting with trends
recorded northwards (Brown et al., 2019; Montes-Hugo et al., 2009).
Moreover, these changes in phytoplankton biomass have been fol-
lowed by shifts in community composition, particularly resulting in
a smaller fraction of large diatoms in the northern sector (Bahlai
et al., 2021; Brown et al., 2019; Montes-Hugo et al., 2009; Schofield
et al., 2010). In the NAP region, specifically, several studies have
reported an increasing contribution of small cryptophytes to the
phytoplankton community composition (e.g., Mendes et al., 2013;
Mendes, Tavano, Dotto, et al., 2018; Mendes, Tavano, Kerr,
et al., 2018), with our decadal in situ dataset suggesting a niche seg-
regation between cryptophytes and diatoms based on physical and
chemical properties of the water-column (Figure S2). The variation
in upper ocean physical structures caused by the influence of glacial
meltwater input (lower-salinity waters), which leads to shallower-
stabilized upper layers (Meredith et al., 2021), apparently does not
favor the development of diatom bloom (Costa et al., 2021), leaving
the well-lit surface waters free for cryptophytes to grow (Figure S2).

Intriguingly, opposite to what might be expected, absolute con-
centrations of cryptophytes and diatoms are statistically similar
at their high proportions, i.e., where either shows >50% biomass
(Figure S3), which supports a decreased contribution of large dia-
tom cells accumulation along the NAP (Montes-Hugo et al., 2009).
Such potential shifts in phytoplankton size composition affect
phytoplankton-grazer relationships with important ecological con-
sequences to the structure and functioning of the Antarctic ecosys-
tem (Ducklow et al., 2007; Saba et al., 2014).

Temperature and salinity are two major environmental factors
driving growth, development, and survival of marine planktonic or-
ganisms, mainly through changes in seawater density that determine
water column stratification, and hence vertical stability (Ferreira
et al., 2020; Petrou et al., 2016). However, due to the nonlinear
nature of the equation of state of seawater density, the sensitivity
to temperature reduces as temperature approaches the freezing
point, thereby increasing the importance of salinity as the main en-
vironmental variable controlling stratification levels in polar regions
(Falkowski et al., 1998). The increasing meltwater input around the
Antarctic Peninsula recorded in the last decades due to warmer
temperatures has therefore increased the importance of shallower
UMLDs and water column stability as key environmental drivers
controlling biomass and composition of phytoplankton communi-
ties (Brown et al., 2019; Costa et al., 2020; Dierssen et al., 2002;
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Hofer et al., 2019; Mendes et al., 2012). In surface Antarctic wa-
ters, the abundance of cryptophytes has been frequently associated
with low-salinity and highly stable water layers (Brown et al., 2019;
Henley et al., 2019; Moline et al., 2004; Rozema et al., 2017; Schofield
etal., 2017), in which they thrive by active swimming. These patterns
are clearly visible in the NAP, where salinity is the main driver con-
tributing to water column stratification in the region (Figure S4a,c),
thus providing the ideal conditions for the development of cryp-
tophytes under less salty waters (Figure S5a). Such conditions are
evident in the Gerlache Strait, where average salinity values are typ-
ically below 34 (Figure 3a), likely associated with this strait being
heavily glaciated by valley glaciers and ice caps (Pan et al., 2020).
In the Bransfield Strait, the presence of cryptophytes is more spo-
radic; however, their greatest contribution to the phytoplankton
community composition was also recorded in lower salinity levels,
particularly in the years 2010, 2014 and 2017 when average salin-
ity was under 34 (Figure 3b). Seawater temperature, despite having
a secondary role in the stratification processes (Figure S4b,d), can

enhance water column stabilization and favor the development of
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FIGURE 3 Interannual variability of cryptophyte's biomass
along the northern Antarctic Peninsula. Mean summer values
and standard deviation of absolute contributions (mgm™ Chl a)
of cryptophytes, and respective mean sea surface temperature
and mean surface salinity values and their standard deviation

in the (a) Gerlache and (b) Bransfield Straits. The horizontal red
dashed line represents the salinity value of 34. The numbers inside
the bars indicate the mean summer relative (%) contributions of
cryptophytes (to the total biomass; Chl a). Data were collected
during the late summer cruises (see Section 2). [Colour figure can
be viewed at wileyonlinelibrary.com]

cryptophytes at near surface layers in certain situations or areas of
the study region, such as in the Gerlache Strait (Figure S5b; Mendes,
Tavano, Dotto, et al., 2018).

The correlation of cryptophytes with stratified conditions along
the WAP has been previously reported (e.g., Mendes et al., 2013;
Rozema et al., 2017), but the drivers of their emergence and success
in Antarctic coastal waters remain unknown (Henley et al., 2019).
This is, in part, due to the difficulty in quantifying their physiolog-
ical responses in situ, and to the knowledge gap in understanding
their fundamental biological features, as only a few Antarctic cryp-
tophyte species are available in laboratory cultures. Nevertheless,
the strong dominance of cryptophytes in WAP coastal waters has
been previously attributed to factors such as the selective grazing
(Garibotti et al., 2003), iron scarcity (Mendes et al., 2013), sedimen-
tation of large diatoms (Castro et al., 2002) and/or preference/phys-
iological tolerance of cryptophytes to lower salinity waters (Moline
et al., 2004). Based on our results, the top-down control does not
seem to play an important role modulating biomass accumulation
of cryptophytes in shallower mixing layers (Figure Sé). In general,
the stations dominated by cryptophytes were associated with lower
grazing index values (Figure Sé), suggesting a low grazing pressure
in areas influenced by glacial melting processes, and associated with
cryptophyte dominance. Melting water input could mitigate grazing
pressure in lower salinity and stratified waters where cryptophytes
prevail, probably associated with melt water dilution. In contrast, the
diatom-dominated stations were associated with a greater grazing
activity (higher grazing index values) in relatively deeper UMLDs,
evidencing an effective top-down control associated with diatom
dominance (Figure Sé). Cryptophytes appear to occupy the environ-
ment that follows local glacier melting, not having to endure competi-
tion with other phytoplankton groups for resources (Pan et al., 2020).
This suggests that such cryptophyte-dominated system associated
with meltwater input is mostly bottom-up controlled. On the other
hand, most studies suggest that glaciers, icebergs and freshwater
runoff are the main sources of lithogenic material for the region,
containing relatively high concentrations of particulate and some dis-
solved trace metals, especially dissolved iron (e.g., Annett et al., 2015;
Mora et al., 1994; Shaw et al., 2011). Therefore, it is unlikely that the
observed low diatom biomass accumulation in stratified layers results
from a lack of specific micronutrients that could hinder its growth.
While sinking may also be a plausible factor affecting large diatoms in
stratified shallow mixing layers (Costa et al., 2021), it would only in-
fluence their biomass accumulation, not necessarily preventing their
growth, depending on the speed of cells sinking.

It has recently been suggested that the gradual dominance of
cryptophytes in the well-lit surface layers along NAP coastal waters
might be associated with a high tolerance of cryptophytes to rela-
tively highirradiance, due to an optimization of their light-harvesting
capability, which increases their photoprotective pigment pool
(Mendes, Tavano, Dotto, et al., 2018). A previous study in the Palmer
station region—in the southernmost sector of the WAP—had al-
ready highlighted this distinct response of cryptophytes regarding
their light utilization efficiency as a function of the contribution of
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photoprotective pigments (Claustre et al., 1997). Indeed, using our
in-situ pigment database, we observed a direct link between cryp-
tophyte proportion and an increase in the proportion of photopro-
tective carotenoid pigments (values of PPC:Chl-a—the amount of
photoprotective pigments to total chlorophyll a—between 0.4 and
0.5), while this proportion decreases to ~0.1 in samples dominated
by diatoms (Figure S7). Although these results indicate an optimi-
zation of light harvesting antenna of cryptophytes to higher-light
regimes, ecophysiological studies (both in situ and in vivo) on these
organisms are still scarce, and a better characterization of their
photosynthetic performance is needed. To fill this gap in current
knowledge, we tested in laboratory the effects of irradiance on the
photosynthetic physiology of the Antarctic cryptophyte G. cryophila
isolated from the NAP region during our February 2017 field cam-
paign (see Section 2 for more details). Results (discussed next) re-
vealed that cryptophytes are highly adaptable in photo-regulating
their exposure to extreme light transitions, even when cultivated at
very LL levels.

3.2 | Taxonomy, pigment composition and
photo-physiological plasticity of cryptophytes

The Antarctic cryptophyte used as a model in this work—GEMCRY1—
was identified as G. cryophila based on its cell morphology, observed
by optical microscopy and SEM, pigment content and nuclear 18S
rDNA phylogeny (Figure S8a-c). This strain has a morphology (el-
lipsoid and flattened cells, tapering towards posterior end) and size
range (9-13 pum long and 4-8 pm wide) similar to the G. cryophila de-
scribed by van den Hoff et al. (2020), though significantly smaller
than the morphological features reported for this same species in
earlier studies (Hill, 1991; Taylor & Lee, 1971). However, cells' char-
acteristics reported here are consistent with the original description
of G. cryophila (Hill, 1991; Taylor & Lee, 1971). Namely, GEMCRY1
contains PE with a maximum absorption of 545 nm (CrPE 545), a sin-
gle chloroplast, two pyrenoids, a nucleus situated in the posterior
end, an extrapyrenoidal nucleomorph and a longitudinal furrow of
medium length coated by apparent ejectisomes (Emden et al., 2002;
Hill, 1991; Novarino, 2003). The cell surface has a warty appearance
(Figure S8b) due to a high accumulation of lipid droplets in the pe-
ripheral cytoplasm (Hill, 1991).

Nuclear 18S rDNA tree topology (Figure S8d) agrees, in gen-
eral, with those previously published, resolving the clades of
plastid-containing cryptophytes lineages (Daugbjerg et al., 2018;
Deane et al., 2002; Laza-Martinez, 2012). Cryptomonas (clade A);
Geminigera/Teleaulax/Plagioselmis (clade B); Guilardia/Hanusia (clade
C) Rhodomonas/Storeatula/Rhinomonas (clade E); and single-species
linages of Baffinella frigidus and Urgorri complanatus are highly sup-
ported with posterior probability (PP) = 1 and bootstrap (BS) = 100
(Figure S8d). The group Chroomonas/Komma/Hemiselmis was not
monophyletic in our analysis (Figure S8d); however, these crypto-
phytes formed a clade with only moderate support in a previous
study (Laza-Martinez, 2012). Falcomomas daucoides and Proteomonas
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sulcata formed a clade well supported only by PP = 0.99 and low
support at BS = 78, suggesting that this relationship may be found by
chance (Figure S8d). The GEMCRY1 strain was included in the clade
B and formed a smaller clade with two other G. cryophila strains. The
G. cryophila original description is based on a strain isolated from
the Weddell Sea (Hill, 1991; Taylor & Lee, 1971), while GEMCRY1
was isolated from Bransfield Strait. The genetic similarity was high
(~99%) between GEMCRY1 and other G. cryophila strains from
Antarctica available in GenBank: 99.9% (Ace lake: HQ111513.1),
99.3% (McMurdo Sound: DQ452091.1), 99.2% (Weddell Sea:
U53124.1), and 99.1% (Bayly Bay: HQ111512.1). These values are
consistent with previously obtained genetic similarity between
strains of G. cryophila (van den Hoff et al., 2020), confirming the
identification of GEMCRY1 as G. cryophila. Among Cryptophyceae,
G. cryophila has been one of the main species found in WAP coastal
waters, with small contributions of the genera Hemiselmis and
Plagioselmis (Trefault et al., 2021). Confirming the importance of G.
cryophila in the study region, a recent investigation using a 5-year
data set of 18S rRNA revealed that there is a clear dominance of only
one cryptophyte taxon belonging to the genus Geminigera (average
taxon percentage of 96%), which closely matches the G. cryophila
strain from the Ace Lake (Brown et al., 2021).

Cryptophytes are a cosmopolitan group that thrive in diverse
aquatic environments, such as oligotrophic waters (llmavirta, 1988),
coastal waters (Tamigneaux et al., 1995), estuaries (Pinckney
et al,, 1998), inland lakes (Higashi & Seki, 2000), and the Southern
Ocean (Mendes et al., 2013; Moline et al., 2004). While most crypto-
phytes are autotrophic, a significant number of mixotrophic species
has been described (Davis & Sieburth, 1984; Hill & Rowan, 1989).
The mixotrophic nature has been hypothesized as a strategy to per-
mit cells to supplement photosynthesis, allowing them to thrive in
dim light conditions, which are found at the depths where they often
reside (Bergmann et al., 2004; limavirta, 1988). In fact, although lit-
tle is known about cryptophyte light-harvesting mechanisms, some
studies have suggested that many of these algae are adapted to LL
and use quantum coherence to improve the efficiency of energy
transfer (Collini et al., 2010; Harrop et al., 2014). Cryptophytes, un-
like other chlorophyll-c containing (or chromalveolate) microalgae,
use both chlorophyll a/c proteins and phycobiliproteins (acquired
from a red algae symbiotic ancestral) as their light harvesting pig-
ment complex (Cunningham et al., 2019). This combination has al-
lowed them to specialize and diversify within LL environments,
where increased light-harvesting capacity is essential (Bergmann
et al., 2004; limavirta, 1988). Therefore, it is intriguing that, around
the Antarctic Peninsula, the cryptophytes mainly occupy a different
niche than in other oceanic regions and are often confined to the
shallow well-lit euphotic layers. Their presence in these HL environ-
ments would require high photo-regulation capabilities to be able to
thrive under the extreme light levels.

To investigate the growth and photosynthetic characteristics of
GEMCRY1 under different light levels, cultures were grown under
five light intensities (from 3.4 to 535 pmolphotons m2sYina light:
dark regime of 14:10 at 3°C for 31days (see Section 2 for more
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details). The cryptophyte GEMCRY1 grew well at all light-intensities,

2571 whereG.

except for the lowest light level of 3.4 pmolphotonsm™
cryophila was unable to grow, suggesting that this species is not capa-
ble of growing at very LL intensities (Figure S9). Similar growth rates
were observed in the range between 72 to 535 pmol photons m2s?
(Figure S9), showing high flexibility for growing in a relatively wide
range of light conditions. Although there were no significant changes
in growth under different light regimes, GEMCRY1 cells were ca-
pable of dynamically adjusting their pigment content in accordance
with the ambient light intensity (Figure 4; Figure S10).

All phytoplankton, including cryptophytes, have chlorophyll a as
their major light-harvesting pigment (Roy et al., 2011). Cryptophytes
also use accessory pigments (alloxanthin, a-carotene, chlorophyll
¢, and phycobiliproteins) to increase the spectral range of light
capture (Hill & Rowan, 1989). The ratio of chlorophyll a to other
pigments varies among cryptophytes and, in many species, the cel-
lular concentration of phycobiliproteins is higher than that of non-
phycobiliprotein pigments (Cunningham et al., 2019). This was also
seen for GEMCRY1, where PE Cr-545 (CrPE 545) represented be-
tween 60% and 70% of the total pigments per cell-depending on
light intensity. Currently, there is a scarcity of data on cellular pig-
ment content for the Antarctic cryptophytes, especially those that
include phycobiliproteins, chlorophylls and carotenoids together. As
an exception, Cunningham et al. (2019) reported cellular CrPE 545
concentrations of 6.6+ 1.9 pgcell™ for G. cryophila, while Chl-a for

the same strain was 4.2+0.2 pgcell™ . These concentrations are
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FIGURE 4 Variations in pigment contents of the cryptophyte
Geminigera cryophila grown under different light regimes.

Mean values of pigment concentrations per cell (pg cell™) of

G. cryophila acclimated to four different light intensities (72,

197, 257 and 535 pmol photonsm™ s™%). Chl ¢, = chlorophyll c,;
Allo = alloxanthin; PE = phycoerythrin; Chl a = chlorophyll a. The
ratio PE:Chl a is also represented. The concentration of the minor
pigments f,e-carotene and crocoxanthin was residual and thus
was not plotted. The inset graph shows the peak of absorbance
centered at 545 nm of PE extracted from the cryptophyte
GEMCRY1 (G. cryophila), referred here to as CrPE 545. [Colour
figure can be viewed at wileyonlinelibrary.com]

relatively higher than values observed in this present study (1.5-
6.9 pgcell™ for CrPE 545; 0.6-1.7 pgcell™ for Chl-a—depending on
light exposure), though culture conditions differed, hindering to es-
tablish a direct comparison. Most importantly, the results recorded
here for GEMCRY1, using different light levels, demonstrate the
great plasticity of the Antarctic cryptophyte G. cryophila in altering
their pigment content, evidencing a clear regulation capacity of pho-
tosynthetic light-harvesting pigments to changes in the light regime
(Figure 4). At the lowest light intensity (72 pmol photons m2s™), cells
contained approximately two to three times more total pigments
(mainly CrPE 545 and Chl-a) than cells acclimated at 197 umol pho-
tonsm™ s71. Between 197 and 535pmolphotonsm™ s%, there was
also a decrease of total pigments per cell (from 3.7 to 2.8 pgcell™),
but much less marked than in the first levels of light tested (from
9.6 to 3.7 pgcell™) (Figure 4). Regarding the effects of irradiance on
chlorophyll a/c antennae pigments, the alloxanthin in cryptophytes
has been recognized as having a photoprotective pigment role
(Funk et al., 2011; Laviale & Neveux, 2011). For instance, increase in
alloxanthin-to-Chl-a ratio (Allo:Chl-a) has been observed in cultures
of cryptophytes acclimated to HL (e.g., Funk et al., 2011). Accordingly,
in our light-related physiology experiment, the Allo:Chl-a ratio also
increased significantly with increasing light intensities (from 0.3 on
72 pmolphotonsm™ s t0 0.7 on 535 pmol photons m™2s7Y) (Figure 4).
Nevertheless, this increase was more related to the decrease in Chl-
a content than to the increase in alloxanthin. In fact, the alloxanthin
content decreased from 0.56pgcell™ on 72pmo|photonsm'2 st
to 0.35 pgcell’1 on 197pmolphotonsm_2 s71, followed by a slight
increase towards the highest light intensity (from 0.36pgcell™
on 257pumolphotonsm™ s! to 0.43pgcell* on 535pumolpho-
tonsm™ s%) (Figure 4). This apparently paradoxical result in allox-
anthin behavior, keeping its concentration relatively stable over all
tested light intensities, may be associated with alloxanthin being a
light-harvesting carotenoid, transferring energy efficiently to Chl-a
(West et al., 2016) and playing, simultaneously, an effective role in
the photoprotective quenching (Kana et al., 2012).

Regulation of photosynthetic light harvesting in the thylakoids
and photosynthetic electron transport rate (ETR) is one of the major
key factors affecting photosynthetic efficiency. To assess this link,
we acclimated GEMCRY1 in a parallel experiment to two differ-
ent light intensities: 36 and 370;1mo|photonsm’2 s%, henceforth
referred to as LL and HL, respectively. Photosynthesis-irradiance
light response curves were carried out to characterize their photo-
acclimation status (see Section 2 for more details) showing marked
differences between the two conditions, with HL cells having much
higher Ek, Eopt, rETRmax values and much lower a values than LL
cells (Figure S11), which are classical indicators of HL versus LL ac-
climation (Ralph & Gademann, 2005). To test the capacity of these
cells to cope with sudden light stress we assessed their capacity to
change from very LL (14 pmolphotonsm™ s7%) to HL (650 pmol pho-
tonsm™ s7Y) for 10min and then measured their recovery in very
LL followed by darkness for 20 min. Both cultures started with
high F /F, values (>0.65), with a slight decrease of operational PSII
quantum yield [Y(I1)] when exposed to 14 pmol photonsm™ s, thus

85U01 SUOWWOD AR 8|l jdde ay) Aq peusencb o sejoie YO ‘85N JO S9N I0j ARIqIT8UIUQ A8]1M UO (SUONIPUOD-PUe-SLLIBI WD A8 |1 ARe.d 1 joul jUo//:SANY) SUONIPUOD pue SwWie | 8y} 89S *[£202/S0/0E] U0 Akeid1auljuo A8 |1 ‘SeIUeN 8 g1sIeAIUN Ag Z099T GOB/TTTT OT/I0p/wWod A8 im Areiq1jpul|uo//sdny wouy pepeojumod ‘. ‘€202 ‘98vZS9ET


www.wileyonlinelibrary.com

MENDES ET AL.

showing that even the HL cells were capable of using these LLs to
carry out ETR. When exposed to 650 umolphotons m2 s, the Y(II)
of both cultures showed a tri-phasic response, starting with a sharp
decrease—reaching zero in LL cells—followed by a quick recovery
and a final stage of constant values until the end of the light stress
step. Recovery to initial values was almost complete within 5min of
2 -

exposure to 14 umolphotonsm 1 and only a small increase was

observed in darkness for the LL cells (Figure 5a). The quick recovery

2

of the LL cells exposed to the stress of 650 pmol photonsm™ stand

the lack of evidence of photo-inhibition shown by the full recovery
of F /F values after 20 min in darkness clearly show that the LL cells
were capable 18-times more of sustaining exposure to light than their

2 —1)

growing light (36 umolphotonsm™ s™%), and recovering very quickly

(a)
0.6

Y(PSII)

0.2

0.0}

0.7 (b)
@ High light
¢ Low light

0 10 20 30
Time (minutes)

FIGURE 5 Pulse amplitude modulation (PAM) fluorescence
variations of Geminigera cryophila acclimated to different

light regimes; submitted to a light stress induction and

recovery experiment. High light cells were acclimated to
370pmolphotonsm™ s and Low light cells were acclimated

to 36 pmol photons m~2 571, Both cultures were exposed

to the same light treatments. Namely: 3min of very low

lights (14 pmol photonsm™2 s™%); 9 min of very high light

(650 pmol photonsm™2 s7%); 2 min of very low light (14 pmol photons
m~2s71): and finished by 15 min of darkness. Light grey areas
correspond to very low light, white area corresponds to very high
light and dark grey area corresponds to the darkness recovery
period. Each point corresponds to mean values and 95% confidence
intervals. (a) Photosystem Il operational quantum efficiency
[Y(PSII)]. (b) Energy dissipation yield that is not regulated by the
cell [Y(NO)], that is, the sum of non-regulated heat dissipation

and fluorescence emission. [Colour figure can be viewed at
wileyonlinelibrary.com]
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(Figure 5a). The stress-recovery experiment also showed that the
HL-cells were already capable of carrying out some photochemistry
at very LL levels (25 times lower than their growing light). The main
difference between the two cultures is their immediate capacity to
photo-dissipate energy in a controlled way (Figure 5b). The Y(NO)
parameter presented in Figure 5b represents the energy fraction
that is dissipated by heat and fluorescence but not linked to regu-
lated photo-protective mechanisms [i.e., Y(NPQ)]. The LL-acclimated
cells show a Y(NO) peak not observed in the HL-acclimated cells;
however, this peak is quickly (<5 min) reduced to the same level
as HL-cells (Figure 5b). In conclusion, all pulse amplitude modula-
tion (PAM) fluorescence parameters support the hypothesis that
GEMCRY1 is highly flexible regarding their growing light conditions
and extremely efficient in rapidly photo-regulating changes to envi-
ronmental light levels. This plasticity would give them a competitive

advantage in exploring a niche where light levels fluctuate quickly.

3.3 | Photophysiological mechanisms in the upper
ocean mixed layer

Light regimes in the Southern Ocean vary dramatically over the
course of a season, but the maximum levels of daily integrated ir-
radiance at the ocean surface in summer can be as high as in the
tropics (Campbell & Aarup, 1989). However, rapid variations in light
(Figure S12) caused by frequent strong winds, which drive deep
mixing, and shading by pack sea ice and cloud cover, reduce the ef-
fective irradiance levels in the water column. As a result, Antarctic
phytoplankton tends to mostly adapt to LL conditions, being able to
operate at their maximal photosynthetic capability at light levels cor-
responding to only a small fraction of incoming irradiance (Dierssen
et al, 2002).

Light availability in the water column depends primarily on
UMLD (Joy-Warren et al., 2019). While deep mixing moves phyto-
plankton cells below the physiological compensation depth where
primary production is typically limited by light, shallower mixing lay-
ers confine planktonic organisms near the surface, exposing them to
a complex light regime with fluctuating periods of direct and indirect
sunlight (Moreau et al., 2010). The great variability in sunlight levels
near the surface may strongly affect phytoplankton establishment
and growth (Petrou et al., 2016). However, quantifying the complex
light conditions occurring within the mixed layer and relating them
to phytoplankton growth is extremely difficult.

Throughout the photoperiod, incident sunlight in the mixed layer
is attenuated exponentially with depth. Consequently, the depth
of the mixed layer can have a drastic effect upon photosynthetic
capacity, as phytoplankton organisms acclimate to their predom-
inant light exposure (Alderkamp et al., 2010). In our study region,
the mixed-layer depth was relatively deep at the diatom-dominated
sites (~40m), whereas it ranged between 15 and 20m in regions
with a clear dominance of cryptophytes (Figure 6). This duality has
already been reported by other time-constrained studies conducted
in the region (Costa et al., 2020; Mendes et al., 2013; Mendes,
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FIGURE 6 Typical vertical profiles of oceanographic properties in stations dominated by cryptophytes or diatoms. Mean vertical

profiles of density, fluorescence (note the different magnitude range), and photosynthetically active radiation (PAR) of (a) seven selected
cryptophytes-dominated (>60% of total chlorophyll a—Chl a) stations and (b) five selected diatoms-dominated (>75% of total Chl a) stations.
The mean values of the upper mixed layer depth (gray horizontal dashed lines), as well as respective both mean PAR and attenuation
coefficient (Kd) values in the upper mixed layer (UML), are also indicated. Additionally, the Chl a values determined by high performance
liquid chromatography are also plotted for the samples collected within the UML of the selected stations, with which it is possible to observe
a clear non-photochemical quenching (an upregulation of heat dissipation that will quench the Chl a fluorescence signal) associated with
shallow mixed layers dominated by cryptophytes. See Section 2 for more details about the stations selection criteria. [Colour figure can be

viewed at wileyonlinelibrary.com]

Tavano, Dotto, et al., 2018; Mendes, Tavano, Kerr, et al., 2018).
The corresponding average PAR in the mixed layer (for a nominal
clear-sky day in January/February, considering the maximum daily
average peak of 1500 pmolphotonsm™ s71, and with PAR attenua-
tion calculated as the linear slope between depth and the natural
logarithm of the measured downwelling PAR) was 576 pmolpho-
tonsm™ s for the stations dominated by cryptophytes, decreas-
ing to 298 pmolphotonsm’2 s? for the diatom-dominated stations
(Figure 6). Presumably, the transitions (cycles) between LL and HL
regimes in a shallow mixed layer are much faster than in deep mixing
layers, requiring a fast capability of phytoplankton for photoadap-
tation, which may be favoring the cryptophytes in relation to the
diatom's development across the NAP coastal waters.
Phytoplankton has evolutionarily developed a diverse set of
physiological tools to survive in a highly variable environment.
Photoregulation is an essential component of this plasticity, permit-
ting the optimization of cell activities when faced with changing irra-
diance (Petrou et al., 2016). This is a challenge issue in phytoplankton
ecology that certainly plays a key role on niche separation between
diatoms and cryptophytes in the NAP. To the best of our knowledge,
no joined experimental and field investigations are available in the

WAP concerning the response of marine phytoplankton assem-
blages under varying light conditions. However, in other Antarctic
coastal areas, particularly in the Ross Sea, ambient light has been
hypothesized as one of the key drivers of seasonal shifts in phyto-
plankton community composition, namely between P. antarctica and
diatoms (Arrigo et al., 1999; Kropuenske et al., 2009). Although both
diatoms and P. antarctica display very effective xanthophyll cycling
(Alderkamp et al., 2010; van Leeuwe & Stefels, 2007), diatoms expe-
rience growth reduction under dynamic light conditions due to met-
abolic deficiencies linked with a poor photophysiological flexibility
(Kropuenske et al., 2010; van Leeuwe et al., 2005); and this poses
a serious trade-off to their lower iron requirements (Alderkamp
et al., 2010). Phytoplankton organisms from the Ross Sea have
evolved an iron-saving strategy whereby they photo-acclimate
to LL by increasing their photosynthetic unit size rather than the
number of their photosynthetic units, even when iron is available
(Alderkamp et al., 2019). This adaptative strategy limits the growth
of phytoplankton cells under fluctuating irradiance levels due to
photodamage incurred during the high irradiance portion of the
vertical mixing cycle (Alderkamp et al., 2010). Furthermore, D1—a
protein that constitutes the core of the PSII reaction center—repair
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rates are consistently too low to keep up with photodamage in the
fluctuating light environments (Alderkamp et al., 2010). In shallow
mixing layers, where irradiance fluctuations occur over very short
time scales compared with relatively deeper mixing layers, all these
processes could be intensified, possibly limiting the establishment
and growth of certain diatom species (van de Poll et al., 2005; van
Leeuwe et al., 2005).

Diatoms constitute a diversified group of species along the NAP,
including centric and pennate forms (Costa et al., 2022). As such, it
is unlikely that shallower mixing layers could be preventing all dia-
tom species to grow and, consequently, accumulating biomass, es-
pecially those of pennate shapes that show high plasticity to cope
with excess light (Petrou et al., 2016). However, based on our 11-
year in-situ dataset, diatoms normally accumulate high biomass in
relatively deep mixing layers, indicating a contrasting preferential
fundamental niche to that observed for cryptophytes along the NAP
(Figure S2; Costa et al., 2021). Future studies will be needed, and a
better knowledge on the effects of irradiance on the photosynthetic
physiology of both pennate and centric diatom forms occurring in
the region is highly desirable for comparing their ecophysiological
responses. Only then it will be possible to clarify the preferential
distribution of diatoms in relatively deeper mixing layers and their
very limited growth under confined shallow conditions associated
with glacier meltwater input.

4 | CONCLUSION

Here, we showed that the recurrent biomass accumulation and
dominance of cryptophytes in the NAP region can be attributed
to their unique abilities to thrive under rapid and large fluctuations
in light intensity, which are normally found in confined stratified
upper mixed layers associated with glacial meltwater runoff. Due
to increasing meltwater input processes associated with regional
climate change, it is predicted that the upper mixed layer will be-
come shallower, leading to a progressive increase in the averaged
daily irradiance available to phytoplankton in surface waters. Thus,
phytoplankton will be expected to be more exposed to light stress
in the upper increasingly shallower layers, which presumably would
present a favorable fundamental niche to the development of cryp-
tophytes, potentially leading to an increase in the overall abundance
and biomass of these nanoflagellates. This would cause significant
ecological implications in the climate change-impacted fragile eco-
system of the NAP, with a potential impact in the krill stocks, which

can threaten all Antarctic marine wildlife, from penguins to whales.
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