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a b s t r a c t

We studied the effects of elevated CO2 concentration and seawater acidity on inorganic carbon acqui-
sition, photoinhibition and photoprotection as well as growth and respiration in the marine diatom
Thalassiosira pseudonana. After having grown under the elevated CO2 level (1000 matm, pH 7.83) at sub-
saturating photosynthetically active radiation (PAR, 75 mmol photons m�2 s�1) for 20 generations,
photosynthesis and dark respiration of the alga increased by 25% (14.69 � 2.55 fmol C cell�1 h�1) and by
35% (4.42 � 0.98 fmol O2 cell�1 h�1), respectively, compared to that grown under the ambient CO2 level
(390 matm, pH 8.16), leading to insignificant effects on growth (1.09 � 0.08 d�1 v 1.04 � 0.07 d�1). The
photosynthetic affinity for CO2 was lowered in the high-CO2 grown cells, reflecting a down-regulation of
the CO2 concentrating mechanism (CCM). When exposed to an excessively high level of PAR, photo-
chemical and non-photochemical quenching responded similarly in the low- and high-CO2 grown cells,
reflecting that photoinhibition was not influenced by the enriched level of CO2. In T. pseudonana, it
appeared that the energy saved due to the down-regulated CCM did not contribute to any additional light
stress as previously found in another diatom Phaeodactylum tricornutum, indicating differential physi-
ological responses to ocean acidification between these two diatom species.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The oceans are taking up over one million tons of CO2 per h and
have been acidified by 30% since the industrial revolution, and will
be further acidified by 150% (pH drop to 7.8) by the end of this
century (Caldeira and Wickett, 2003; IPCC, 2001), leading to ocean
acidification. Typical chemical changes associated with the ocean
acidification are increased concentrations of pCO2, Hþ and HCO3

�

and decreased concentration of CO3
2� and the CaCO3 saturation

state. Reduction of pH in seawater can affect the intracellular acid-
base balance or the energy demand to maintain the balance and,
therefore, membrane electrochemical potential and enzyme
activity may be influenced (Kramer et al., 2003; Milligan et al.,
2009). At the same time, elevated CO2 levels can influence inor-
ganic carbon (Ci) acquisition of phytoplankton (Burkhardt et al.,
2001; Trimborn et al., 2009), resulting in changes in growth rate
and primary productivity (see the review by Riebesell and Tortell,
2011 and references therein). A number of studies show stimula-
tive effects on phytoplankton primary productivity (Hein and Sand-
: þ86 592 2187963.
ksgao@xmu.edu.cn (K. Gao).

All rights reserved.
Jensen, 1997; Riebesell and Tortell, 2011), while unaffected (Boelen
et al., 2011; Nielsen et al., 2012, 2010; Tortell et al., 2002, 2000;
Tortell and Morel, 2002) and negative effects (Feng et al., 2009;
Low-DÉCarie et al., 2011; Torstensson et al., 2012) of ocean acidi-
fication have also been observed.

Diatoms are responsible for about 40% of the total primary
production in the oceans. The half-saturation (K1/2) CO2 concen-
tration for carboxylation catalyzed by Rubisco is suggested to range
from 31 to 41 mmol L�1 CO2 (Badger et al., 1998), about three to four
times higher than the ambient CO2 concentration of seawater.
Theoretically, photosynthesis and growth of diatom species can be
limited by the availability of CO2 (Riebesell et al., 1993), and oceanic
primary production might be enhanced by increasing atmospheric
CO2 concentration (Hein and Sand-Jensen, 1997; Riebesell and
Tortell, 2011; Schippers et al., 2004). However, the growth rate of
diatom-dominated phytoplankton assemblages is not affected by
an elevated CO2 concentration of 800 matm, although changes occur
in cellular biochemistry (Tortell et al., 2000). Growth of Skeletonema
costatum is not stimulated by enriched CO2 concentration
(800 matm) under laboratory conditions (Chen and Gao, 2003), but
it is enhanced in a mesocosm at an elevated CO2 concentration of
750 matm (Kim et al., 2006). Growth of the diatoms Phaeodactylum
tricornutum (Wu et al., 2010), Navicula pelliculosa (Low-DÉCarie
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et al., 2011) and Attheya sp. (King et al., 2011) is also enhanced
under elevated CO2 levels under laboratory conditions. These
controversial findings reflect differential physiological responses
among different species or different experimental conditions.
Obviously, more work is needed to explore the mechanistic
responses of different diatom species to ocean acidification.
Although photosynthesis of diatoms is likely to be stimulated by
increased availability of CO2, lower pH might enhance their respi-
ration too (Wu et al., 2010), which would down-regulate their
contribution to the marine biological CO2 pump. However, little is
known on this aspect.

Most diatoms operate CO2 concentrating mechanisms (CCMs) to
supply CO2 to the proximity of Rubisco, which exhibits active
transport of CO2 and/or HCO3

� across the cellular membrane.
Different algal species or growth conditions show differential
preferences to CO2 or HCO3

� (Burkhardt et al., 2001; Nimer et al.,
1997). For example, Thalassiosira punctigera exclusively use free
CO2 (Elzenga et al., 2000), while Thalassiosira pseudonana can take
up both CO2 andHCO3

� (Trimborn et al., 2009), which can be directly
transported across the cell membrane without extracellular catal-
ysis by periplasmic carbonic anhydrase (eCA) (Elzenga et al., 2000;
Nimer et al.,1997). Both eCA and intracellular CA (iCA) accelerate the
inter-conversion of CO2 and HCO3

� and facilitate Ci acquisition
(Silverman, 1991). The activity of eCA can be down-regulated under
elevated CO2 concentrations relevant to climate change (Burkhardt
et al., 2001; Chen and Gao, 2003; Martin and Tortell, 2008; Matsuda
et al., 2001; Rost et al., 2003), therefore, active transport or use of
HCO3

� would be reduced. Thalassiosira weissflogii operates a C4-like
pathway to concentrate intracellular Ci, which is stored as an
organic C4 carbon compound (malic or aspartic acid) with the
catalysis of phosphoenolpyruvate carboxylase (PEPCase) prior to
fixation byRubisco (Reinfelder et al., 2000, 2004); and T. pseudonana
may also operate such C4 pathway since it has the genes of PEPCase
and phosphoenolpyruvate carboxykinase (PEPCKase) (Armbrust
et al., 2004). Operation of CCMs is energy-dependent, because
active transport of CO2 and/or HCO3

� (Li and Canvin, 1998), biosyn-
thesis of CA and PEPCase (Bouma et al., 1994) and maintaining
higher cellular Ci concentration by counteracting CO2 efflux
(Sukenik et al., 1997; Tchernov et al., 1997) are all costly. From this
point of view, the energy saved from the down-regulated CCM of
phytoplankton may stimulate their growth under elevated levels of
CO2 when photosynthesis is light limited (Wu et al., 2010).

On the other hand, down-regulated CCMs might cause addi-
tional light stress (Wu et al., 2010). Previously, energy delivered
from photochemical processes was suggested to fuel active trans-
port of CO2 and HCO3

� (Li and Canvin, 1998; Sültemeyer et al., 1993;
Sukenik et al., 1997). The major energy expended by the CCMs in
diatoms is in active Ci transport (Hopkinson et al., 2011). Doubling
of the atmospheric CO2 level would save about 20% of the energy
demand for CCMs of diatoms such as T. weissflogii, T. pseudonana,
Thalassiosira oceanica and P. tricornutum (Hopkinson et al., 2011).
Such saved light energy might lead to additional light stress and
cause photoinhibition (Wu et al., 2010). It is possible that the
observed effects of ocean acidification on different diatom species
depend on the balance between the down-regulated and up-
regulated physiological processes due to increased CO2 avail-
ability and changes in seawater chemistry. The aim of this study
was to examine the effect of ocean acidification on growth,
photosynthesis, dark respiration, Ci acquisition, photosynthetic
electron transport, photoinhibition and photoprotection of
T. pseudonanawhen acclimated to elevated CO2/low pH conditions.
We found that the enrichment of CO2 to 1000 matm with the
reduction of pH to 7.83 enhanced photosynthetic carbon fixation
and mitochondrial respiration but result insignificant changes in
growth rate or photoinhibition.
2. Materials and methods

2.1. Culture conditions

Thalassiosira pseudonana (CCMP 1335) was inoculated in natural
seawater collected from the pelagic South China Sea (18� N, 111� E),
which had been autoclaved and enriched with Aquil medium
(Morel et al., 1979). This species is a model diatom with whole
genome known (Armbrust et al., 2004). The strain used in this
study is recognized to have been maintained under indoor condi-
tions for decades. Nevertheless, physiological studies after the
strain’s acclimation to ocean acidification condition still can
provide some species-level knowledge. The cells were grown in
500-mL Erlenmeyer flask in a plant growth CO2 chamber
(HP1000G-D, Ruihua, China) at 20 � 0.1 �C with a 12 h:12 h
light:dark cycle. Cultures were illuminated at 75 mmol photons
m�2 s�1 (a sub-saturating photosynthetically active radiation (PAR)
intensity) provided by cool-white fluorescent lamps. By partially
renewing the culture medium every 24 h (at the end of the light
period), cell concentration was controlled within a range of
0.7 � 105 to 2.5 � 105 cell mL�1 (exponential growth phase) for 10
generations before being used for the CO2 perturbation experiment.
Cells were counted using a Coulter Z2 Particle Count and Size
Analyzer (Beckman Coulter Inc., Fullerton, CA, USA), before and
after renewal of the medium, every 24 h.

Two levels of CO2 concentration, 390 matm (outdoor ambient
air) and 1000 matm (projected for the end of this century according
to IPCC, 2001), were prepared in two separate plant growth CO2
chambers, where the CO2 perturbation experiment was carried out.
The enriched CO2 level was a mixture of outdoor ambient air and
pure CO2, automatically controlled by continuous CO2-sensing and
controlling systems equipped with the CO2 chamber, leading to
a variation in the CO2 concentration of less than 5%. Culture
conditions (e.g. culture vessel, temperature, growth light intensity,
light:dark cycle, cell concentration) for the CO2 perturbation
treatment were the same as mentioned above. The cultures were
aerated to achieve an ocean acidification condition with 0.22-mm-
filtered target gases at a flow rate of 350mLmin�1, and dilutedwith
pre-CO2-equilibrated medium, so that stable pH levels were sus-
tained during the culture (Table 1). Triplicate cultures were run for
each CO2 treatment. All the experiments were carried out using the
cells that had acclimated to CO2 perturbation for at least 20
generations.

After being acclimated to the two CO2 levels for more than 20
generations, specific growth rate (m, d�1) of T. pseudonana was
determined based on the change in cell concentrations over 24 h.
For measurement of the photosynthetic pigment contents, cells of
each culture were collected on 25-mm diameter GF/F filter
(Whatman Inc., Piscataway, NJ, USA), extracted in the dark for 4 h
with pure methanol at room temperature (Lloyd and Tucker, 1988),
and measured spectrophotometrically using a DU800 spectropho-
tometer (Beckman Coulter Inc., Fullerton, CA, USA). The concen-
trations of chlorophyll a (Chl. a) and chlorophyll c (Chl. c) were
calculated according to Ritchie (2006).

2.2. Determination of seawater carbonate chemistry

Dissolved inorganic carbon (DIC) and pH were measured prior
to and after the daily dilution as well as at the middle of the light
period to assure the stability of the carbonate system in culture. DIC
was measured using an automatic system (AS-C3, Apollo SciTech
Inc., Bogart, GA, USA) involving an infrared gas detector (Li-Cor
7000, Li-Cor) after the samples were filtered into a syringe without
any watereair CO2 exchange. Samples (0.5 mL) were acidified using
phosphoric acid, and any subsequently released CO2 was quantified

user
线条

user
下划线

user
下划线

user
下划线

user
下划线



Table 1
Carbonate chemistry parameters at the end of the light period (After), in the middle of the light period (Mid) and 24 h later before the dilution of the medium (Prior) for low-
CO2 (LC, pH 8.16, upper line) and high-CO2 (HC, pH 7.83, lower line) cultures. Total dissolved inorganic carbon (DIC), pHNBS, nutrient concentration, temperature (20 �C) and
salinity (35) were used to calculate other parameters by running the CO2 system analyzing software (CO2SYS). TA stands for total alkalinity. These parameters were averaged
from three replicate measurements. The values are means � SD. Different superscripted letters represent significant difference between the ambient and acidified conditions.

pHNBS DIC (mmol kg�1) HCO3
� (mmol kg�1) CO3

2� (mmol kg�1) CO2 (mmol kg�1) TA (mmol kg�1)

After 8.16 � 0.01a 2041.1 � 4.1a 1832.6 � 1.7a 195.1 � 2.8a 13.4 � 0.1a 2332.2 � 8.0a

7.83 � 0.02b 2221.0 � 10.2b 2084.4 � 13.1b 103.9 � 4.9b 32.7 � 1.9b 2348.3 � 2.9a

Mid 8.16 � 0.01a 2048.0 � 3.6a 1838.7 � 1.2a 195.8 � 5.0a 13.5 � 0.3a 2319.9 � 2.4a

7.85 � 0.01b 2205.8 � 5.3b 2068.2 � 5.9b 106.2 � 1.1b 31.5 � 0.5b 2338.0 � 3.1a

Prior 8.16 � 0.01a 2036.5 � 8.5a 1829.7 � 7.0a 193.3 � 4.5a 13.5 � 0.4a 2315.2 � 13.1a

7.82 � 0.01b 2181.7 � 7.1b 2050.0 � 8.8b 98.3 � 3.0b 33.4 � 1.3b 2301.0 � 1.3a
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with an infrared CO2 detector (Cai and Wang, 1998). The pH value
was measured using a DL15 Titrator (Mettler-Toledo, Schwerzen-
bach, Switzerland), which was calibrated (3 point calibration) every
day with standard NBS (National Bureau of Standards, USA stan-
dard) buffer solution (Hanna). Parameters of the carbonate system
were calculated from the known value of DIC, pH, salinity, silicate,
phosphate and temperature using the CO2SYS software (Lewis and
Wallace, 1998). Equilibrium and dissociation constants for carbonic
acid and boric acid were chosen according to Roy et al. (1993) and
Dickson (1990), respectively.

2.3. Determination of photosynthesis and respiration rates

In the middle of the light period, cells were gently collected onto
50-mm diameter nitrocellulose membranes (0.22-mm pore-size,
Xinya, China) under low pressure (<0.2 MPa, no ruptured cells
were microscopically observed), washed off and re-suspended in
50 mmol L�1 Tris buffered medium (Tortell et al., 2000), which was
pre-equilibrated with the target CO2 gases, and the pH levels were
adjusted by adding hydrochloric acid or sodium hydroxide to
equate with their growth levels (7.83 and 8.16 for the high- and
low-CO2 grown cells, respectively). Cell suspensions with a final
concentration of ca. 1.5 � 105 cell mL�1 were dispensed into 15-mL
quartz tubes, incubated with 100 mL�5 mCi (0.185 MBq) of 14C-
labeled sodium bicarbonate (ICN Radiochemicals, Irvine, CA, USA)
under a halogen lamp (which emits a small amount of UV irradi-
ance). All the tubes, wrapped with Ultraphan 395 foil (UV Opak,
Digefra, Munich, Germany) to cut off UV radiation, were placed in
a water bath for temperature control at 20 � 0.1 �C using a circu-
lating cooler (CTP-3000, Eyela, Tokyo, Japan). Different layers of
neutral density screen were adopted to achieve seven levels of PAR
intensity (15, 33, 46, 111, 191, 348 and 600 mmol photons m�2 s�1),
and tubes wrapped with aluminum foil were incubated as the dark
control. Triplicate tubes for each PAR level were incubated for
20 min (no significant change of pH was observed during 20 min
incubation). After incubation, cells were filtered ontoWhatman GF/
F filters (25 mm), which were placed into 20-mL scintillation vials
and exposed to HCl fumes overnight, then dried (50 �C, 6 h) to expel
non-fixed labeled carbon (Gao et al., 2007). Radioactivity of the
fixed 14C was counted with a liquid scintillation counter (Tri-Carb
2800TR, PerkineElmer, Waltham, USA) after adding 3 mL scintil-
lation cocktail (Hisafe 3, PerkineElmer) to each vial. The rate of
photosynthetic carbon fixation was calculated according to Holm-
Hansen and Helbling (1995).

For measurement of dark respiration, cells were harvested and re-
suspended as above with a final concentration of ca.
2.5 � 106 cell mL�1 in a 20-mL tube, which was placed in a water-
jacketed chamber for temperature control (20 � 0.1 �C). Dark accli-
mation for 10 min was applied to eliminate the effect of post-
illumination of low PAR intensity on dark respiration before
measurement (Beardall et al., 1994). Respiratory O2 removal was
measuredusing aClark-type oxygen electrode (5300A, YellowSprings
Instruments, USA) in darkness for 10 min. Since the cultures were
maintained axenically, no O2 consumption was detected in the
mediumafterfilteringoff the cellswith0.22-mmpore-sizemembrane,
indicating that bacteria did not contribute to the O2 removal.

2.4. Fluorescence measurements

Chlorophyll a fluorescence is a powerful indicator for the prop-
erties of the photosynthetic apparatus. To assess the photochemical
responses of the cells to the changes in the seawater carbonate
system, we measured the rapid light curve (RLC), photochemical
quantumyield (FPSII), non-photochemical quenching (NPQ) and the
effective absorption cross-section of the photosystem II (PSII)
reaction centers (sPSII, nm2 PSII�1) using a Xenon-Pulse Amplitude
Modulatedfluorometer (XE-PAM,Walz, Germany) or a Fluorescence
Induction and Relaxation system (FIRe, Satlantic, Halifax, Canada).
Cells were collected, washed and re-suspended in 50 mmol L�1 Tris
buffer medium with an approximate concentration of
0.5 � 105 cell mL�1. Low-CO2 grown cells re-suspended in low-CO2
bufferwerenamedLC cells,while if theywere re-suspended inhigh-
CO2 buffer then they were named LCeHC cells. The similar defini-
tions were applied to HC and HCeLC cells. The XE-PAM displays
superiority in measuring RLC (Gordillo et al., 2001; Ihnken et al.,
2010) and was chosen for RLC determination in the present study.
Before measurement of RLC, the re-suspended cells were incubated
at 75 mmol photons m�2 s�1 and 20 �C for 10min to avoid induction
effects on the photosystems caused byquasi-dark adaptation during
manipulation. The RLC is the relative electron transport rate (rETR)
in response to eight different, and increasing actinic, PAR intensities,
with a 10 s duration for each increment separated by a 0.8 s satu-
rating pulse (4000 mmol photons m�2 s�1). The rETR (an arbitrary
unit) was calculated as: rETR ¼ FPSII � 0.5 � PFD, where FPSII is the
photochemical quantum yield of PSII in light, PFD is the actinic PAR
intensity (mmol photons m�2 s�1), and the factor 0.5 accounts for
approximately 50% of all the absorbed energy allocated to PSII. To
simultaneously examineFPSII, NPQ and sPSII in response to excessive
PAR levels, the FIRe was chosen since it was not possible to obtain
sPSII with XE-PAM. The cells were dark acclimated for 15 min before
being exposed to growth light intensity (75 mmol photons m�2 s�1)
or excessive PAR levels (1200 mmol photons m�2 s�1). The photo-
chemical quantum yield was calculated as FPSII ¼ (Fm � F0)/Fm for
dark-adapted cells or FPSII ¼ (Fm0 � Ft)/Fm0 for light-adapted cells,
where Fm and Fm0 are the maximum chlorophyll fluorescence yields
in thedark-adapted and the light-adapted states, respectively; F0 the
minimal chlorophyll fluorescence yield in the dark-adapted state;
and Ft the steady fluorescence level in light-adapted state. NPQ was
calculated as: NPQ¼ (Fm� Fm0)/Fm0. Since the absolute values of the
photochemical yield differ by about 15% between XE-PAM and FIRe
techniques (Falkowski et al., 2004), comparisons were always made
for the data obtained from the same device.
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Fig. 1. Photosynthetic carbon fixation rate (A) and rETR (B) as a function of dissolved
inorganic carbon (DIC) concentrations, obtained under photon flux densities of
400 mmol photons m�2 s�1. Half-saturation constants (K1/2) for DIC (C, left) and CO2 (C,
right) were derived from (A) and (B). Both the ambient (low)-CO2 (LC, 390 matm,
pH ¼ 8.16) and high-CO2 (HC, 1000 matm, pH ¼ 7.83) grown cells were measured at the
same pH level of 8.16. Asterisks above histogram bars indicate significant difference
between LC and HC grown cells at p ¼ 0.05 level.
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2.5. Determination of photosynthetic inorganic carbon affinity

Photosynthetic affinity for CO2, reflecting an operational effi-
ciency of the CCM,was determined using either the PSII fluorescence
technique (Wu et al., 2010) or the 14C-labeling technique. In order to
compare their Ci acquisition capability, the photosynthetic carbon
fixation and electron transport rates were measured as a function of
DIC concentration at the same pH level of 8.16 for the high- and low-
CO2 grown cells. The collected cells were re-suspended at ca.
1.5 � 105 cell mL�1 in DIC-free medium buffered with 50 mmol L�1

Tris. Exhaustion of intracellular Ci was obtained by incubating the
cells in DIC-free solution for less than 20 min before each measure-
ment. Both photosynthesis v DIC and rETR v DIC curves were deter-
mined with different samples in freshly prepared media of different
DIC levels (that is, bicarbonate was not added consecutively into the
same bottle). For photosynthesis v DIC curves, 14C labeled sodium
bicarbonatewas added in the same amount asmentioned above and
incubated under a photosynthesis-saturated PAR level of 400 mmol
photons m�2 s�1 for 20 min. While for rETR v DIC curves, the steady
yield of rETR for each DIC level (eight levels) was obtained within
3 min at actinic light of 400 mmol photons m�2 s�1.

2.6. Data analysis

Significant differences among treatments were analyzed using
One-way ANOVA and the Tukey test (confidence level p¼ 0.05). The
photosynthesis v irradiance curves (PeI curves)werefitted following
themodel, P¼ Pmax� tanh (a� I/Pmax) (JassbyandPlatt,1976),where
P is the photosynthetic rate normalized to cell concentration (fmol
C cell�1 h�1), Pmax is the maximum photosynthetic rate, a is the
apparent photosynthetic efficiency, and I is the PAR intensity. Ik, the
PAR intensity at which photosynthesis is initially saturated, was
calculated as Pmax/a. The RLCs were analyzed in the same way. The
photosynthesis v DIC and rETR v DIC curves were fitted according to
theMichaeliseMenten formula: V¼ Vmax� S/(K1/2 þ S), fromwhich
the corresponding kinetic parameters of half-saturation constants
(K1/2) and themaximum rates (Vmax) for photosynthesis and relative
electron transport were derived. The ratio of Vmax to K1/2 was used to
evaluate the capacity for Ci acquisition or carboxylation (Xu andGao,
2009), which reflects that with the same K1/2 value, cells with higher
Vmax possess higher efficiency of Ci acquisition or carboxylation.

3. Results

3.1. Carbonate chemistry system

Carbonate chemistry parameters under the simulated ocean
acidification condition were representative of those projected for
the end of this century (Table 1). Enriched CO2 concentration in air
to 1000 matm significantly increased DIC, HCO3

� and CO2 in the
medium by 7.87%, 12.7% and 141%, whereas it decreased pH and
CO3

2� by 0.33 and by 47%, respectively. The total alkalinity (TA)
remained unchanged.

3.2. Growth rate and pigment content

After acclimation to the target carbonate chemistry system for 20
generations, no significant difference was observed in growth rate,
cellular contents of Chl. a and Chl. c between the high- (HC,
1000 matm) and ambient (low)-CO2 (LC, 390 matm) grown cells
(p> 0.1). Growth ratewas 1.09� 0.08 d�1 and 1.04� 0.07 d�1 for HC
and LC cells, respectively. The contents of Chl. a were
0.166� 0.009 pg cell�1 in theHC and 0.176�0.014 pg cell�1 in the LC
cells, that of Chl. c were 0.038 � 0.008 pg cell�1 in the HC and
0.036 � 0.007 pg cell�1 in the LC cells, respectively.
3.3. Photosynthetic Ci affinity, photosynthesis, dark respiration
and rETR

Photosynthetic affinity for DIC or CO2 was depressed in the HC
cells, as reflected in the relationship of either photosynthesis or
rETR (using PAM fluorometer) v DIC curves (Fig. 1). The half-
saturation concentration (K1/2) for both DIC and CO2 increased



Table 2
The fitted parameters derived from PeI curves and RLCs (i.e., a, the apparent
photosynthetic efficiency; Pmax, the maximum rate of photosynthesis [fmol
cell�1 h�1] or rETR (a.u.); Ik, the initial light saturation point) of low-CO2 (LC) and
high-CO2 (HC) grown cells, and of thatmeasured in inversely changedmedia defined
as LCeHC (low-CO2 grown cells measured in high-CO2 medium) and HCeLC (high-
CO2 grown cells measured in low-CO2 medium), respectively. The values are
means � SD of three replicate measurements, derived from Fig. 2A and Fig. 3. The
superscripted letters indicate significant difference.

a Pmax Ik (mmol photons
m�2 s�1)

HC Photosynthesis 1.20 � 0.09a 107.03 � 5.5a 89.5 � 10.6a

rETR 0.291 � 0.007c 131.5 � 4.0c 451.6 � 18.7c

LC Photosynthesis 0.93 � 0.01b 91.8 � 3.93b 99.2 � 5.2a

rETR 0.295 � 0.006c 128.2 � 3.6c 434.4 � 15.3c

HCeLC rETR 0.296 � 0.008c 123.9 � 3.7cd 419.0 � 18.7cd

LCeHC rETR 0.296 � 0.005c 131.7 � 3.3ce 444.9 � 11.4ce
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significantly (p < 0.01) in the HC cells, by 46% derived from the
photosynthesis v DIC curves, or by 35% derived from the rETR v DIC
curves compared to the LC cells (Fig. 1C), reflecting a down-
regulation of CCM under the ocean acidification condition. The
efficiency of Ci acquisition, the ratio of Vmax to K1/2 for both DIC and
CO2, decreased significantly (p ¼ 0.03) in the HC cells, by about 39%
and 29% for photosynthetic rates and rETR, respectively. Indepen-
dent of the different growth CO2 levels, the maximum rates of
photosynthesis and electron transport were unaffected (p ¼ 0.62).
The Vmax of photosynthetic carbon fixation and rETR in the HC cells
were 82.47� 6.32 fmol cell�1 h�1 and 95.25� 4.18 (a.u.), compared
to 94.15 � 14.69 fmol cell�1 h�1 and 96.54 � 2.40 (a.u.) in the LC
cells. However, both the photosynthetic rates and rETR at limiting
Table 3
A comparison of the apparent half-saturation DIC or CO2 concentrations (K1/2) for
photosynthesis or growth rate (data marked with a superscripted asterisk) among
some marine diatoms grown under different CO2 concentrations. The values that
were indirectly obtained from the published datawere indicated as ca. prior to them,
and “ND” indicates no data.

Authors Species and pCO2 CO2

(mmol L�1)
in cultures

K1/2 DIC
(mmol L�1)

K1/2 CO2

(mmol L�1)

Riebesell
et al. (1993)

Ditylum brightwellii 0.8e95 ND 1.4*

Thalassiosira
punctigera

ND 1.2*

Rhizosolenia cf. alata ND 2.1*

Burkhardt
et al. (2001)

Thalassiosira
weissflogii

13 ca. 390 � 70 ND
67 ca. 510 � 47 ND

Phaeodactylum
tricornutum

13 ca. 738 � 107 ND
67 ca. 1176 � 120 ND

Matsuda
et al. (2001)

Phaeodactylum
tricornutum

10 71 � 82 ND
1615 1009 � 82 ND

Chen and
Gao (2003)

Skeletonema costatum 12 203 � 13 1.2 � 0.1
31 241 � 23 1.4 � 0.1

Rost et al.
(2003)

Skeletonema costatum 13 ND 2.3 � 0.5
67 ND 2.7 � 0.4

Trimborn
et al. (2008)

Pseudo-nitzschia
multiseries

9.4 223 � 39 2.2 � 0.3
32 327 � 57 3.5 � 0.5

Nitzschia navis-
varingica

9.4 301 � 84 3.1 � 0.9
32 494 � 67 4.6 � 0.7

Stellarima stellaris 9.4 304 � 84 4.0 � 0.5
32 572 � 133 7.4 � 1.7

Trimborn
et al. (2009)

Eucampia zodiacus 14 323 � 53 2.9 � 0.4
30 411 � 63 3.6 � 0.5

Skeletonema costatum 14 265 � 53 2.8 � 0.4
30 441 � 74 3.1 � 0.4

Thalassionema
nitzschioides

14 223 � 41 1.9 � 0.6
30 379 � 78 2.7 � 0.6

Wu et al.
(2010)

Phaeodactylum
tricornutum

13 525 � 63 3.6 � 0.5
33 621 � 23 4.2 � 0.2

This study Thalassiosira
pseudonana

13 276 � 30 1.8 � 0.2
33 402 � 38 2.7 � 0.2
DIC levels were significantly lower (p ¼ 0.03) in the HC than in the
LC cells, by up to 57% and 15% (inset in Fig. 1), respectively,
reflecting a higher extent of the rate-limitation by less CO2 avail-
ability under DIC limiting levels in the HC grown cells.

When measured at respective growth CO2 and pH levels, the HC
cells showed higher maximum photosynthetic rate (Pmax) by 17%
and apparent photosynthetic efficiency (a) by 29% (Fig. 2A, Table 2).
The HC cells required a lower PAR level (89.5 � 10.6 mmol photons
m�2 s�1) than the LC cells (99.2 � 5.2 mmol photons m�2 s�1) to
saturate photosynthetic carbon fixation rate, though the difference
was not significant (p ¼ 0.22) (Table 2).

In view of the RLCs, there was no significant difference in the
apparent ETR efficiency (a), Pmax(rETR) and saturating PAR level (Ik)
between HC and LC cells (Table 2, Fig. 3), though significantly lower
Pmax(rETR) and Ik were found in the HCeLC cells (high-CO2 grown
cells measured in low-CO2medium) compared to that in the LCeHC
cells (low-CO2 grown cells measured in high-CO2 medium). The
values of Ik derived from RLCs were higher than those derived from
the PeI curves (Table 2), about 434.4 � 15.3 mmol photons m�2 s�1

for the former and 99.2 � 5.2 mmol photons m�2 s�1 for the latter.
Fig. 2. (A): Photosynthetic carbon fixation rate (fmol C cell�1 h�1), measured in their
corresponding fresh medium, as a function of irradiance (PAR) for LC (squares) and HC
(circles) grown cells. (B): Daily gross carbon fixation (C-fixation) and daily dark
respiration for LC and HC grown cells of their sub-saturating growth PAR intensity.
Error bars represent means � SD, n ¼ 3 (for triplicate cultures). Asterisks above
histogram bars indicate significant difference between HC and LC grown cells at
p ¼ 0.05 level.



Fig. 3. Rapid light curves of LC (squares) and HC (circles) grown cells (A), and of that
measured in inversely changed media defined as LCeHC (low-CO2 grown cells
measured in high-CO2 medium, up-triangles) and HCeLC (high-CO2 grown cells
measured in low-CO2 medium, down-triangles) (B), respectively. Error bars represent
means � SD, n ¼ 3 (for triplicate cultures).

Fig. 4. Time course of the effective quantum yield (FPSII) (A), effective absorbance
cross-section of PSII (sPSII) (B) and non-photochemical quenching (NPQ) (C) of LC and
HC grown cells. Cell suspensions with cell concentration of ca. 0.5 � 105 cell mL�1 were
dark adapted for 15 min before exposure to the growth and elevated light intensities
(75 and 1200 mmol photons m�2 s�1) for 40 min, then recovered in darkness for
60 min. LC, 75 mmol photons m�2 s�1, squares; HC, 75 mmol photons m�2 s�1, circles;
LC, 1200 mmol photons m�2 s�1, up-triangles; HC, 1200 mmol photons m�2 s�1, down-
triangles; the dashed line delineates the light treatment and recovery periods. Error
bars represent means � SD, n ¼ 3 (for triplicate cultures).
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The photosynthetic carbon fixation rate at the growth light
intensity, which was sub-saturating, was much higher (p ¼ 0.01) in
the HC, by 25% (14.69 � 2.55 fmol C cell�1 h�1), than the LC cells
(Fig. 2A). On the other hand, dark respiration rate increased
(p ¼ 0.01) by 35% (4.42 � 0.98 fmol O2 cell�1 h�1) in the HC
compared to the LC cells. Nevertheless, the daily net photosynthetic
production based on the difference of daytime gross carbon fixation
and daily respiratory carbon loss was still significantly (p ¼ 0.01)
higher, by 18% (84.93 � 4.80 fmol cell�1 d�1) in the HC than in the
LC cells (Fig. 2B).

3.4. Photoinhibition

The FPSII, NPQ and sPSII were measured using the FIRe when the
cells were exposed to a PAR level of 1200 mmol photons m�2 s�1,
which was well saturating but did not bring about inhibition of ETR
during the short exposure (10 s) (Fig. 3). During a longer exposure
period (40min), photoinhibition occurred in both HC and LC cells in
view of the changes in the photochemical parameters (Fig. 4).
Compared to those exposed to the growth PAR level (75 mmol
photons m�2 s�1), their FPSII declined to 0.35 � 0.02 (decreased by
42%) in less than 2 min and was then sustained; sPSII slightly
increased in 2 min at the beginning of exposure, and then
decreased steadily to 291.9 � 11.3 (decreased by 20%) in 40 min;
NPQ increased to its maximum (1.12 � 0.14) in 40 min. Following
the subsequent dark treatment, FPSII increased by 0.04 � 0.01; NPQ
decreased by 0.19 � 0.08; but sPSII did not show any recovery. No
significant (p > 0.35) difference in the photochemical parameters
was found between the HC and LC cells either during the high light
exposure or dark recovery period, suggesting that seawater acidi-
fication did not result in any differential response to light stress in
this diatom.



Table 4
Stimulative, unaffected and negative effects of elevated CO2 concentrations reported in diatoms.

Effects Authors Species Culture condition Aspects

Stimulative Riebesell et al. (1993) Ditylum brightwellii 0.8e95 mmol L�1 CO2, PAR at 120 mmol photons m�2 s�1 Growth
Thalassiosira punctigera
Rhizosolenia cf. alata

Schippers et al. (2004) Phaeodactylum tricornutum 20 mmol L�1 CO2, surface solar PAR at 135 mmol
photons m�2 s�1

Growth

Kim et al. (2006) Skeletonema costatum 24 mmol L�1 CO2, mesocosm, solar PAR Growth
Wu et al. (2010) Phaeodactylum tricornutum 33 mmol L�1 CO2, PAR at 120 mmol photons m�2 s�1 Growth
King et al. (2011) Attheya sp. 37 mmol L�1 CO2, PAR at 80 mmol photons m�2 s�1 Growth
Low-DÉCarie et al. (2011) Navicula pelliculosa 28 mmol L�1 CO2, PAR at 100 mmol photons m�2 s�1 Growth
Gao et al. (2012) Diatoms 33 mmol L�1 CO2, ca. 20% solar PAR Growth
This study Thalassiosira pseudonana 33 mmol L�1 CO2, PAR at 75 mmol photons m�2 s�1 Photosynthesis

Unaffected Chen and Gao (2003) Skeletonema costatum 31 mmol L�1 CO2, PAR at 210 mmol photons m�2 s�1 Growth; Photosynthesis
Kim et al. (2006) Nitzschia spp. 24 mmol L�1 CO2, mesocosm, solar PAR Growth
Boelen et al. (2011) Chaetoceros brevis 40 mmol L�1 CO2, PAR at 70 mmol photons m�2 s�1 Growth
Gao et al. (2012) Diatoms 33 mmol L�1 CO2, ca. 30% solar PAR Growth
This study Thalassiosira pseudonana 33 mmol L�1 CO2, PAR at 75 mmol photons m�2 s�1 Growth; Photoinhibition

Negative Wu et al. (2010) Phaeodactylum tricornutum 33 mmol L�1 CO2, PAR at 120 mmol photons m�2 s�1 Photoinhibition;
Dark respiration

Low-DÉCarie et al. (2011) Nitzschia palea 28 mmol L�1 CO2, PAR at 100 mmol photons m�2 s�1 Growth
Gao et al. (2012) Diatoms 33 mmol L�1 CO2, more than 40% solar PAR Growth
Torstensson et al. (2012) Navicula directa 35 mmol L�1 CO2, PAR at 50 mmol photons m�2 s�1 Growth
This study Thalassiosira pseudonana 33 mmol L�1 CO2, PAR at 75 mmol photons m�2 s�1 Dark respiration
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4. Discussion and conclusion

In the present study, the diatom T. pseudonana down-regulated
its CCM under 1000 matm CO2 and increased its photosynthesis and
mitochondrial respiration, leading to insignificant change in
growth rate. However, the changed seawater carbonate system did
not lead to additional light stress compared to the present seawater
state, which contrasts to the previous finding that the diatom P.
tricornutum grown under the same high-CO2 level shows inhibited
rETR (Wu et al., 2010).

4.1. Inorganic carbon acquisition

There are many types of CCMs in diatoms, differing among
different species (Burkhardt et al., 2001; Trimborn et al., 2008,
2009; Wu et al., 2010). Thalassiosira nitzschioides (Trimborn et al.,
2009), T. weissflogii and P. tricornutum (Burkhardt et al., 2001)
actively take up both CO2 and HCO3

�, while T. punctigera exclusively
use free CO2 (Elzenga et al., 2000). For T. pseudonana, even when
there is a lack of eCA, it can take up bicarbonate directly without an
anion exchange-type transporter (Elzenga et al., 2000; Nimer et al.,
1997). Trimborn et al. (2009) detect low eCA activity in
T. pseudonana, and show that both eCA and iCA activities are
unaffected when the cells are grown at 800 matm CO2 for at least 3
days. However, decreased activity of eCA and iCA of T. weissflogii
and P. tricornutum are reported under 1800 matm CO2 (Burkhardt
et al., 2001). On the other hand, Martin and Tortell (2008)
observe a positive correlation between HCO3

� direct transport and
eCA expression in T. pseudonana. It appears that T. pseudonana can
actively transport both CO2 and HCO3

�. In the present study, as
indicated by the K1/2 values, the CCM of T. pseudonana was down-
regulated by 46% under an elevated CO2 level of 1000 matm,
reducing the efficiency of Ci acquisition (Vmax/K1/2) by 39%. Such
down-regulated CCM might be due to the increased availability of
both CO2 and bicarbonate. However, in another work (Trimborn
et al., 2009), the same strain dose not exhibit any down-
regulation of its CCM when acclimated to 800 matm CO2 for 3
days. The discrepancy from the present work, which grew the cells
under 1000 matm for 15 days (more than 20 generations), might be
attributed to the acclimation span or differences in seawater
carbonate system. When compared to P. tricornutum and other
diatoms, in view of the half-saturation concentrations (K1/2) of DIC
or CO2, T. pseudonana obviously operated a more efficient CCM
(Table 3), and 1000 matm CO2 (33 mmol L�1) decreased its CCM to
a higher extent compared to P. tricornutum (46% v 18%). While all
the diatoms listed in Table 3 down-regulated their CCMs when
grown under doubling or higher CO2 concentrations, T. pseudonana
was among those that showed the greatest decrease in its photo-
synthetic affinities for Ci.

4.2. Growth, photosynthesis, respiration, photosynthetic electron
transport

Enhanced photosynthetic carbon fixation and mitochondrial
respiration were found under ocean acidification conditions in
T. pseudonana (Fig. 2), and the balance between the enhanced
carbon fixation and carbon loss could be responsible for the
insignificant change in growth. Stimulated growth and photosyn-
thesis are reported in other diatoms (Table 4) and phytoplankton
assemblages (Hein and Sand-Jensen, 1997; Riebesell et al., 2007) of
rising CO2 concentrations, and are attributed to the reduced ener-
getic cost due to the down-regulation of CCM or the increased
availability of CO2. However, other studies show insignificant
effects (Boelen et al., 2011; Chen and Gao, 2003; Nielsen et al., 2012,
2010; Tortell et al., 2002; Tortell and Morel, 2002) and even nega-
tive effects (Feng et al., 2009; Low-DÉCarie et al., 2011; Torstensson
et al., 2012) on photosynthesis, growth or primary productivity in
diatoms or phytoplankton community. These discrepancies appear
to be related to the balance between the stimulative and negative
(additional carbon loss) effects associated with increased CO2 and
seawater acidity, although species-specific differences and experi-
mental conditions might also affect the net outcome (Table 4). Our
recent study show that the combination of rising CO2 and increased
light exposure reduced primary productivity in the diatom-
dominated areas (Gao et al., 2012). The experimental conditions
in the present study and those of Wu et al. (2010) were almost the
same except for the growth light intensities (Table 4). However,
while the growth rate in the previous study testing P. tricornutum
was stimulated but not in the present study testing T. pseudonana at
the same elevated CO2 level, the 60% difference in the light level
could be responsible, since T. pseudonana showed more than 100%
higher light use efficiency than P. tricornutum (Gao et al., 2012,
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Supplementary information). P. tricornutum lacks eCA and takes
CO2 as its major Ci source (Burkhardt et al., 2001), therefore, it can
easily benefit from increased availability of CO2. Increased dark
respiration under ocean acidification conditions (Wu et al., 2010
and the present study) might play a role in counteracting
external pH reduction and providing the additional energy demand
for maintaining internal acid-base stability. Other physiological
pathways, such as photorespiration of T. pseudonanawas enhanced
under the ocean acidification condition by about 23% (Gao et al.,
2012), which was also observed in Symbiodinium Acropora for-
mosa (Crawley et al., 2010). Enhanced excretion of organic
compounds due to photorespiration links to stimulated production
of transparent exopolymers (Engel, 2002). These metabolic path-
ways could result in discrepant effects of ocean acidification on
different species or under different light levels.

The relationship between electron transport and light (the RLC)
can hardly be interpreted as traditional PeI curve, since the short
exposure (10 s for each increment of light level) cannot ensure full
acclimation to a given PAR (Hawes et al., 2003), leading to large
differences in the saturating light levels (Ik) between these two
models. In fact, not all of the electrons transported from PSII are
used for carbon assimilation; non-assimilatory electron transport
may be used for active transport of CO2 or HCO3

� (Li and Canvin,
1998; Sültemeyer et al., 1993), or for the reduction of oxygen to
run the waterewater cycle (Asada, 2000) or for photorespiration
(Heber et al., 1996). Thus, in our study, a much higher Ik was
observed in RLCs than in the PeI curves (Table 2). In T. pseudonana,
the HC and LC grown cells exhibited equal amounts of electron
transfer, but less of them were used for carboxylation in the LC
grown cells (Fig. 2A). This “less energy use” efficiency was also
shown in lower apparent photosynthetic carbon fixation efficiency
per quantum (Table 2). This suggests that extra electron flow is
expended to operate the CCM (Li and Canvin, 1998; Sültemeyer
et al., 1993). The HC and LC cells responded differentially to the
abrupt changes in the carbonate system when shifted inversely
(Fig. 3B), reflecting their immediate physiological response to the
chemical changes.

4.3. Photoinhibition

No significant difference in cellular content of pigments and sPSII
was found between HC and LC grown cells, reflecting their equal
capability for light energy capture. Decreasing sPSII and increasing
dissipation of excessive light energy (i.e. NPQ) are effective strate-
gies for phytoplankton to withstand high levels of PAR (Falkowski
and Owens, 1980; Niyogi et al., 2005). T. pseudonana employed
these strategies to cope with light stress (Fig. 4). The HC and LC
grown cells did not show any inhibition in electron transport rates
at high PAR levels up to 1800 mmol photons m�2 s�1 during the
short exposures for the RLCs determination (Fig. 3), but showed
significant photoinhibition under elongated exposures to
1200 mmol photons m�2 s�1 of PAR (Fig. 4). The initial several
increments of light during the RLC determination might have led
ATPase and Calvin cycle enzymes to a highly activated state,
generating a trans-thylakoid pH gradient to control the fast
component of NPQ (qE, as described by Krause and Weis, 1991).
Thus, exposure to high PAR for 10 s appeared not to result in
photoinhibition. In contrast, the longer exposure to the high PAR
level would de-activate ATPase and Calvin cycle enzymes due to the
prior 15 min dark adaptation (Arana et al., 1986; MacIntyre et al.,
1997). Besides, full qE activation requires approximately
10e15 min under a saturating photo flux (Niyogi et al., 1998) and,
therefore, photoinhibitionwould easily occur during this elongated
exposure. Accordingly, photoinhibition in T. pseudonana seemed to
be dose-dependent rather than PAR intensity-dependent.
The efficiency with which CCMs operate in P. tricornutum and
T. pseudonana could be down-regulated under the CO2 level pro-
jected for the end of this century (Wu et al., 2010; this study). In
T. pseudonana, the HC and LC grown cells showed identical
photochemical inhibition during the exposures to the high PAR
(Fig. 4), reflecting that high light tolerance was not influenced
under ocean acidification conditions. In contrast, electron transport
of P. tricornutumwasmore inhibited by exposing the HC grown cells
to supersaturating PAR (1200 mmol photons m�2 s�1) (Wu et al.,
2010). Such differential responses between these two diatoms
suggested that species-specific mechanisms were involved in
coping with the combined impacts of ocean acidification and light
stress. Photochemical responses to light stress under ongoing ocean
acidification may differ in different diatom species due to the
diversified metabolic pathways they use to cope with changed
seawater chemistry and fluctuating solar radiation. In the present
study, down-regulated photosynthetic affinity for DIC or CO2 might
be partially related to the down-regulated activity of PEPCase,
which shows high affinity for HCO3

�, since the activities of PEPCase
and PEPCKase in T. pseudonana and their transcription might
decrease under high-CO2 conditions (Reinfelder et al., 2000). A
decreased ratio of CO2 to O2 near Rubisco due to down-regulated
CCM and/or PEPCase could enhance oxygenation and photorespi-
ration, which are known to play photoprotective roles (Wingler
et al., 2000). In T. pseudonana, high-CO2 grown cells showed
a 23% increase in photorespiration (Gao et al., 2012), which might
aid in counteracting the increased acidity and light stress, therefore
leading to similar photoinhibition as in the LC grown cells, although
the down-regulation of CCM might result in additional light stress.
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