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Abstract

Cell size has implications for the package effect in photon absorption as well as for metabolic scaling of metabolism. In
this study, we have avoided species-related differences by using isolates of the marine planktonic diatom Coscinodiscus
granii with cells of different sizes and grown at different light intensities to investigate their energy allocation strategies. To
make full use of incident light, several fold variations in cellular chlorophyll a content were employed across cell size. This
modulation of pigment-related light absorbance was deemed effective as similar light absorbing capacities were found in all
treatments. Unexpected low values of O, evolution rate at the highest irradiance level of 450 pmol photons m~2 s~! were found
in medium and large cells, regardless of more photons being absorbed under these conditions, suggesting the operation of
alternative electron flows acting as electron sinks. The growth rate was generally larger at higher irradiance levels except for
the large cells, in which growth slowed at 450 pmol photons m~2 s~!, suggesting that larger cells achieved a balance between
growth and photoprotection by sacrificing growth rate when exposed to high light. Although the ratio of carbon demand to
rates of uncatalysed CO, diffusion to the cell surface reached around 20 in large cells grown under higher irradiance, the

carbon fixation rate was not lowered, due to the presence of a highly effective carbon dioxide concentrating mechanism.
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Introduction

The underwater light field is characterized by extreme tem-
poral and spatial variability (Dubinsky and Stambler 2009).
Accordingly, phytoplankton may need to acclimate to the
highly changing light climate to make better use of the
absorbed photons to contribute to or sustain their growth.
Acclimation strategies include changing antenna size and/
or the number of photosynthetic units to regulate the light
capture capacities (Dubinsky and Stambler 2009; Wilhelm
et al. 2014). Antenna size can be altered by the modulation
of cellular pigment content and composition. Specifically,
antenna size is usually increased upon exposure to low irra-
diance (Dubinsky and Stambler 2009; Fisher and Halsey
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2016) and is deceased during high light exposure to mini-
mize photo-damage to the photosynthetic apparatus (Goss
and Jakob 2010; Wientjes et al. 2013). Pigment composition
can also be altered by the cell as a function of irradiance,
and an increase in photo-protectant carotenoids can often
be found in high light conditions (Lavaud 2002; Domingues
et al. 2012). Under unfavorable conditions such as a sudden
exposure to high light, imbalances in the amount of absorbed
light and the photosynthetic performance may arise from
the existence of alternative electron pathways (Wagner
et al. 2006). In diatoms, these pathways include the Mehler
reaction, cyclic electron transport around PSI, and electron
cycling around PSII (Miyake 2010; Shikanai 2014; Curien
et al. 2016; Wagner et al. 2016). These processes can be seen
as additional electron sinks for energy dissipation when the
non-photochemical dissipation of absorbed energy via linear
electron flow might not be able to prevent over-reduction
in the photosynthetic apparatus (Vredenberg and Bulychev
2010; Wagner et al. 2016).

Cell size has a large influence on the photophysiology of
diatom cells. Firstly, cell size plays a part in affecting light
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absorption (Wilhelm et al. 2014). The absorption properties
of densely packed pigments in cells acclimated in low light
would be negatively affected by shading and overlapping of
pigment molecules, a phenomenon also termed the package
effect. For any fixed pigment concentration in a single cell,
the chlorophyll a (Chl a)-specific absorption coefficient of
phytoplankton, a*(A), often decreases with increasing cell
size due to a larger optical path length, d (Morel and Bri-
caud 1981; Agusti 1991; Stuart et al. 1998). To counteract
this low efficiency, larger cells tend to have lower pigment
contents per unit volume to reduce shading due to a dilu-
tion effect (Agusti 1991; Fujiki and Taguchi 2002; Finkel
et al. 2004). Accordingly, larger cells are believed to be less
susceptible to high light exposure because they tend to have
lower intracellular pigment concentrations and thus intercept
fewer damaging photons per unit pigment than smaller cells
(Key et al. 2010). Moreover, considering that smaller cells
usually show higher growth and metabolic rates compared
to larger cells, cell size could impose a trade-off between
high metabolic rates and Photosystem II (PSII) light capture
vs susceptibility to PSII photoinactivation, leading to dif-
ferent physiological strategies (Key et al. 2010). Cell size
also affects the downstream carbon metabolism to balance
light absorption, so as to achieve maximum energy conver-
sion efficiency. Sharpe et al. (2012) reported that larger cells
within the diatom species Ditylum brightwellii had higher
numbers of PSII per unit protein to meet a higher energy
requirement compared with smaller cells.

Carbon is usually not considered to be a limiting fac-
tor for growth even though it accounts for a large part of
phytoplankton biomass. However, at the prevailing seawater
pH of approximately 8.1, the concentration of free CO, in
seawater is only 10-20 pmol L™!, depending on tempera-
ture. This value may be lower at the surface of cells due
to strong CO, assimilation (Wolf-Gladrow and Riebesell
1997; Ploug et al. 1999), especially for larger cells (Kiihn
and Kohler-Rink 2008; Flynn et al. 2012). Studies have
shown that growth rates of larger phytoplankton species
were selectively favored by increased dissolved inorganic
carbon availability in seawater when compared to smaller-
sized species (Burkhardt et al. 1999; Wu et al. 2014), indi-
cating that carbon might be a limiting factor for large cells.
As cell size increases, the ratio of surface area to volume
decreases (Thingstad et al. 2005), making diffusion increas-
ingly inadequate to meet the cells’ demands (Nobel 1999;
Litchman et al. 2007). Thick diffusion boundary layers, and
hence long diffusion paths, may also exacerbate any carbon
shortage, if present.

Coscinodiscus is a genus of large marine-centric diatoms
with cell diameters of up to 500 pm (Kiihn and Raven 2007).
They are usually regarded as among the largest marine
planktonic diatom genera (Beardall et al. 2009; Finkel et al.
2010). C. granii is a large solitary diatom found in neritic
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waters and can be easily identified in girdle view due to its
wedge-like shape. Although the largest diameter on record
of this species is 180 pm (Kraberg et al. 2010), cells with a
diameter of 287 um were observed in the present work. Most
studies of effects of size have made comparisons across dif-
ferent species. In this paper, we have attempted to determine
how cells of different size (diameter ~ 120, 200, 280 pm) of
C. granii make optimal use of absorbed light in response to
different light levels. Based on the assumptions above, we
hypothesize that, larger cells will tend to be more susceptible
to high irradiances considering that a lack of adequate CO,
supply via diffusion might weaken the impact of the Calvin
cycle as an energy sink. Consequently, excess electrons will
be diverted into other pathways for dissipation, leading to
lower quantum yields of CO, assimilation (q)coz) as well
as lower quantum yields of O, evolution (d302) under such
conditions.

Materials and methods
Culture conditions

One single cell of C. granii with a diameter of 100 pm
was isolated from seawater samples of Wuyuan Bay, Xia-
men, China in March, 2016. From this single cell, cultures
were established and were grown in polycarbonate bottles
with filtered (0.45-pm pore size) natural seawater enriched
with Aquil nutrients and vitamins (Morel et al. 1979). The
incubation irradiances were provided by white LED light
(400-750 nm) in an incubator (Ruihua, Wuhan, China) and
were set at 70, 125, 225, and 450 pmol photons m2s!
by either adjusting the distances between bottles and light
sources or covering bottles with neutral density filters. All
light intensities in this work were measured with a photosyn-
thetically active radiation (PAR) sensor attached to a Multi-
Color-PAM (Walz, Effeltrich, Germany). Cultures were
maintained at 20 °C with a day/night cycle of 12/12 h. The
highest light level set in this experiment corresponds to the
highest daily averaged irradiance at the surface seawater in
Wuyuan Bay, which was around 450 pmol photons m=2 s~
All cultures were shaken at least 5 times per day and were
transferred to new medium every 1 or 2 days to ensure that
cells were in their mid-exponential growth phase. Each treat-
ment was carried out with triplicate cultures. The culture
inocula were used for optical and photosynthetic measure-
ments after ten generations under the respective conditions.

Cell size and growth
Ten cells of the same size were isolated from a stock cul-

ture that had a mixture of diameters ranging from 60 to
287 pm. The large cells in the stock culture were obtained
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from the vegetative enlargement of the small cells, as pre-
viously reported in C. wailesii by Nagai et al. (1995). All
cells with almost the same diameter originated from these
isolated ten cells. Diameters were recorded during cell
counting with Photoshop using pictures taken by a digital
camera connected to an inverted microscope (Digital Sight
DS-Fil, Nikon, Japan). The average diameter (n> 100) for
each treatment during the whole experiment was used for
calculations. Cells were approximated to a complex geo-
metrical shape for volume calculation according to Roselli
et al. (2013). Cells used in this study were divided into
three groups by their average diameters during the incuba-
tion period, 120 (113-129, small), 200 (196214, medium),
and 280 (271-287, large) pm. The smallest cells (60 pm)
observed were not amenable to culturing for longer than ten
generations because they would inevitably change size over
this time via the vegetative enlargement process and soon
the cell sizes in a single bottle became very heterogeneous.
Given that the probability of enlarging increased as they
became smaller, the diameter of 120 pm was chosen as the
smallest size used in this study.

Cell abundances were counted at least twice daily for
each bottle using a plankton chamber under an inverted
microscope. The specific growth rate (i, day™') was calcu-
lated using the following equation:

_ In(V,/N,_y)
B Dt_Dt—l ' (1)

where N, and N,_, are the cell abundance (cells mL™") at Day
t and Day t—1, respectively (Stein 1979).

Chl a content and optical absorption coefficient

Cell suspensions were filtered onto GF/F filters with low
vacuum pressure (< 0.02 MPa) and soaked in methanol over-
night at 4 °C in darkness. The extracts were centrifuged at
6000xg for 10 min to remove debris and glass fibers. The
absorption spectra from 400 to 800 nm of the supernatant
were measured with a spectrophotometer (DU 800, Beck-
man, USA). The Chl a content was calculated according to
Ritchie (2006).

The optical absorption coefficient was determined by the
quantitative filter technique (Mitchell and Kiefer 1988a,
b; Bidigare et al. 1990). Water samples were filtered onto
GF/F filters before the immediate recording of the absorp-
tion spectra from 400 to 750 nm with a spectrophotometer
fitted with an integrating sphere (Lambda950, Perkin-Elmer,
USA). A blank filter moistened with filtrate was used as a
reference. All absorption spectra were corrected for scatter-
ing by subtracting the absorption at 750 nm from the entire
spectrum (Mitchell and Kiefer 1988a, b). The optical density
obtained from particles in suspension (ODs) was converted

from the particles’ optical density on the filter (ODy) accord-
ing to Cleveland and Weidemann (1993). The Chl a-specific
absorption coefficient a*(1) (m? mg Chl a~") was calculated
as

o 2.3[0D,(4) — OD(750)]
@(h) = V/A - Chla .

@

where the factor 2.3 converts log to In, V is the filtered vol-
ume, and A is the filtered clearance area of the filter. Chl a
is the Chl a concentration of the cell suspension. The a*(1)
values obtained under different treatments were averaged
over the entire visible spectrum from 400 to 700 nm for
comparison.

The emission spectra of the light sources used during
incubation, oxygen evolution measurements, chlorophyll
fluorescence, and P700 measurements were all determined
with a fiber optic spectrophotometer (HR4000CG-UV-NIR,
Ocean Optics, USA). The photosynthetically absorbed light
(Qphar) was calculated according to Gilbert et al. (2000a, b)
and Wagner et al. (2000).

Q,. the dimensionless absorption efficiency factor, is
defined as the ratio of energy absorbed within the sphere
to the radiant energy impinging on its geometrical cross-
section, and expressed as shown in (3) (Morel and Bricaud
1981).

2e~" e’ —1
0, =1+ 7 +2- oz . 3)

p' is the optical thickness due to absorption along the central
axis of the cell, assuming cells are spherical, and calculated
as

P =dey - d, )
where a_, is the absorption efficiency factor (m~") of the cell
material and d is the optical path length. a_,, is the product
of Chl a concentration per unit volume and the unpackaged
Chl a-specific absorption coefficient (Fujiki and Taguchi
2002). The latter was assumed to be 0.025 m* mg Chl a~!
according to Moisan and Mitchell (1999) and Fujiki and
Taguchi (2002).

Q*, 1s the packaging parameter (also known as the spe-
cific absorption efficiency) and was calculated according to
Morel and Bricaud (1981):

3 0,

Q=3 5)

Photosynthesis and dark respiration
To investigate the energy conversion efficiencies in the two

photosystems, chlorophyll fluorescence and P700 parameters
were determined with a Dual-PAM-100 (Walz, Effeltrich,
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Germany). In the chlorophyll fluorescence measurement, a
series of weak measuring light pulses that induce fluores-
cence but not photosynthesis is produced. Another set of
saturating light pulses is used to briefly suppress the pho-
tochemical yield to 0, inducing a maximum fluorescence
(F,) yield from which photosynthesis can be measured.
P700 is measured in the dual-wavelength mode (difference
of intensities of 875 and 830 nm pulse-modulated meas-
uring light). P700 oxidation is characterized by a positive
signal change (Klughammer and Schreiber 2008). Satura-
tion pulses of a photon flux density of 7000 pmol photons
m~ s~! and a duration of 400 ms were used in all measure-
ments. The duration time for each light intensity was 30 s
to ensure sufficient acclimation time. Since extremely high
concentrations of Chl a are needed for P700 measurements,
cell suspensions buffered with Tris—HCI (20 mmol L™}, pH
8.16) were first concentrated onto GF/F filters with gentle
vacuum pressure (<0.02 MPa) under dim light to make an
artificial leaf according to Qiao et al. (2015). The GF/F filter
was then immediately used for measurements. In order to
obtain the maximum quantum yield of photochemistry in
PSIL, F/F,,, cell suspensions were placed in darkness for
at least 8—9 min before filtration. The maximum quantum
yield of photochemistry in PSI (Y1, ) was determined by a
saturation pulse in the presence of far-red light. YI and YII
are the effective quantum yields of PSI and PSII given by
the software.

Oxygen evolution measurements were conducted using a
Clarke-type electrode (Hansatech, UK). Cells were harvested
by filtering onto mixed cellulose filters (diameter =25 mm,
pore size 8 pm) under gentle vacuum pressure (< 0.02 MPa).
The packed cells were resuspended in seawater buffered with
20 mmol L' Tris—HCI (pH 8.16) with a final Chl a con-
centration of approximately 0.5 pg mL™". The dark respira-
tion and net oxygen evolution rates at the growth light were
determined by covering the cuvette with aluminum foil and
adjusting the distances between the light source (white LED)
and the cuvette, respectively. The temperature in the water-
jacketed cuvette was controlled at 20 °C by a water bath.

For carbon fixation determination, approximately 20 mL
of culture was transferred into 24 mL scintillation vials
and 100 pL of 5 pCi (0.185 MBq) NaH!*CO, (ICN Radio-
chemicals, USA) added. The scintillation vials were then
placed in the incubator and exposed to the same irradiances
and temperature as those in which they were grown for 1 h.
After incubation, suspensions were immediately filtered onto
GF/F filters with low vacuum pressure (<0.03 MPa) under
dim light. Analyses were conducted according to Helbling
et al. (1996) with minor modifications. In short, the filters
were exposed to HCI fumes overnight to convert all non-
assimilated *C inorganic carbon into CO, and then dried
in a thermostatic oven at 60 °C for 5 h. The amount of 4C
incorporated by the samples was counted in the presence of
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5 mL scintillation cocktail (Hisafe 3, Perkin-Elmer, USA)
with a liquid scintillation counter (Tri-Carb 2800TR, Perkin-
Elmer, USA). Dissolved inorganic carbon (DIC) was cal-
culated from total alkalinity (TA) and pH by the CO2SYS
program (Lewis et al. 1998). TA was measured using the
Gran potentiometric titration method according to Anderson
et al. (1999).

Carbon demand and supply

The ratio of carbon demand to diffusion via passive influx
was calculated to evaluate the carbon shortage in the cell.
The diffusion flux to the cell surface (mol s™!) was calcu-
lated according to Wolf-Gladrow and Riebesell (1997) and
Wau et al. (2014).

0= 47rRD<1 +R %) (%[COZ]bulk>’ (6)

where [CO,]p i« 18 the dissolved CO, concentration in
the bulk media given by CO2SYS. With a temperature of
20°C,S=35,andpH 8.1,D =1.77x107 cm’s™!, and k' =
0.018 s~! (Wu et al. 2014). R (cm) is the cell radius, which
is the half of the optical path length d (cm). The carbon
demand (mol s~!) was estimated to be gross carbon fixation
rates as given by the liquid scintillation counter.

Statistics

Factorial Analyses of Variance were carried out to test the
combined effects of cell size and irradiance. If the treatment
impacts were significant, an ANOVA was then performed
to check the effect of each individual factor and a post hoc
Duncan test was employed. All analyses of variance were
conducted after the homogeneity of variance test. For the
data that did not satisfy the homogeneity of variance, the
treatment effects were examined by Kruskal-Wallis tests.
The significance level was 0.05. Origin 9.0 was used for
graphing.

Results
Chl a content and optical absorption coefficient

Cellular Chl a was lower at higher irradiance in all cell sizes
(Fig. 1). The highest content was 4.90+0.21 ng cell™! in
large cells grown at 70 pmol photons m~2 s~!, which was
approximately 4 and 6 times higher than that of the medium
and small cells under the same light, respectively. When
Chl a contents were normalized on a volume basis, higher
values were found in small cells (p <0.01), followed by 280
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Fig. 1 Chlorophyll a (Chl a) contents normalized to cell (a ng cell™)
or volume (b 1077 ng pm_3) in C. granii cells. Mean values (+SD)
are the average of three independent measurements. Different colors
represent different cell sizes. Dark gray circles, 120 pm; light gray tri-
angles, 200 pm; orange diamonds, 280 pm. Different letters indicate

and/or 200 pm cells at all light intensities. The largest ratio
of Chl a in cells grown at 70 vs. 450 pmol photons m=2 s~!
was found in large cells, reaching 2.3, while this ratio was
less than 2 for the other two sizes.

Irradiance had a significant effect on the average specific
absorption coefficient of Chl a, (a*) (p <0.01), while for cells
with the same size only small cells under 225 pmol photons
m~ s~! had a higher value compared with other irradiances
(p <0.05) (Table 1). Higher a*(440) values were found
either under 225 or 450 pmol photons m~2 s~ in all sizes
(»<0.05, Fig. 2). In contrast, a*(675) did not show much
variation. The data for Q,,,, under growth light showed that

medium-sized cells absorbed less light under all irradiances

significant differences between growth lights. Blank, short horizontal
lines and asterisks indicate differences between sizes. ANOVA was
performed to check the effect of each individual factor and a post hoc
Duncan test was employed. The significance level was 0.05

(p <0.05). The maximum Q. was found in small cells and
around 170 pmol photons m~2 s~!, which accounts for nearly
40% of the incident irradiance of 450 pmol photons m=2s~".
However, this ratio dropped to 29% in medium-sized cells
(Table 1). It also tended to decrease with increasing inci-
dent light, suggesting a lower light absorbing efficiency in
high light. This trend was in accordance with changes in Q,
(Fig. 3). The range of Q, values varied with cell size. The
largest cells had the largest variability between the lowest
and the highest light, around 0.25, indicating a large vari-
ation in the light absorbing efficiency, while in small cells
this range was only 0.08. Medium-sized cells had the low-
est Q, values under all irradiances (p <0.01 for all light

Table 1 Physiological Size (um) Growth light @' (10 m>mg Chla™)) F/F,, Y1 0. (hmol m=2s7)
parar.l?eters in different C (pmol m™2 s71) P
granii cells exposed to different
irradiances 120 70 8.62+0.38 0.73+£0.00 0.77+£0.00  34.26+1.06
125 8.52+0.47 0.75+£0.00 0.71+£0.01  60.71+3.65
225 10.44+1.18 0.70+0.00 0.73+0.03 114.03+9.71
450 8.13+0.46 0.70+£0.00 0.81+£0.00 172.69+3.76
200 70 6.94+0.70 0.73+£0.00 0.74+0.06  31.77+0.96
125 9.24+1.26 0.75+£0.00 0.75+£0.06 60.92+1.65
225 9.75+1.81 0.75+£0.00 0.75+£0.02 94.71+3.11
450 9.48+0.73 0.73+£0.01 0.78+0.02 13330+4.71
280 70 6.44+0.53 0.76+0.01 0.80+0.03  42.82+1.05
125 6.27+1.46 0.79+0.01 0.78+0.07  69.36+1.85
225 7.45+0.76 0.75+0.02 0.82+0.03 10427+3.13
450 8.41+0.42 0.70+£0.03 0.88+0.01 157324531

Mean values (+SD) of three independent replicates of the averaged light absorption coefficient along pho-
tosynthetic active radiation (a*), maximum quantum yields of PSII (F,/F,,) and PSI (YI,,) and photosyn-

thetically absorbed irradiance (Qpp,,)
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Fig.2 a-d are Chlorophyll a-specific absorption spectra of cells
grown in different light intensities. a 70; b 125; ¢ 225; and d
450 pmol photons m~2 s~!. Different sizes are represented by lines
in different colors. Dark gray circles, 120 pm; light gray triangles,
200 pm; orange diamonds, 280 pm. Mean values (+ SD) are the aver-
age of three independent measurements. The semi-transparent areas
along the line indicate standard deviations
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Fig.3 a, b are the absorption efficiency factor (Q,) and the packaging
parameter (Q*,) plotted against cellular optical thickness (p'). Mean
values (+ SD) are the average of three independent measurements

intensities). Q*, showed similar patterns that the lowest
absorption capacity was found under 450 pmol photons
m~2s~! (p<0.01).

Photosynthesis

Both the maximum quantum yield F/F,, and the effective
quantum yield of PSII (YII) decreased with increased light
(p<0.05 for F,/F,, in medium and large cells; p <0.01 for
F/F,, in small cells; p <0.01 for YII in all sizes) irrespective
of cell size (Table 1; Fig. 4). Lower F,/F,, is usually taken
to signify that cells are in poor physiological condition and
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Fig.4 Photochemical efficiency in the two photosystems measured
under growth light. a PSI. b PSII. ¢ Ratios of YI to YII. Mean values
(+SD) are the average of three independent measurements. The hori-
zontal line in ¢ means that the ratio of YIto Yl is 1

that damage might have occurred in PSII. However, even
the lowest F,/F,, (around 0.7) and YII (around 0.5) in this
work were relatively high. Therefore, it is hard to judge how
these cells were performing from these two parameters,
since these values may be favorable when compared with
other species. Y1 ,, showed no variations except that the
value under 70 pmol photons m~2 s~! was highest in small
cells (Table 1). YI also declined with increased light levels at
rates faster than the changes in YII for small and large cells.
The rapid decrease in Y1 resulted in ratios of YI to YII that
are less than 1. Maximal values of YI and YII were observed
at 70 pmol photons m~2 s~! in all size cells, though there
were no significant differences for YI due to the large vari-
ation in the data. There was a significant decrease in YI and
YII in higher light in small and large cells. YI was reduced
by around 71% in large cells while the decrease of YII never
reached 40% (Fig. 4).

Unexpected low values of O, evolution rate (pmol O,
cell”! h™!) at 450 pmol photons m~2 s™! were found in
medium and large cells (p <0.01), regardless of the fact that
more photons were being absorbed under these conditions
(Fig. 5). Unlike O, evolution, carbon fixation rates (umol C
cell™! h™") increased with irradiance. Significantly higher
C assimilation rates were found under 450 pmol photons
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Fig.5 Oxygen exchange and
carbon fixation rates per unit
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m~2s~! for all sizes (p <0.05). Dark respiration rates (jmol
0, cell™! h™!) for different-sized cells were similar at all
light levels except that medium cells had lower rates under
450 pmol photons m~2 s~! (p <0.01). Large cells had over
three times and nearly one and a half times higher rates than
those of small and medium cells grown under lower light
intensities, respectively. When the rates were normalized to
cell volume, the differences between medium and large cells
were not so evident, though small cells showed higher rates.

The discrepancy between oxygen evolution and carbon
fixation was also reflected in the quantum yields of O, and
CO, (Fig. 6). ®p, and O, are defined as the number of
moles of O, or CO, evolved or assimilated, respectively,
when 1 mol photons is absorbed. The theoretical value

| |
100 150

| I
2000 50 100 150 200

2 -1
Q.. (wmol photons m™s™)

for @, of 0.125 can only be reached when all absorbed
photons are used in photosynthesis, which is not the case
under most circumstances. One would expect higher quan-
tum yields under dim light, which is true for O, evolution
in this work. In all cell sizes, maximum and minimum
@, were found in the lowest and the highest irradiance
levels, respectively (p <0.05). In contrast to d>02, the trend
was not significant for @, , which was indeed higher at
70 pmol photons m~2 s~! for small (p <0.01) and medium
(p <0.01) cells but greater at 225 pmol photons m~> s~
for large cells (p <0.01). This result suggests that car-
bon assimilation saturates at much higher irradiances
than oxygen evolution and the energy produced in the
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Fig. 6 Quantum yields of O, evolution (a) and carbon fixation (b) in
growth light. ®, and @, are defined as the number of moles of O,
or CO, evolved or assimilated, respectively, when 1 mol photons is
absorbed. ¢ The ratio of carbon demand to CO, diffusion flux plot-
ted against Q. Mean values (£SD) are the average of three inde-
pendent measurements except for 280 pm cells grown at 225 pmol

photons m~2 s! in ¢, which was the average of two independent

measurements instead of three. One clear outlier was found in ¢ and
is shown separately in the figure. Different letters indicate significant
differences between irradiances. Blank, short horizontal lines and
asterisks indicate differences between sizes. ANOVA was performed
to check the effect of each individual factor and a post hoc Duncan
test was employed. The significance level was 0.05

light reactions of photosynthesis might not be necessar-
ily enough to support the high energy demand of carbon
fixation.

The ratio of carbon demand to diffusion showed an
upward tendency with an increase in Q. (Fig. 6). Much
higher ratios, reaching around 20, were found in large cells
under 225 and 450 pmol photons m~2s~! (p <0.01), indicat-
ing a potential carbon shortage in larger cells given the high
carbon fixation rates.

Energy transfer to growth
Growth rates were measured daily during the acclima-

tion period of approximately one week. The growth rates
from Day 2 to 7 in the same treatment were averaged for
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comparison. Cells grew faster in higher incubation irra-
diances except for the large cells. Large cells grown at
225 pmol photons m~2 s~! had the highest growth rate,
0.84 +0.02 day ~!, whereas higher light reduced growth
(0.76 +0.04 day 1 (p<0.01) (Fig. 7). Overall, large cells
had longer generation times under all irradiances (p <0.05).
The lowest specific growth rate was only 0.51 +0.03 day ™!,
which was nearly threefold lower than the maximum of
medium-sized cells grown under 450 pmol photons m=2s™".
Growth rates plotted against Q,, and gross carbon fixa-
tion rate per volume showed similar patterns with the larg-
est and smallest slopes found in medium and large cells,
respectively.

Discussion

Similar a* values under different irradiances (Table 1) imply
a similar light absorbing capacity across different sizes of
this species. The narrowest range of absorbed light between
the lowest and the highest irradiance levels was around
100 pmol photons m~ s~! in medium-sized cells, which
was nearly four times lower than that of the incident light.
This suggests that the strategy of antenna size adjustment
was to some extent effective. The peak absorption of a*(4) is
generally located at wavelengths of 440 and 675 nm (Culver
and Perry 1999). The variability of a*(675) is mainly caused
by Chl a, while a*(440) can be affected by accessory pig-
ments as well (Fujiki and Taguchi 2002). The higher a*(440)
values under high light in this work are probably due to
decreased packaging of these accessory pigments. Although
cells absorbed more photons under higher incident irradi-
ance, the efficiency of light absorption decreased in spite of
less shading. This decrease in O, was caused by lower p'. p'
can be seen as the optical thickness due to absorption. When
p' is infinitely large, reflection does not exist and the absorb-
ing sphere tends to become a perfect black body (Morel and
Bricaud 1981). High light resulted in less Chl a per volume,
making cells more transparent; thus they exhibited lower
p'. Under the same irradiance level, the Chl a content of
large cells has to be many fold greater to achieve a similar
absorption efficiency when compared to smaller cells due to
the longer optical path length. Although large cells had the
greatest variability in p’ values (see Fig. 3), it is likely that
they can only benefit from the dilution effect under lower
irradiance levels.

The results presented here show most ratios of YI to YII
deviated from 1 (see Fig. 4). Therefore, there was a possi-
bility that the activity of CET in the two photosystems was
imbalanced. The absolute electron transport rate (ETR) in
the two photosystems is usually calculated as ETR; or ETR;
= Qphar X 0.5 X Y@ or YII, where the factor 0.5 assumes
that the two photosystems absorb the same amount of light.
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ETRy; should then be the sum of linear electron trans-
port (LET) rate and cyclic electron transport rate in PSII
(CETpgyp) and ETR; should be the sum of LET and CETpg;.
If YI does not equal to YII, this would reflect CET activity,
either in PSI or PSII. Another cause might be the use of
the artificial-leaf method in this experiment. Although the
filters were kept wet during the measurements, the unnatural
conditions could have stressed the cells and made them more
sensitive to high light. The quantum yield of PSI depends on
the redox states of P700 and the PSI acceptors (Klughammer
and Schreiber 2008). The reaction center is open only when
P700 is reduced and its acceptor is oxidized. Whether the
acceptor side is over-reduced largely depends on the state of
carbon fixation since the ultimate electron acceptor of PSI
is usually NADP, which is then reduced and used for carbon
assimilation as NADPH. Basically, it was unexpected that Y1
decreased to the extent it did at high irradiances (see Fig. 4)
because both the donor and the acceptor side of PSI were
not limited, which was reflected by the steady YII and the
high carbon assimilation rates. The hypothesis of the “0.5”
factor could also be problematic. For optimal performance,
the excitation pressure on the two photosystems needs to
be balanced (Wientjes et al. 2013). Although no evidence
for state transitions has been found in diatoms so far (Cruz
et al. 2011; Wilhelm et al. 2014), they can adjust the ratio of
PSII to PSI in acclimation to different irradiances (Falkowski
et al. 1981). Presumably PSI reaction centers absorbed more
light, at least in large cells, whose ratios of YI to YII never
exceeded 1 under all irradiances. It is hard to determine
which form of CET played a larger part in energy dissipa-
tion in this work, and further experiments with modified
methodology are necessary to resolve this problem.

The mismatch between the high carbon assimilation rates
and the lowered growth rates in large cells grown under high

light (see Fig. 7) could result from a larger fraction of the
assimilated carbon being excreted either as coating com-
ponents or as mucilage. Under optimal conditions of light,
nutrient availability and temperature, the carbon flux for the
synthesis of cell macromolecules is in equilibrium with the
energy flux provided by photosynthesis. However, changing
environmental conditions can result in a loss of equilibrium
between these two fluxes (Wagner et al. 2017). In a study of
two different-sized diatom, Thalassiosira pseudonana and
T. punctigera, a prolonged photoperiod, and thus more accu-
mulated photons, was found to be inhibitory to growth of the
larger-sized species (Li et al. 2017). The authors proposed
that the down-regulation of organic carbon excretion was
responsible for the increased carbon fixation per PSII trans-
ported electron in shorter photoperiods. The 12-h high light
photoperiod in this work, however, might be long enough to
cause significant carbon loss through excretion. Diatom frus-
tules are covered externally with organic coatings that may
comprise remnants of complex sulphated polysaccharides
(Von Stosch 1981). It has been reported that C. granii can
produce extracellular acidic polysaccharide which contrib-
utes to marine mucilage (Fukao et al. 2009). The excretion
of mucilage might also contribute to carbon loss based on
observations of increased mucilage under higher irradiances
(data not shown). Extracellular compounds are supposed
to be better able to screen the protoplast than intracellular
compounds (Beardall et al. 2009). The release of dissolved
organic matter usually increases when exposed to high light
(Mueller et al. 2016). It is likely that the excreted carbon
plays important roles in photoprotection—either as coating
components or as an energy sink.

In the work presented here, the gross oxygen evolution
rates either reached a plateau or were reduced under higher
irradiances in larger cells, whereas rises in carbon fixation
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were observed in high light in cells of all sizes. These data
correspond to the variations in @ and ¢, . Lower quan-
tum yields were found in oxygen evolution but not in carbon
assimilation under high light (Fig. 6). When the gross O,
evolution or the carbon fixation rate is plotted against Q
(see Fig. 5), one would expect the photosynthetic rates be
proportionate to Q.. based on two assumptions. The first is
that all absorbed photons lead to release of electrons at PSII
and are only involved in the linear electron transport chain
(Jakob et al. 2005; Wagner et al. 2006). The second is that
carbon assimilation is not limited by its substrate and is the
only sink of ATP and redundant produced by the light reac-
tion (Behrenfeld et al. 2008). However, these are not likely
to happen in most situations. One possible explanation of the
lowered O, evolution in larger cells could be that the elec-
trons released in charge separation were dispersed in alter-
native pathways for energy dissipation. Early findings have
provided direct evidence for enhanced oxygen consump-
tion in the light via reduction of O, at the PSI acceptor side
(Badger et al. 2000), a process termed the Mehler reaction.
As one of the water—water cycles, it can act as an electron
sink in the dissipation of excess photon energy against pho-
tosynthesis (Miyake 2010). The observed low O, evolution
rates in high light in larger cells might be partly due to the
activity of this reaction. However, the O, evolution rates of
the smallest cells were indeed larger in higher light intensi-
ties (see Fig. 6). Hence, we cannot rule out the possibility
that cells grown under higher light were more susceptible
to damage caused by stirring in the cuvette, especially for
larger sizes. When cells were taken out from the cuvette
and observed with a microscope after measurements, much
more damage was found in cells grown under higher light
(data not shown). This might be related to the strength of the
frustules. A highly significant inverse relationship between
silica content and light intensity has been reported in C.
granii (Taylor 1985). It is possible that larger diatoms could
be more easily damaged by stirring, and reduced mechanical
strength of frustules due to the lower silica content in cells
grown under higher light further exacerbated the situation.
Therefore, the O, evolution rate for larger cells grown under
high light could have been underestimated.

The high ratios of carbon demand to carbon flux via diffu-
sion (see Fig. 6) suggest a very effective CCM in C. granii.
Goldman (1999) reported that the active uptake of inorganic
carbon ensured free CO, was not the limiting factor for
growth in C. granii. In his work, growth was not limited until
pH reached 8.7. The different slopes in both the growth—
Qphar and growth—gross carbon fixation plot indicate that
the energy utilization efficiencies were lower in large cells
while higher in medium-sized cells (see Fig. 7). We sug-
gest that large cells were not necessarily successful in main-
taining the balance between growth and photoprotection.
Growth was to some extent sacrificed to photoprotection.

@ Springer

This study demonstrated that larger cells were more
susceptible to high light stress. Instead of energy being
channeled mostly into growth, much energy was allocated
to photoprotection. It was surprising that despite the large
discrepancy between carbon demand and flux, fixation was
light-limited, but not carbon-limited in all cells indicated
by similar @, . Even if the carbon supply might have been
more affected in large cells, the effective CCM ensured a
non-substrate limited carbon fixation. The alternative elec-
tron transport pathways, such as the Mehler reaction, might
have resulted in the lowered net O, evolution, though there
could be an underestimation of O, evolution in medium-
sized and large-sized cells. Considering the differential
photosynthetic performance among the different sizes of
cell, this species could be very competitive when exposed
to dynamic changes in coastal environmental conditions.
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