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Phaeocystis globosa has a haplo-diplontic alternative life cycle and is an important
causative species of harmful algal blooms. Diploid solitary cells of Phaeocystis can form
colonies and bloom in the surface water. However, haploid cells are abundant in deep
water rather than surface water. We hypothesize that the haploid cells of Phaeocystis
globosa could better adapt to deep dim water than its diploid cells. Haploid and diploid
solitary cells of P. globosa were cultured with eutrophic medium (f/2) under moderately
low (15 pmol photons m™@ s™), extremely low (5 pmol photons m™ s™') and normal (60
umol photons m™ s™") irradiance conditions. The results showed that irradiances used in
this study did not induce reactive oxygen species (ROS) damage in either haploid or
diploid cells. Both haploid and diploid solitary cells grew faster at higher irradiance during
the initial exponential growth phase. However, the haploid abundances under moderately
and extremely low irradiances were higher than that under normal irradiance after the
exponential growth phase, but diploid cells formed more colonies at higher irradiances. An
increase in the photosynthetic pigments (PSC) ratio combined with a reduction in
photoprotective pigments (PPC) ratio were found in both ploidies with decreasing
irradiance, but the ratios of PSC and PPC and xanthophyll cycle pigments were
significantly higher in haploid cells than in diploid cells. For haploids, the highest
potential photochemistry efficiency of photosystems IT was found under extremely low
irradiance, but for diploids, it was observed under moderately low irradiance. The results
suggest that both haploid and diploid solitary cells of P. globosa in eutrophic water can
survive under low-light conditions, but haploid cells have an advantage in extremely
low irradiance.
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INTRODUCTION

Phaeocystis is a cosmopolitan genus known for its capacity to
form large scale blooms in the coastal water (Baumann et al,
1994; Peperzak, 2000). Phaeocystis has drawn extensive public
concern since it appears mainly in the form of visible colonies in
surface water during blooms, which have caused serious
ecological hazards and economic losses (Schoemann et al.,
2005; Blauw et al,, 2010; Wang et al., 2022). This genus is also
an important producer of dimethylsulfide (DMS), which
connects sulfur cycling between the ocean and atmosphere
(Rousseau et al., 1990; Arrigo et al., 1999; Hamm and
Rousseau, 2003; Smith et al., 2003). To date, harmful algal
blooms caused by this genus have only been reported in three
species, i.e., Phaeocystis globosa, Phaeocystis pouchetii and
Phaeocystis antarctica in which P. globosa is the most
widespread species and produces blooms in both temperate
and tropical coastal water (Rousseau et al., 1994; Peperzak and
Gibler-Schwarz, 2012).

Light is an important factor regulating the growth of
phytoplankton and every phytoplankton species has a specific
irradiance range for survival (Falkowski and Raven, 2007). The
success of Phaeocystis partly because it was able to grow in a wide
range of irradiances (Moisan and Mitchell, 1999; Moisan et al.,
2006; Liu et al, 2017; Xu et al, 2017; Wang et al., 2022).
Phytoplankton living in the wide range of irradiances has
evolved a series of physiological mechanisms to adapt to this
light variation. For example, Phaeocystis changed its chloroplast
under low-light conditions by increasing the numbers of
thylakoids (Moisan et al., 2006). In fact, most phytoplankton,
including Phaeocystis, increase their light absorption capabilities
under low-light conditions by increasing the content of light-
harvesting pigments combined with a reduction in
photoprotective pigments (PPC) (Dubinsky and Stambler, 2009;
Liu et al., 2011; Pinchasov-Grinblat et al., 2011; Ramakrishnan,
2018). In particular, Phaeocystis has relatively efficient xanthophyll
cycling, ie., interconversion between diadinoxanthin (dd) and
diatoxanthin (dt), by which it can undergo a rapid response to
variable light quality or light intensity without extra energy costs
for new pigment synthesis (Moisan et al., 1998; Meyer et al., 2000).
In addition, the accumulation of reactive oxygen species (ROS) by
phytoplankton is unavoidable during photosynthesis (Hajiboland,
2014), which may cause irreversible damage to a cell (Fridovich,
1998; Nishiyama et al., 2006; Falkowski and Raven, 2007). In
response to light stress, algal cells increase the activities of
antioxidant enzymes for the removal of excess ROS (Asada,
1999). Therefore, the specific irradiance range for phytoplankton
survival is also dependent on its physiological capabilities.

Light in water decreases with depth by several orders of
magnitude because of light attenuation by water molecules and
other absorbing materials. Less than one percent of sunlight in
the surface of euphotic zone can reach the disphotic zone
(Dubinsky and Schofield, 2010; Ramakrishnan, 2018). For
most of phytoplankton species, the photosynthesis rate in
disphotic zone is less than the rate of respiration. However,
some species can survive at this low irradiance conditions
(Overmann and Garcia-Pichel, 2006; Raven and Cockell,

2006). In fact, the nutrient levels in deep dim water are often
high, and the phytoplankton species of that acclimate to low-
light conditions in the sea water often have a deeper vertical
distribution and more chances of using nutrients in the low-light
layer (Dubinsky and Schofield, 2010). Field investigations have
confirmed that Phaeocystis could survive from surface water to
disphotic zone (at a depth of 300 m), suggesting their
extraordinary ability to cope well with both high- and low-
irradiance environments (El-Sayed et al., 1983; Palmisano et al.,
1986). Indeed, P. globosa, the most widespread marine
Prymnesiophyceae, has been documented to be able to grow in
a wide range of irradiances from approximately 20 to 500 pumol
photons m™ s™'. However, the knowledge about the response of
P. globosa to low irradiances less than 20 pmol photons m™ s,
such as those in deep water, is still limited (Moisan and Mitchell,
1999; Moisan et al., 2006; Liu et al., 2011; Xu et al., 2017; Wang
et al., 2022).

In fact, P. globosa has an alternating life cycle of diploid and
haploid phases (Vaulot et al., 1994; Dutz and Koski, 2006;
Peperzak and Gabler-Schwarz, 2012). The survival strategies of
these two cell types are different (Rousseau et al., 2007), and light
requirements of Phaeocystis also depends on cell type (Cota et al.,
1994). For example, colonies formation of diploid cells can
increase buoyancy by which Phaeocystis blooming in
illuminated surface water (Skreslet, 1988; Peperzak et al,
2003). In contrast, haploid cells exhibited negative phototaxis
(Cheng et al.,, 2015) and are abundant in deep water rather than
in surface water (Davies et al., 1992; Peperzak, 1993). Although
the differences in extreme low-light adaptation between diploid
and haploid P. globosa are still unknown, the studies on other
phytoplankton species of Prymnesiophyceae demonstrated that
haploid cells are able to adapt to unfavorable environments
(Green et al., 1996; Houdan et al., 2005; D’Amario et al., 2017;
de Vries et al., 2021). Therefore, we hypothesize that the haploid
of P. globosa has an advantage in extremely low-light
environments under eutrophic conditions over diploid cells.
This paper evaluates the low-light adaptation ability of
different ploidy levels of P. globosa and will shed light on how
the haplo-diplontic life cycle contributes to P. globosa success.

MATERIAL AND METHODS

Strains and Culture Conditions

P. globosa employed in this study was isolated from coastal water
of the Beibu Gulf in southern China and supplied by the Culture
Collection of Marine Algae, Guangxi Academy of Science. This
strain was maintained in tubes with f/2 medium (-Si) under 60
umol photons m ™ s! irradiance with a 12 h:12 h light:dark cycle
(Guillard, 1975). The salinity of the medium was 30 psu, and the
culture temperature was 20°C. Diploid cells of P. globosa can
form colonies, but haploid cells cannot. During the culture of P.
globosa, the cells that could not form colonies were identified as
haploid cells (Li et al., 2020). Previous studies have reported that
some diploid strains sometimes turn into haploid solitary cells
during culture instead of forming colonies (Janse et al., 1996;
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Mars Brisbin and Mitarai, 2019; Li et al., 2020). A pure culture of
haploid cells was obtained by isolating 1 haploid cell from a
noncolony-forming tube with a micropipette, and spreading
cultivation of haploid cells (diameter of ~ 4.22 pm) was
conducted in the following experiments. To obtain a pure
culture of diploid cells, 1 colony from the colony-forming tube
was pipetted out and recultured in fresh medium. The diploid
solitary cells (diameter of ~ 6.40 um) used in the following
experiments were obtained by filtering the colonies through a 10
pm mesh via gravity. The abundance and ploidy of solitary cells
were examined every day by flow cytometry (Beckman Coulter,
Brea, California, USA) following the methods of Vaulot et al.
(1994). The abundance of diploid cells in this study means that
the abundance of diploid solitary cells and colonial cells was not
included. The number of diploid solitary cells in the sample was
counted after removal of colonies by gentle filtration via gravity
using 10 um meshes. No interconversion between diploid and
haploid solitary cells was found in the following experiments.

Experimental Design

72 days culture experiments were performed to compare the low-
light adaptation of diploid and haploid cells of P. globosa. First,
diploid and haploid solitary cells were introduced into 20 I glass
carboys (GX-Farred, Guangxi, China) with an initial
concentration of 0.22 ug C ml', which was equal to a haploid
cell abundance of 4.73 x10* cells ml™ or a diploid cell abundance
of 1.99 x10* cells ml™. Culture conditions were the same as
mentioned above for strain maintenance except for the light
intensities, which were set as 5 umol photons m™ s™, 15 umol
photons m™? s and 60 umol photons m™ s™'. Phaeocystis can
distribute from surface to disphotic zone in natural water (El-
Sayed et al., 1983; Palmisano et al., 1986). 5 umol photons m ™ s™
irradiance was set as a representative of the irradiance level at
disphotic zone, and this irradiance was also approximately the
lowest irradiance for the survival of most phytoplankton
(Overmann and Garcia-Pichel, 2006). 15 umol photons m?Zs!
is the low irradiance used in most previous studies for the light
adaptation of P. globosa and was set here as a representative of
the irradiance level at the bottom of euphotic zone (Moisan and
Mitchell, 1999; Moisan et al., 2006; Liu et al,, 2011; Xu et al,
2017; Wang et al., 2022). Although 60 umol photons m™ s is
lower than the irradiance level of most surface water but it was
known as the saturating irradiance for the growth of P. globosa in
the coastal water of the southern China Sea (Xu et al., 2017).
Light was provided by cool white fluorescent tubes. To ensure
that the samples can be analyzed in time, we did not setup
replicates in the long-term culture experiment, but instead
conducted a dense sampling for improvement. Sampling was
performed at approximately 10:00 am, samples for abundance
analysis were taken every day, and samples for nutrients and the
maximum quantum yield of photosystem II (F,/F,,) were taken
every two days. Cell abundance was counted as mentioned above.
The specific growth rate of diploid and haploid solitary cells were
determined at the first five days during the exponential growth
phase before the colony formation by means of liner regression.
Nutrient concentrations and F,/F,, value during the culture
experiment were measured as described below. Accompanied

with this experiment, another triplicate cultivation (2.5 1) of
diploid solitary cells using a conical flask was set for the colony
count at the end of the experiment. Colonies and the number of
colonial cells per colony were enumerated using an inverted
microscope (Nikon, TE 300), and colony size was measured with
the software. To obtain a reliable estimation, at least 100 colonies
were measured per sample.

After the long-term cultivation, another three 20 1 cultivations
of haploid or diploid cells under the different light treatments
same as mentioned above were conducted with three replicates to
compare the differences in pigment compositions and
antioxidative enzyme activities between haploid and diploid
solitary cells of P. globosa. The initial abundance and culture
conditions, including light intensities, were the same as those in
the long-term culture experiments mentioned above. Samples for
pigment analysis were taken at day 0, day 3 and day 20, and those
for measurement of antioxidative enzyme activities was taken at
0h,4h,8h,24h, 48 h, 96 h, 144 h and 192 h. The details for
pigment analysis and measurement of antioxidative enzyme
activities are described below.

Measurement of F,/F,,

A water sample (5 ml) was taken every day for F,/F,
measurement. It should be noted that colonies were gently
removed before measuring the F,/F,, value of diploid solitary
cells. The F,/F,, value was measured using a Phyto-PAM
fluorometer (Heinz Walz GmbH, Effeltrich, Germany). The
minimum (F,;) and maximum fluorescence (F,,) were recorded
after 10 min of dark adaptation. The sample was introduced into
the measuring chamber and allowed to stabilize at modulated
(non-actinic) light (470 nm). F, was determined by a weak
modulated measuring light, and then a short saturating pulse
(wavelength pear: 655nm; intensity: 4000 umol photons m™s™;
duration: 200 ms) was applied to determine F,. F,/F,, the
maximum quantum yield of PSII, was calculated as (F,,- F,)/Fy,.

Nutrient Analyses

Samples (25 ml) for nutrient determination were filtered through
Whatman GF/F filters. The filtrate was kept at -20°C until
analysis. The concentrations of nitrate (NO;") and phosphate
(PO,>) were measured using a Skalar SANPIUS autoanalyzer,
following the methods of Hansen and Koroleft (1999).

Measurement of Antioxidative

Enzyme Activities

Algae samples (200 ml) were collected by centrifuging cultivation
mixtures at 12,000 x g for 15 min at 4°C and then sonicating for
5 min after adding 1.5 ml of phosphate buffer solution (pH=7.8).
After sonication, the liquid was centrifuged, and the supernatant
was kept at -80°C until analysis. Superoxide dismutase (SOD)
and catalase (CAT) activities were measured according to the
method of Nounjan et al. (2012).

HPLC Pigment Analysis

Samples (400 ml) for pigment analysis were filtered through
Whatman GF/F filters (0.7 pm), subsequently frozen in liquid
nitrogen and then stored at -80°C until analysis. Pigments were
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analyzed by an Agilent series 1100 HPLC equipped with a
G1314A detector and Waters Symmetry C8 column (150
mmx4.6 mm, 3.5 pm particle size, 100 A pore size) according
to the method of Zapata et al. (2000). Pigment peaks were
identified based on absorbance spectra and retention times at
440 nm, and retention times were compared with those of
authentic standards obtained from DIH Inc. (Horsholm,
Denmark), which included chlorophyll a (Chl a), chlorophyll
cI (Chl c1), chlorophyll ¢2 (Chl ¢2), chlorophyll ¢3 (Chl ¢3),
pheophorbide a (Pheide a), pheophythin a (Phe a), Mg-2,4-
divinylpheoporphyrin (Mg DVP), peridinin (Peri), fucoxanthin
(Fuco), 19-but-fucoxanthin (But-Fuco), 19 -hex-fucoxanthin
(Hex-Fuco), prasinoxanthin (Pras), dd, dt and B-carotene (jB-
Car). Pheide a, Phe g, and Pras were not detected; Mg DVP was
not included because of the inability to replicate its separation.
PPC were the sum of dd, dt and -Car; photosynthetic pigments
(PSC) were the sum of chlorophyll ¢, Peri, Fuco and Hex-Fuco.
Pigment data were normalized to Chl a.

Statistical Analysis

TWO-way ANOVA and least significant difference (LSD) tests
for multiple comparisons were performed to evaluate the
differences in antioxidative enzyme activities and pigment
compositions among different light treatments. The difference
in colonial density between <100 um colonies and >100 pm
colonies under the same irradiance treatments was assessed using
a t-test. We did not conduct statistical analyses on culture
experimental data due to the lack of replication. All of the
analyses were performed using the statistical program SPSS
16.0, with a significance level of 5%.

RESULTS

Abundance Variations in Haploid and
Diploid Solitary Cells

The statistical significance among different treatments was not
tested as lack of replicate. However, the slow growths of both
haploid and diploid solitary cells with decreasing light intensity
during the exponential growth phase were clearly found. For
haploid cells, the specific growth rate in the exponential phase
was 0.18 d*,0.29 d"!' and 0.32 d"" at 5, 15 and 60 pmol photons
m” s treatments, respectively. Haploid abundance at 60 pmol
photons m™ s™' remained relatively stable after day 9, with a
mean value of 35.64x10* cells mlI™" + 6.41 x10* cells ml™
(Figure 1A). The abundance of haploid cells under 5 and 15
umol photons m™* 5" irradiance continued to increase after day 9
and reached a higher level than that of cells cultured under an
irradiance of 60 pmol photons m s™. Although the abundance
of haploids between the 5 and 15 pmol photons m™ s
treatments was similar during the stable stage, the cell
abundance at 15 pmol photons m™ s' reached the stable stage
earlier than that at 5 umol photons m™ s™'. For diploid solitary
cells, the specific growth rates during the exponential phase were
0.07d",0.13d " and 0.43 d" at 5, 15 and 60 umol photons m>s™,
respectively. Unlike that of haploid cells, the abundance of diploid
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FIGURE 1 | Variation in the abundance of haploid (A) and diploid solitary
cells (B) of P. globosa under different low-light intensities.

solitary cells fluctuated after early rapid growth, and no obvious
differences were found among the different irradiance treatments
after the rapid growth phase (Figure 1B).

At the end of diploid culture experiments, no significant
differences in the density of small colonies were found (<100
um) between the 5 and 15 umol photons m™ s treatments, but
the density of total colonies and > 100 pum colonies significantly
increased with increasing irradiance (p<0.05, Figure 2). The
colony size was significantly linearly correlated with the number
of colonial cells under each irradiance condition. The regression
slopes at 5 and 15 pmol photons m™ s were similar but the
regression slope of the sample at 60 pumol photons m™ s was
significantly greater than those at the other two irradiances
(p<0.05), indicating denser colonial cells in mature colonies
under the 60 umol photons m™ s™ treatment (Figure 3).

Nutrient Concentrations

The concentrations of phosphate and nitrate at the start of the
experiment were 36.19 + 0.85 umol I"* and 886.00 + 0.25 umol 1™,
respectively. The concentrations of phosphate and nitrate
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same light intensities. Different uppercase and lowercase letters indicate
significant differences among the three light intensities for < 100 ym and >
100 pm colonies, respectively.

obviously decreased during the culture experiments, but the
nutrient consumption by haploid cells was greater than that by
diploid cells. At the end of the experiments, the phosphate
concentration in the haploid group decreased to 20.56, 12.14
and 12.86 umol 1" under 5, 15 and 60 umol photons m™> s’
irradiance, respectively, and the nitrate concentration in the
haploid groups decreased to 676.50, 527.24 and 586.70 umol 1"
under 5, 15 and 60 umol photons m™ s™" irradiance, respectively.
However, the phosphate concentration in the diploid group
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FIGURE 3 | Relationships between colony size (log) and the number of
colonial cells per colony (log). Data were obtained at the end of diploid culture
experiments.

decreased to 30.91, 25.35 and 20.31 pumol 1" at the end of the
experiment under irradiance treatments of 5, 15 and 60 pmol
photons m™* 5™, respectively, and the nitrate concentration in the
diploid group decreased to 817.99, 722.98, and 655.09 umol I"* at
the end of the experiment under irradiances of 5 s, 15 and 60
umol photons m™ s™', respectively (Figure 4).

F./F., Value of Haploid and Diploid

Solitary Cells

The F,/F,, value of haploid cells ranged from 0.37 to 0.66 with a
mean value of 0.54 + 0.08, and that of diploid solitary cells ranged
from 0.24 to 0.66 with a mean value of 0.53 £ 0.11. In haploid
cells, the F,/F,, value decreased with increasing irradiances,
indicating that haploid cells preferred an irradiance of 5 pumol
photons m™ s over irradiances of 15 and 60 umol photons m
s, In contrast, the highest F,/F,, value in diploid appeared at an
irradiance of 15 ymol photons m ™ s™. The F,/F,, value of diploid
solitary cells in the 5 pmol photons m™ s treatment was
significantly decreased in comparison with those under the
irradiances of 15 and 60 umol photons m™ s™', indicating the
stress of the deficit of light energy under 5 yumol photons m™2 s’
for diploid solitary cells (Figure 5).

Antioxidant Enzyme Activities

The ratio of CAT and SOD in haploid cells to that in diploid
solitary cells were 2.08 and 2.5 at the start of the experiment
(Figure 6). The activities of CAT and SOD of haploid cells in all
treatments decreased with the duration of the experiment;
however, the activities of CAT and SOD in the treatment of 5
umol photons m™ s were significantly higher (p < 0.05) than
under the other two irradiances after 48 and 24 h. Unlike haploid
cells, the activities of CAT and SOD of diploid solitary cells
remained relatively stable except for those in the 60 pumol
photons m™ s™' treatment after 8 h. The activities of CAT and
SOD of diploid solitary cells in the 60 pmol photons m™ s
treatment increased from 8 h to the peak value at 24 h and then
gradually decreased to approximately normal values at the end of
the experiments (192 h), and the activities of CAT and SOD of
diploid solitary cells during these processes were significantly
higher in the 60 umol photons m™> s treatment than in the 5
and 15 pmol photons m™ s treatments (Figure 6).

Pigment Composition

The pigments contents of dd, dt and the sum of dd+dt were
significantly higher in haploid cells than diploid solitary cells
during the experiments (p<0.05). The xanthophyll cycling pool
(dd+dt) ratio of haploid solitary cells to diploid solitary cells was
1.72~2.18. However, no significant differences were found
among the different light treatments except for dt in haploid
cells at day 20 and dd+dt in diploid solitary cells at day 3
(Figure 7). Both PSC and PPC contents were significantly
higher in haploid cells than diploid solitary cells during the
experiment (p<0.05). The PSC and PPC content ratio of haploid
solitary cells to diploid solitary cells was 2.20~2.46 and 2.54~4.50
during the experiment. Moreover, the PSC content significantly
increased with decreasing irradiance in both haploid and diploid
solitary cells (p<0.05), and in contrast, the PPC content
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FIGURE 5 | Variations in the maximum PSII quantum yield (Fv/Fm) of haploid (A) and diploid solitary cells (B) of P. globosa under different light intensities.

Frontiers in Marine Science | www.frontiersin.org 6 June 2022 | Volume 9 | Article 902330


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Low-Light Adaptation of P. Globosa

Zhuang et al.
Haploid: [l 5 umo! photons m™ s™ [l 15 umol photons m™ s” [l 60 umol photons m™ s™
Diploid: B 5 umol photons m™ s™ BZ&&Y 15 umol photons m™ ™' BBEEY 60 umol photons m? s™
Tis1 A 15
214 g™ ©
o212 o
£ T £
S5 510 or b
G 4 E :1:3
z 3 Z 5 e b
=2 = R o
3 5 % b
o 1 T | pREEER KRGS 8 A
2o T o RXEXE % x5 SOOI el =3 :
S 9% 124 192 o 0 4 8 2% 48 9% 124 192
- Time (h) — Time (h)
"5 30 g% b
%271 B 5
224 g 3
SS9 o2 RS
b 5 X2 b
< 6 pa K
z £10 3 b
= = & b
z; 2 3 s
@ a 525 o — i %y ™ <
S, 3 o R2RX R 3 TR BBTRS
3 » 0 4 8 24 48 9% 144 192
Time (h)

Time (h)

solitary cells.
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FIGURE 7 | Average contents of diadinoxanthin (dd, (A)), diatoxanthin (dt, (B)) and sum of dd and dt (C) for haploid and diploid solitary cells of P. globosa under
different light intensities at day O, day 3 and day 20. Data are normalized to the Chl a content. * and ** indicate significant differences (p < 0.05 and p < 0.01)
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significantly decreased with decreasing irradiance in both
haploid and diploid solitary cells during experiments
(p<0.05, Figure 8).

DISCUSSION

Growth and Colony Formation of P.
Globosa under Low-Light Conditions
Previous studies have reported that irradiances govern the
growth and colony formation of Phaeocystis. The saturating
irradiance of the P. globosa strain isolated from coastal water
of southern China was 60 umol photons m™?s™ (Xu et al., 2017).
Generally, the growth of Phaeocystis cultured at light lower than
saturating irradiance increases with light intensity (Peperzak,
1993; Liu et al., 2011; Xu et al., 2017; Wang et al.,, 2022).
Consistent with previous studies, the growth of both diploid
and haploid solitary cells increased with increasing irradiance
ranging from 5 to 60 pmol photons m™ s during the initial
exponential phase (Figure 1). However, the variation in the
abundance of both diploid and haploid solitary cells after the
exponential phase exhibited different patterns, and the highest
abundance did not appear under an irradiance of 60 wmol
photons m™ s™ (Figure 1).

The abundance of haploid cells after the exponential phase
remained higher at 5 and 15 pmol photons m™> s™ than at 60
umol photons m™ s (Figure 1), indicating that haploid cells
prefer relatively low light intensities in long-term cultivation.
This is consistent with field investigation that a high density of

Tim3e (d)

FIGURE 8 | Averages of photosynthetic pigment (PSC, A) and photoprotective pigment (PPC, B) contents for haploid and diploid solitary cells of P. globosa under
different light intensities at day O, day 3 and day 20. Data are normalized to the Chl a content. ** indicates a significant difference (p < 0.01) between haploid and
diploid solitary cells on the same day. Different uppercase and lowercase letters indicate significant differences among the three light intensities for haploid and diploid

haploid cell appeared at deep water rather than at the surface
water (Davies et al., 1992; Peperzak, 1993). Although some
species can survive at irradiances less than 2 pmol photons m™
s™' (Raven and Cockell, 2006), the minimum irradiance required
by most phytoplankton is approximately 2 umol photons m™? s
(Overmann and Garcia-Pichel, 2006). The lowest irradiance used
in this study was 5 umol photons m™ s, close to the minimum
irradiance need of most phytoplankton. Algae cope with low-
light conditions through physiological adjustments, such as
increasing the content of PSC to capture light, and this process
is sensitive to nutrient supplies, especially the availability of
nitrogen, phosphorus and iron (Garcia et al., 2009; Dubourg
et al.,, 2015; Bender et al., 2018).

The lowest concentrations of nitrogen and phosphorus were
still higher than 500 pmol 1" and 12 pmol 1" at the end of the
experiments (Figure 4). It was reported that the growth of P.
globosa was not inhibited at nitrogen and phosphorus
concentrations higher than 1.7 umol 1" and 1 pmol 1,
respectively (Riegman and Boekel, 1996; Xu et al., 2017).
Although the iron concentration was not measured in this
study, the iron concentration in our experiment was
approximately 11.6 nmol 1" at the start of the experiment
according to the f/2 medium. A concentration of 0.2~0.4 nmol
1! iron was shown to be sufficient to support Phaeocystis growth
under low-light conditions (Sedwick et al., 2007; Garcia et al.,
2009; Bender et al., 2018). Given that the f/2 medium is eutrophic
for algae growth and that algae assimilate micronutrients in a
certain ratio with macronutrients (nitrogen and phosphorus),
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not only iron but also other nutrients were sufficient to support
the growth of P. globosa in our experiments.

The self-shading effect should also be considered in the
research on the light effect, but haploids were more abundant
under low-light conditions (2 and 5 umol photons m™ s™), which
indicated that abundance variation did not contribute to self-
shading effects. Haploid cells of P. globosa cultured at a relatively
high but lower than saturating irradiance grew faster during short-
term cultivation, but for long-term cultivation, haploid cells
preferred lower light intensities. This is probably a result of long
evolutionary adaptation rather than nutrient limitation or self-
shading effects. Moreover, the F,/F,, value, a sensitive indicator of
environmental stress (Sharma et al., 2015; Zha et al., 2017; Jamali
Jaghdani et al., 2021), also confirmed the stress of 15 and 60 umol
photons m™ s™ on haploid cells (Figure 5).

Unlike that of haploid cells, the abundance of diploid solitary
cells fluctuated after the exponential phase, and abundance
differences among different irradiance treatments were hard to
identify (Figure 1). This observation did not indicate a negligible
effect of irradiances on diploid solitary cells because the F,/F,,
value indicated that diploid solitary cells were clearly inhibited at
5 and 60 pmol photons m™ s (Figure 5). In contrast, the
fluctuations in abundance of diploid solitary cell may be
attributed to new colony formation from diploid solitary cells
and the release of diploid solitary cells into water from the
splitting of aged colonies (Rousseau et al., 1994; Rousseau et al.,
2007). This process certainly caused fluctuations in the
abundance of diploid solitary cells in water and masked the
irradiance impact on the abundance. However, the abundance of
diploid cells showed more regular fluctuation in 15 and 60 pmol
photons m™ s treatments than in 5 ymol photons m™ s
treatment probably because the rapid growth of colonies in
higher irradiances, which may increase the frequency of the
colony formation and splitting process. In fact, the effects of light
intensities on diploid cells were found in more abundant colonies
and denser colonial cells in mature colonies under higher
irradiance treatments of 15 and 60 pumol photons m™ s
rather than under the extreme low-light conditions of 5 pumol
photons m™ s™ (Figures 2, Figure 3), which, together with the
F,/F,, value, indicated that diploid solitary cells could also
survive under extreme low-light conditions (5 pmol photons
ms™), but photosynthesis and colony formation were inhibited
under extremely low irradiances. The higher irradiance
preference of diploid cells was also supported by field
observation that diploid solitary cells can increase their
buoyancy by forming colonies which ascend diploid cells to
illuminated surface water and forming bloom (Skreslet, 1988;
Peperzak et al.,, 2003).

In fact, irradiance is considered one of the most important
triggers for the colony formation of P. globosa. It has been
reported that P. globosa did not form colonies when the light
intensity is less than ~38 pmol photons m™ s (Peperzak, 1993;
Wang et al., 2022). Similar results were also reported by other
researchers (Peperzak et al., 1998; Blauw et al., 2010), who found
that P. globosa colonies occurred only when irradiance exceeded
25-35 pmol photons m™*s™. The P. globosa strain from Shantou

coastal waters in southeastern China required higher irradiance
for colony formation and failed to develop colonies when the
irradiance was less than 50 pmol photons m™ s (reviewed by
Wang et al., 2022). However, colony formation was also observed
at lower intensities of 10-20 umol photons m™s™ (Riegman and
Boekel, 1996). Diploid solitary cells in this study formed colonies
in all irradiance treatments. It is likely that the irradiance
threshold for colony formation is highly strain-dependent, and
the strain used in this study coped well with relatively low
irradiance levels. Nevertheless, the increase in colony density
with light level has been widely reported in the studies
mentioned above and was also confirmed by this study
(Figure 2). Interestingly, no ploidy transformation was found
in our study, indicating that low irradiance was not a trigger for
ploidy transformation of P. globosa, at least for this strain in a
nutrient-sufficient system under a 12 h:12 h light/dark cycle.

Different Physiological Responses
Between Haploid and Diploid Solitary Cells
Under Low-Light Conditions

Acclimation to light involves an array of cellular responses, one
of which is the pigment ratio, which is affected at extreme light
levels (Ramakrishnan, 2018). It has been repeatedly
demonstrated in laboratory experiments and field observations
that the main adjustment to low light by P. globosa and other
phytoplankton is an increase in their light absorption capabilities
by an increase in the content of light-harvesting pigments (PSC)
and a reduction in PPC (Dubinsky and Stambler, 2009;
Pinchasov-Grinblat et al.,, 2011; Ramakrishnan, 2018).
Consistent with previous studies, the PSC content of both
diploid and haploid solitary cells in the present study increased
with declining irradiance, and PPC decreased with decreasing
light intensity (Figure 8). However, the PSC content of haploid
cells was significantly higher than that of diploid solitary cells
(p<0.05), indicating the advantage of haploid cells in coping with
low-light conditions over diploid cells. Moreover, the PPC
content of haploid cells was also significantly higher than
diploid solitary cells, implying a wider tolerance range for
irradiances in haploid cells. Consistent with our study,
although ploidy was not examined in their study, Xu et al.
(2017) suggested a wide irradiance tolerance range of flagellate
cells, which were probably haploid cells based on
their descriptions.

Xanthophyll cycling through interconversion between dd and
dt has been observed in Phaeocystis (Moisan et al., 1998; Meyer
et al,, 2000). The conversion from dd to dt during the transition
from low-light to relatively high-light conditions via a de-
epoxidation reaction involves excess light energy dissipation
leading to nondestructive thermal de-excitation of pigments
(Olaizola et al., 1992; Brunet et al., 1993; Schubert et al., 1994;
Meyer et al., 2000). The advantages of this mechanism are that it
rapidly occurs in response to abrupt light change, lessens the cost
of other pigment synthesis and does not affect the light
harvesting efficiency (Brunet et al., 1993; Schubert et al., 1994).
Therefore, the pigment pool associated with xanthophyll
pigment cycling (dd+dt) has been used as an indirect measure
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of photoacclimation. Previous studies suggested that xanthophyll
cycling in Phaeocystis was important for its bloom (Moisan and
Mitchell, 1999; Meyer et al., 2000). However, the differences in
the xanthophyll pool between haploid and diploid solitary cells
of P. globosa have not been reported. In this study, we
demonstrated that the xanthophyll pool of haploid cells was
significantly greater than that of diploid solitary cells (p<0.05,
Figure 7), implying that haploid cells not only cope well with
extremely low irradiance conditions but also have competitive
advantages in coping well with higher-light stress and
responding to abrupt irradiance changes in comparison with
diploid solitary cells. However, the effect of light intensity on
conversion between dd and dt in both haploid and diploid
solitary cells was not clearly observed in this study (Figure 7)
probably because the response of the xanthophyll cycle is rapid
and often happens within several hours (Schubert et al., 1994;
Moisan et al., 1998; Meyer et al, 2000), but the dd and dt
contents in this study were examined only at day 0, day 3 and day
20 (Figure 7).

The degree of ROS damage to phytoplankton could be
indirectly measured by measuring antioxidant enzymes or
peroxidation products, such as SOD and CAT activity (Dat
et al,, 2000; Liu et al, 2017). For haploid cells, no significant
increase in SOD or CAT activity was found during experiments
in all light treatments (Figure 6), indirectly indicating that no
ROS-induced damage was found in haploid cells even under the
irradiance of 60 pmol photons m™ s™* (Figure 6). However, the
activities of SOD and CAT were higher at 0 h than at other
sampling times under all irradiance treatments (Figure 6), which
is likely a normal physiological response when the cells were
introduced to new culture conditions because the ROS contents
of normal cells temporarily accumulate in response to abrupt
environmental changes (Mittler, 2002). Unlike haploid cells,
diploid solitary cells were obtained by breaking colonies before
introduction into new culture conditions. These colonies were
originally cultured at 60 umol photons m™ s, but the light
actually acquired by colonial cells was lower than 60 pmol
photons m™ s™ because of the shading effects of the colonial
membrane. Diploid solitary cells in 60 pmol photons m™> s
treatments suffered higher irradiance stress than others when
they were introduced to new culture conditions. Therefore, the
SOD and CAT activities for diploid solitary cells significantly
increased within 24 h only when they were cultured at 60 umol
photons m™ s but not in the lower irradiance treatments of 5
and 15 pmol photons m™ s”'. The SOD and CAT activity of
diploid solitary cells at 60 umol photons m™ s treatment
gradually decreased to normal levels after 24 h (Figure 6),
indicating an absence of ROS damage to both haploid and
diploid solitary cells.

Ecological Significance of Different Low-
Light Responses in Diploid and Haploid
Solitary Cells

Both haploid and diploid solitary cells could survive in extreme low-
light conditions in this study, but haploid cells exhibited more
flexibility in response to light variations, which allowed for better

performance of haploid cells in using light and nutrients in different
layers of the water column. First, compared to diploid solitary cells,
haploid cells preferred extreme low-light conditions in long-term
cultivation. Nutrient levels are often high in the dim zone of the
water column (Dubinsky and Schofield, 2010). Haploid cells
exhibited negative phototaxis in a nutrient limitation condition
(Cheng et al., 2015). Therefore, haploid cells may sink to the dim
layer and survive well for a long time when nutrients are depleted in
surface water. Field investigations indeed reported that a high density
of haploid cells appeared at deep water rather than at the surface
water (Davies et al., 1992; Peperzak, 1993). Second, haploid cells
equipped with flagellates (Rousseau et al., 2007; Peperzak and
Gibler-Schwarz, 2012) may swim to a specific water layer and stay
there by flagellate movement, which allows for better utilization of
solar energy and nutrients. The more efficient xanthophyll cycle and
higher PPC content of haploid cells than of diploid solitary cells are
helpful for vertical migration because they have to deal with the stress
of frequent light variation and sometimes even photoinhibition.

However, haploid cells are vulnerable to predators because they
cannot form colonies, which is a useful strategy for defending
against predators (Rousseau et al, 2007). Diploid cells require
more solar energy because they need extra carbon for colony
production (Schoemann et al., 2005). Therefore, diploid solitary
cells may prefer higher irradiance conditions than haploid cells and
are probably more suitable in the upper water layer. Overall, the
diploid and haploid cells have different light utilization modes by
which P. globosa might have a deeper vertical distribution and result
in an increasing span of their ecological niches. However, the
differences in the vertical distribution of haploid and diploid
solitary cells in the water column should be clarified in future
studies to make better projections.

CONCLUSION

Both haploid and diploid solitary cells of P. globosa in eutrophic
water can survive under low-light conditions, but haploid cells
have an advantage in extremely low irradiances. Haploid helps P.
globosa distribute to deeper dim water and result in an increasing
span of their ecological niches.
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