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Abstract

Differential responses of diatoms, an important group of marine primary producers to ocean acidification,
have been well documented. However, studies so far are based on limited representative strains from key species.
Investigation of strain level responses will help us better understand the contrasting discrepancy in diatom
responses to ocean acidification. Here, we selected four strains of the model diatom Phaeodactylum tricornutum
isolated from different regions of the global ocean, representing all genotypes based on internal transcribed
spacer 2 sequences, and investigated strain-specific responses to ocean acidification. In response to ocean acidifi-
cation, changes in carbon metabolism varied among strains, although no significant effects of ocean acidifica-
tion on growth rates or pigments were observed in any strains. The expression of genes encoding plasma
membrane bicarbonate transporters was downregulated in strain Pt4, reflecting a potential decrease in active
HCOj3; uptake, which was not observed in the other strains. Reduction of CO, concentrating mechanism effi-
ciency was also indicated by the regulated expression of genes encoding carbonic anhydrases that catalyze the
interconversion of HCO; and CO, in the pyrenoids and pyrenoid-penetrating thylakoid, which exhibited dif-
ferent patterns among the strains. Under ocean acidification conditions, C4-like metabolism appeared to redis-
tribute carbon flux to gluconeogenesis in strain Pt1, and lipid synthesis in strains Pt8 and Pt11, rather than
participating in net photosynthetic carbon fixation. These variations were incompletely correlated with phylo-
genetic relationship in different strains, implying that the habitat-adapted imprints of the different strains could

also be responsible for their differential responses to ocean acidification.

Diatoms are responsible for about 40% of ocean primary pro-
duction and play crucial roles in the biogeochemical cycles of
carbon and silicon (Kiene 2008). However, the concentrations
of CO, in contemporary surface oceans (~ 10-25 gmol L") are
much lower than the Michaelis-Menten half saturation constant
for CO, (23-68 yumol L™') of diatom ribulose-1,5-biphosphate
carboxylase/oxygenase (Rubisco) (Young et al. 2016). Diatoms
have therefore evolved CO, concentrating mechanisms (CCMs)
that overcome CO, limitation (Badger et al. 1998), which
include passive CO, influx and active HCO; influx at the

*Correspondence: xinlinulm@xmu.edu.cn

Additional Supporting Information may be found in the online version of
this article.

Author Contribution Statement: X.L., R. H., and K.G. planned and
designed the research. R.H., J.S.,, and Y.T. performed experiments.
R.H. and ).D. analyzed data. R.H. wrote manuscript. X.L.,, C.B., and
K.G. revised manuscript.

plasma membrane, and then transport of HCO; from the
cytoplasm into the chloroplasts. Carbonic anhydrases (CAs),
catalyzing the interconversion of CO, and HCOj , play vital
roles in the process of dissolved inorganic carbon (DIC) uptake
from the environment to the chloroplasts (Hopkinson
et al. 2016; Raven and Beardall 2016). It has been shown that
ongoing increases in seawater CO, and HCOj , as a conse-
quence of ocean acidification (Gattuso et al. 2015), influence
many marine organisms (Kroeker et al. 2013), phytoplankton
community structure (Gao et al. 2012) and biogeochemical
cycles (Gehlen et al. 2011). Contrasting findings have shown
that ocean acidification may stimulate, inhibit, or have no
influence on growth rates of diatoms (se¢e Gao and Camp-
bell 2014, and references therein).

Responses of diatoms to ocean acidification are usually
modulated by other environmental drivers, such as light fluc-
tuation (Hoppe et al. 2015), carbonate chemistry fluctuation
(Li et al. 2016), nutrient limitation (Li et al. 2018), and
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temperature (Torstensson et al. 2013). In the model diatom
Phaeodactylum tricornutum, constant white fluorescence light
with intensity of 200-460 umol photons m~2 s~! resulted in
higher extents of growth enhancement by high CO,
(1000 patm) (Li et al. 2014; Liu et al. 2017). However, the
enhancement of growth rates in this diatom by high CO,
was offset or even reversed when the cells were grown under
conditions of natural fluctuated sunlight with 200-450 umol
photons m™ s™' daytime mean photosynthetic active radia-
tion (Gao et al. 2012). Previous results also have shown that
ocean acidification interacts antagonistically with nitrate limi-
tation and UV radiation to reduce photosynthetic performance
of P. tricornutum (Li et al. 2015), but when combined with
warming it synergistically increased physiological performance
(Li et al. 2012).

Diatoms are known to exhibit diversified mechanisms for
acquisition of inorganic carbon. In the Antarctic diatoms
Chaetoceros debilis, Pseudo-nitzschia subcurvata, and Fragilariopsis
kerguelensis, predominant HCO; uptake has shown to posi-
tively correlate with extracellular CAs activity in response to
high CO,, supporting the hypothesis that extracellular CAs
convert CO, leaking out of the cell to HCO;3 that is subse-
quently taken up by HCOj transporters (Trimborn et al. 2013).
In addition, Tsuji et al. 2017 indicated the occurrence of two
distinct strategies for DIC uptake in diatoms: one primary
facilitated by HCO3 transporter and the other being passive
CO; entry facilitated by external CA. These two distinct strate-
gies have shown to be phylogenetically independent, imply-
ing that the evolution of distinct carbon acquisition
mechanisms in different diatom species may be driven by
environment rather than species phylogeny (Tsuji et al. 2017).

The DIC transport and interconversion of HCO; and CO,
constitute biophysical CCMs. Biochemical CCMs are charac-
terized by the carboxylation of C3 compounds to form C4
compounds and providing CO, via decarboxylating C4 com-
pounds in close proximity to Rubisco. It is generally consid-
ered that C4-like metabolism can function as biochemical
CCMs in the marine centric diatom Thalassiosira weissflogii
(Reinfelder et al. 2000; Roberts et al. 2007). However, the exis-
tence of biochemical CCMs in another marine centric diatom
Thalassiosira pseudonana is still controversial. The tracer exper-
iment has indicated that T. pseudonana may not possess bio-
chemical CCMs, since no C4 compounds, produced by
carboxylating C3 compounds, were detected in the major ini-
tial photosynthetic products (Roberts et al. 2007). However,
low CO, (7.1 yumol L) has shown to rearrange the transcrip-
tional pattern of the genes encoding proteins involving
C4-like metabolism, which may result in increasing CO, sup-
ply for carbon fixation, indicating the existence of biochemi-
cal CCMs in T. pseudonana (Kustka et al. 2014). It is
considered that P. tricornutum may not possess functional bio-
chemical CCMs. Previous studies have shown that no decar-
boxylases localized in the chloroplast are detected, although
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P. tricornutum encodes enzymes involved in carboxylation and
decarboxylation in C4-like metabolism (Kroth et al. 2008; Ewe
et al. 2018). Haimovich-Dayan et al. 2013 also showed that
C4-like metabolism may not serve for raising CO, concentra-
tion in close proximity of Rubisco in P. tricornutum, because
the photosynthetic half saturation constant for CO, was
hardly affected in pyruvate-orthophosphate dikinase (PPDK)
silenced cells.

Furthermore, the environments that are inhabited by dif-
ferent strains of the same diatom species are extremely vari-
able. One example of a fluctuating parameter is light
conditions in different isolated locations, which may contrib-
ute to different response strategies to light among strains of
P. tricornutum (Bailleul et al. 2010). On the other hand, varia-
tion in responses to high CO, among strains of the same
diatom species has rarely been documented (McCarthy
et al. 2012). Previous studies have shown that the magnitudes
of these responses varied among strains of the
coccolithophore Emiliania huxleyi (Langer et al. 2009; Miiller
et al. 2015), the prasinophyte Ostreococcus tauri (Schaum
et al. 2012), and the cyanobacterium Crocosphaera watsonii
(Hutchins et al. 2013). The variation in responses to climate
change-related parameters among strains could be attributed
to the environmental conditions where the phytoplankton
species were isolated (Schaum et al. 2012). On the other hand,
it was thought that such variations could have a genetic basis
(Langer et al. 2009; Zhang et al. 2014), although the underly-
ing molecular mechanisms are still unknown. Therefore, the
variation among strains of diatoms in response to rising CO,
and the underlying mechanisms are worth to be explored.

Phaeodactylum tricornutum is a well-studied model diatom
species with 11 strains isolated worldwide (De Martino
et al. 2007; Wu et al. 2010). The morphological characteristics,
genetic polymorphism, structure and functional diversity, var-
iations in response to salinity, nutrients and temperatures
have been examined for each strain (De Martino et al. 2007,
2011; Abida et al. 2015; Rastogi et al. 2019), except for one
strain isolated more recently from the South China Sea. In this
study, we grew four P. tricornutum strains at ambient and high
pCO; levels to investigate their physiological and molecular
responses to ocean acidification. Our results show that the
strain-specific responses among four P. tricornutum strains in
respect of carbon metabolism both at physiological and
molecular levels are probably correlated with habitat-adapted
imprints. This study provides a better understanding of varia-
tion in responses to high CO, among strains of the same dia-
tom species and their underlying molecular mechanisms.

Materials and methods

Strain selection and growth conditions

The four P. tricornutum strains used in this study were Pt1
(isolated from the Irish Sea, UK in 1956), Pt4 (isolated from
the Baltic Sea, Finland in 1951), Pt8 (isolated from the Salish
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Fig. 1. Ecological distribution, morphological characteristics and phylo-
genetic analysis of the P. tricornutum strain Pt11. (a) Analysis of
P. tricornutum strains isolated from different locations; (b) The morpholog-
ical characteristics of Pt11, photographs were taken by confocal micro-
scope; () Phylogenetic tree of P. tricornutum by the neighbor-joining
method with 1000 bootstrap replicates based on analysis of the ITS2
sequences. Different colors represent different genotypes, and strains with
solid circles were selected for the current study.

Sea, Canada in 1987), and Ptll (isolated from the South
China Sea, China in 2004) (Fig. 1a). These axenic strains were
cultured in glass flasks containing 350 mL artificial seawater
enriched with Aquil medium, which included 100 ymol L™
nitrate and 10 umolL™' phosphate, at 20°C and
120 umol photons m~2 s~! with a 12 h light : 12 h dark photo-
period. The seawater was aerated wusing ambient air
(410 ppmv; denoted AC) or premixed air containing higher
levels of CO, (1000 ppmv; denoted HC), and pCO, was moni-
tored using a CO, meter (GM70, Vaisala, Finland). The dia-
toms were semi-continuously cultured within a range of
1x 10* to approximately 3 x 10° cells mL™" by aerating AC
and HC gas at a flow rate of 0.3 L min™!, to maintain the
stable carbonate system. Each treatment was performed in
triplicate for each strain. Changes in seawater pH were mea-
sured before and after dilution using a pH meter (Orion
2, Thermo, U.S.A.). Physiological and molecular experiments
were performed until strains were acclimated to AC and HC
conditions for more than 15 generations.

Morphology, growth rate, and pigment content

The length and width of 20 live cells from each sample
were measured using a confocal microscope (A1IR HD2S5,
Nikon, Japan), and the mean cell volumes were calculated
assuming a prism on an elliptic base (Hillebrand et al. 1999).
Cell concentrations were measured using a particle count and
size analyzer (Z2 Coulter, Beckman, U.S.A.). The specific
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growth rate (4, d™!) was calculated according to the equation:
u = (n Cy - In Cp)/(t; — tp), in which Cy and C; represent the
cell concentrations at Day t, and Day ¢, respectively. Pigment
contents were determined spectrophotometrically. Cells were
filtered onto GF/F membranes (Whatman, UK) with low vac-
uum pressure (less than 0.01 MPa) and immersed in pure
methanol overnight at 4°C in darkness. Extracts were cen-
trifuged at 5000 x g for 10 min, and the absorption spectra of
the supernatants were measured using a UV-VIS Spectropho-
tometer (DU800, Beckman, U.S.A.). The concentrations of
chlorophylla (Chla) and carotenoids were calculated
according to the equations from Ritchie (2006) and Strickland
and Parsons (1972).

DIC affinity

The photosynthesis vs. DIC curves (P-C curves) were
determined by measuring photosynthetic O, evolution rate
using a Clark-type oxygen electrode (Hansatech, UK) at 20°C.
Cultured cells were filtered onto 2 ym polycarbonate mem-
branes (Millipore, U.S.A.) by vacuum filtration with a pres-
sure of less than 0.01 MPa. The collected cells were washed
and resuspended in DIC-free artificial seawater buffered with
20 mmol L~! Tris-HCI (pH = 8.15) at a cell concentration of
approximately 2 x 10° cells mL™". 1.5 mL of cell suspension
were placed into the chamber and illuminated with a white
fluorescence light of 400 ymol photons m™2 s™! to exhaust
the possible intracellular inorganic carbon pool until net
oxygen evolution rate reached near-zero. Subsequently, as
NaHCOj3; was added progressively into the chamber at a final
concentration of DIC within a range of 0-8 mmol L™, oxy-
gen evolution rates were measured. The half saturation con-
stants (K, gmol L™') and the maximum photosynthetic
oxygen evolution rates (Vi,x, fmol O, cell™! h™!) were calcu-
lated by fitting P-C curves with the Michaelis-Menten
equation.

DNA extraction and internal transcribed spacer 2
sequencing

Cells of each strain were harvested by centrifugation for
10 min at 4000 x ¢ and 4°C, washed with 2 mL of phosphate-
buffered saline buffer (0.01 molL™", pH = 7.4) into 2 mL
Eppendorf tubes, and then pelleted for 10 min at 4000 x g.
Subsequently, 900 L of lysis buffer, containing 10 ug mL™
proteinase K, was added to the cell pellets. The extracts were
incubated for 30 min at 37°C followed by centrifuged for
10 min at 4000 x g, and the supernatant was transferred into
new 2 mL Eppendorf tube. Then DNA was extracted by
phenol-chloroform extraction method, and purified with
genomic DNA clean & concentrator™-10 (Zymo, U.S.A.)
according to manufacturer protocol.

The partial tDNA region of Pt11, containing partial 3’ end
of 5.8S, completed internal transcribed spacer 2 (ITS2), and
partial 5’ end of 28S rDNA, was amplified by high-fidelity
polymerase chain reaction (PCR) with forward primer ITS3
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(8’-gcatcgatgaagaacgcagc-3’), reverse  primer TWI13
(5’-ggtccgtgtttcaagacg-3') and PrimeSTAR Max DNA poly-
merase (Takara, China) (De Martino et al. 2007). Subse-
quently, the purified PCR fragment was sequenced. The
hypervariable ITS2 sequences of Ptll and other
10 P. tricornutum strains previously published in De
Martino et al. 2007 were used to construct a phyloge-
netic tree by the neighbor-joining method with 1000
bootstrap replicates.

RNA extraction and quantitative reverse transcription PCR

Cells cultured under the AC or HC conditions were col-
lected onto 2 ym polycarbonate membranes (Millipore) by
vacuum filtration with a pressure of less than 0.01 MPa,
resuspended into 1.5 mL of culture solution, and centrifuged
for 10 min at 4000 x g and 4°C. The cell pellets were frozen
quickly with liquid nitrogen and stored at —80°C. Total RNA
of frozen cells was extracted with TRIzol reagent (MRC,
U.S.A)) and purified with RNA clean & concentrator™-5
(Zymo, U.S.A.). For the single strand cDNA synthesis, total
RNA was reverse transcribed using PrimerScript™ RT reagent
Kit with gDNA Eraser (Perfect Real Time, Takara, China) fol-
lowing manufacturer’s protocol. The amplification specifica-
tion and efficiency of primers, as well as the expression levels
of the genes involved in biophysical CCMs and C4-like
metabolism, were detected by CFX96™ Real-Time System
(Bio-Rad, U.S.A.) using SYBR® Premix Ex Tag™ II (Tl
RNaseH Plus, Takara, China) with primer concentration of
0.4 umol L™' each according to manufacturer’s protocol.
Primers used for qRT-PCR were designed according to geno-
mic resequencing data with Beacon Designer 7, and listed in
Supporting Information Table S1. Each qRT-PCR was con-
ducted in triplicate as follows: 95°C for 60s, followed by
40 cycles of 95°C for 10 s and 60°C for 30 s. Dissociation cur-
ves, which detect primer amplification specification, were
generated by heating samples from 60°C to 95°C with an
increment of 0.5°C every 5 s. Primer amplification efficiency
was calculated by linear fitting standard curves of C; and
10g(starting quantity)y and listed in Supporting Information
Table S1. The relative transcriptional level of target genes was
normalized to reference gene ribosomal protein small sub-

unit 30S (Siaut et al. 2007), according to the equation:

RatiO(Target/ Reference) = Z(CT(Reference) ~Cr(Target)) .

Statistics

Statistical analyses were performed using SPSS 19.0 (SPSS,
Chicago, Illinois, U.S.A.). Prior to all statistical analyses, the
homogeneity of variance was examined using Levene’s test.
One-way analysis of variance (ANOVA) was employed to
check the effects of individual factors pCO, and strains, and
then Fisher’s least significant difference was used to determine
variations in these four strains. Statistical significance was
determined at the level of p value less than 0.05.

Strain-specific responses to high CO,

Results

Basic characteristics of Pt11

Except for Pt11, the morphological, geographical, and geno-
mic information of Pt1, Pt4, and Pt8 have been well documented
in De Martino et al. (2007) and Rastogi et al. (2019). Pt11 was iso-
lated from South China Sea in 2004, and deposited at the Center
for Collections of Marine Bacteria and Phytoplankton
(CCMA106, Xiamen University, China). Pt11 is fusiform, with
229 £ 0.9 ym in length and 3.5 £ 0.2 ym in width (Fig. 1b). The
sequence containing partial 3’ end of 5.8S, completed ITS2, and
partial 5’ end of 28S rDNA of Ptll has been deposited in
GenBank (MK585217). The ITS2 sequence of Ptll showed
98-100% similarity with the other 10 P. tricornutum strains. The
nucleotides at +195, +327, +431, +444, +476, and +488 site of
Pt11 partial tDNA regions submitted to GenBank were T, A, T,
T, C, and T, which were the same as those of Pt5 and Pt10, indi-
cating that Pt11 belongs to genotype C (De Martino et al. 2007;
Rastogi et al. 2019). The phylogenetic tree based on ITS2
sequences of 11 P. tricornutum strains was generated by the
neighbor-joining method with 1000 bootstrap replicates
(Fig. 1¢). Based on this ITS2 phylogenetic tree, Pt1, Pt4, Pt8, and
Pt11 represent four different P. tricornutum genotypes.

Carbonate system

The carbonate systems in ambient CO, (AC, 410 patm)
and high CO, (HC, 1000 pgatm) cultures were stable with a
fluctuation range less than 4.6% by aerating with ambient air
and premixed air-CO,, respectively (Supporting Information
Table S2). The carbonate system of HC cultures had 7%
higher DIC, 11% higher HCO;3; , 150% higher CO,, and 49%

lower CO3~ than the AC treatments (Supporting Information
Table S2).

Morphology, growth rate, and pigment contents

Cells cultured in the HC treatments did not differ in
their morphology, growth rates, or pigment contents com-
pared to AC cultured cells, in any strains. However, signifi-
cant differences were observed among different strains
(p < 0.05). The cells were fusiform under both the AC and
HC conditions, with varied length, width, and cell volume
among four strains (Supporting Information Table S3). The
specific growth rate was the highest in Pt11, and lowest in
Pt4 and Pt8 (Supporting Information Fig. S1). Variation in
pigment contents between these strains was detected on
both per-cell and per-cell-volume basis (p < 0.05; Supporting
Information Fig. S2). The order of cellular Chl a contents on
per-cell basis from high to low was similar with that of cel-
lular carotenoid contents, which was Pt11, Pt4, Pt8, and
Ptl, both in the AC and HC conditions. Both Chla and
carotenoid contents on per-cell-volume basis were the low-
est in Ptl, and no significant differences were observed in
the other three strains.
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Fig. 2. Photosynthetic oxygen evolution rate response curves of AC- and
HC-acclimated cells as a function of DIC concentration for four
P. tricornutum strains (a: Pt1, b: Pt4, c: Pt8, and d: Pt11). Text on each
panel described half-saturation constants (K;,,, umol L~' DIC) and maxi-
mum DIC-saturated photosynthetic oxygen evolution rates (Vinax,
fmol O, cell™" h™") of AC and HC acclimated cells.

Kinetics of carbon utilization

The kinetic constants Ky, and Vi,ax derived from P-C cur-
ves of the four strains tested are shown in Fig. 2, indicating
the responses of net photosynthetic oxygen evolution to
increased DIC in the AC and HC grown cells. Under AC condi-
tions, Kj,» values of these four strains varied within an
approximately 2.2-fold range. The variation in Vi,.x of these
four strains was less than that of Kj,» but still substantial,
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Fig. 3. The ratio of the half saturation constants (K, [DIC] for photosyn-
thetic oxygen evolution) in HC-grown cells compared to those in
AC-grown cells of four P. tricornutum strains.

ranging from 11594+ 5.7 fmolO, cell’™ h™' (Ptl) to
203.2 +10.9 fmol O, cell™* h™' (Pt4) (p <0.05). Although
Vmax and Kj,» were increased under the HC conditions, the
magnitudes of increase in Vi,,x and K;,, were different among
these strains. Compared to AC grown cells, the Vy,.x of HC
cultured cells increased by 27.5-44.2% (p < 0.05). The K/, of
HC cultured cells increased by 83.2% in Pt4 and 35.9-54.5%
in other strains compared to AC conditions (p < 0.05; Fig. 3).

Transcriptional variations in some genes involved
in carbon utilization

To explore the changes in HCO; uptake from the environ-
ment and CO, supply for carbon fixation in response to ocean
acidification, we tested the expressional changes of genes
encoding plasma membrane HCOj transporters and CAs
around Rubisco in AC and HC cultured cells. In addition, the
expressional changes of genes encoding C4-like metabolism
enzymes were measured, to study the variations of C4-like metab-
olism in different strains. Variations in the expression changes of
these genes in response to HC in different strains are shown
in Fig. 4 and Supporting Information Table S4. Compared to
AC grown cells, the downregulated expression of bicarbonate
transporters  PtSLC4-5  (Phatr3_J54405) and PtSLC4-2
(Phatr3_Jdraft1806) in the HC grown cells was only detected
in Pt4, with 34% and 96% decrease, respectively. Varied tran-
scriptional patterns of genes encoding critical CAs, PtCAl
(Phatr3_J51305), and PtCA2 (Phatr3_J45443) belonging to
B-CAs and Pt43233 (Phatr3_J43233) belonging to 6-CA, in
response to high CO, were observed in different strains.
Under the HC conditions, the expression of PtCA1 was down-
regulated by 34%, 30%, and 40% in Pt1, Pt8, and Pt11, respec-
tively; PtCA2 was downregulated by 23% in Ptl and 75% in
Pt4; Pt43233 was downregulated by 44% in Ptl but
upregulated by 61% in Ptll. However, HC did not
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NAD*-malic enzyme.

significantly downregulate the expression of Rubisco large
subunit (rtbcL) in any strains (p>0.05). In addition, some
genes involved in C4-like metabolism showed varied expres-
sion patterns in response to the HC conditions in different
strains: pyruvate carboxylase 1 (PYC1) was upregulated in Pt1;
phosphoenolpyruvate carboxylase 2 (PEPC2) was down-
regulated in Ptl but upregulated in Pt11; phosphoenolpyr-
uvate carboxykinase (PEPCK) was upregulated in Ptl but
downregulated in Pt8 and Pt11; PPDK was downregulated in
Pt8 and Pt11; malate dehydrogenase (MDH) was upregulated
in all strains; NAD*-malic enzyme (ME1) was downregulated
in Pt1 but upregulated in Pt11.

Discussion

Previous studies have shown that the effects of ocean acidi-
fication on diatoms are not only regulated by other environ-
mental factors, but also determined by species-specific
physiological characteristics (Gao and Campbell 2014). Here,

we show that ocean acidification did not significantly influ-
ence pigment contents or specific growth rates, probably
resulting from balance of energy consumption and production
in carbon metabolism (Wu et al. 2010; Gao et al. 2012), in
spite of the changes at the transcriptional level (Huang
et al. 2018). Both photosynthesis and dark respiration were
enhanced under HC conditions, leading to an approximately
5% increase in daily net production (Wu et al. 2010). Energy
saved by reduction in carbon acquisition under the HC condi-
tions may be expended by nonphotochemical quenching and
photorespiration to protect diatoms from damage (Gao
et al. 2012).

Previous studies have shown that changes in seawater CO,
and HCO; under the HC conditions furthermore influence
CCMs at both physiological and molecular levels (Hopkinson
et al. 2016; Tsuji et al. 2017). In this study, the expression of
tested genes encoding proteins that take part in HCO; uptake
and interconversion of CO, and HCO; were found to display
different patterns, which may result in variable decreased
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magnitudes of CO, and/or HCOj3 affinity among different
strains. Meanwhile, the elevated CO, did not influence the
expression of genes encoding the C4-like metabolism enzymes
PEPC1 or PYC2 localized in the chloroplasts, but altered
C4-like metabolism enzymes localized in mitochondria and
cytoplasm. These results suggest that C4-like metabolism may
redistribute carbon flux in the mitochondria in response to
the HC treatment, rather than participate in carbon fixation.
Neither the decrease in CO, and/or HCOj affinity, nor the
expression pattern of genes involved in CCMs and C4-like
metabolism were phylogenetically related, implying that dis-
tinct strategies in response to ocean acidification may also be
driven by constitutive adaptation to the different environ-
ments where the strains were derived (Bailleul et al. 2010).

To overcome limited CO, availability for carboxylation,
diatoms have evolved CCMs that are distinct from other algae
(Matsuda and Kroth 2014) even among different diatom spe-
cies (Hopkinson et al. 2016; Tsuji et al. 2017). In this study,
the affinity for CO, and/or HCO; decreased due to altered car-
bonate chemistry under the HC conditions was observed in all
four strains. The magnitudes of DIC affinity reduction were
varied among these four strains, implying that strains of the
same species may develop different strategies to respond to
ocean acidification. Phaeodactylum tricornutum can take up
both HCO; and CO; from the environment, and CO, uptake
exceeds HCO;3 uptake by a factor of 2 (Burkhardt et al. 2001).
To date, PtSLC4-2, localized in the plasma membrane, has
been confirmed as a HCOj; transporter, and five putative
plasma membrane-type HCO; transporters belonging to SLC4
family have been identified in the genome of P. tricornutum.
The expression of PtSLC4-5 was down-regulated under 5%
CO; (50,000 ppmv) conditions and upregulated by 22-fold
when exogenous DIC was low (Valenzuela et al. 2012;
Nakajima et al. 2013; Matsuda et al. 2017). In the current
study, the expression of PtSLC4-2 and PtSLC4-5 was down-
regulated in Pt4 in response to elevated CO, compared to the
ambient CO, concentration, but not significantly affected in
the other three strains. Our results suggest that repression of
HCOj; transport in strain Pt4 may be a distinct carbon acquisi-
tion strategy in response to ocean acidification, resulting in
the largest decrease in DIC affinity compared to other strains
(Figs. 3, 4).

Active transport of DIC into the chloroplasts constitutes
the main driver of CCMs. Pyrenoids with low permeability to
CO, play critical roles in concentrating CO,, where confine-
ment of CA with Rubisco increases the efficiency of the CCMs
which can be indicated by 1/K;,, (Hopkinson et al. 2011).
Among all CAs, the expression of genes encoding B-CAs
(PtCA1 and PtCA2) localized in the pyrenoids, as well as one
0-CA (Pt43233) targeted to pyrenoid-penetrating thylakoid
lumen, was downregulated by 5% CO, which is 50 times
higher than 1000 yatm CO, used in our experiments
(Tachibana et al. 2011; Kikutani et al. 2016). The general
decreased expression of genes encoding CAs localized in
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Fig. 5. The schematic model of CCMs and carbon flux changes in
C4-like metabolism of four P. tricornutum strains under the HC with
respect to the AC based on gene expression. Blue and pink colors indicate
downregulation and upregulation, respectively. Solid lines in C4-like
metabolisms indicate carbon flux in Pt1, and dash lines indicate that of
Pt8 and Pt11.

pyrenoids and pyrenoid-penetrating thylakoid lumen may
play a major role in downregulating CCMs in all four strains
under the HC conditions (Fig. 5).

It has been reported that CO,/cAMP-responsive elements
(CCREs) in the promoters of PtCA1 and PtCA2 are critical for
responding to CO, alterations by a cAMP-mediated signal
pathway (Ohno et al. 2012; Tanaka et al. 2016). We also iden-
tified that CCRE1 and CCRE2 are in the upstream regulatory
region of Pt43233 in Ptl. The decreased expression of genes
encoding these CAs in Ptl may therefore be attributed to the
responses of CCREs in the upstream regulatory regions of CA
genes. CCRE motifs are highly conserved in Pt43233, PtCA1l
and PtCA2 among different strains. The variation in the
changes of expression of CAs among other strains may result
from different degrees of sensitivity of CAs to CO,, probably
due to nucleotide polymorphism of promoter regions of CAs
in different strains.

The C4-type pathway that indirectly participates in carbon
fixation is defined as a biochemical CCM. This has been con-
troversial and considered to be limited to particular diatoms
(Roberts et al. 2007; Hopkinson et al. 2016). PEPC1 and PYC2,
localized in the chloroplasts, are thought to be involved in
catalyzing carboxylation of HCO; to oxaloacetic acid (OAA)
(Kroth et al. 2008; Ewe et al. 2018). In our study, the genes
encoding PEPC1 and PYC2 did not show significant differen-
tial expression under the HC conditions in any strains. In
addition, to our knowledge, there are no enzymes catalyzing
decarboxylation of C4 compounds to CO, in the chloroplasts.
These results suggest that C4-like metabolism in the chloro-
plasts may not influence CO; fixation. On the other hand, the
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expression patterns of genes encoding C4-like metabolism
enzymes localized in mitochondria and cytoplasm in Pt8 and
Pt11 were similar but distinct from Ptl and Pt4, which were
again not consistent with their phylogenetic relationships
(Figs. 4, 5). In Pt4, only the expression of the gene encoding
MDH was upregulated. In Pt11, downregulation of PEPCK and
upregulation of PEPC2, as well as upregulation of MDH and
ME1, may result in carbon flux from phosphoenolpyruvate
(PEP) to pyruvate via OAA. Meanwhile, the downregulation of
PPDK may suppress the conversion of pyruvate to PEP in the
cytoplasm. Possible accumulated pyruvate from PEP and sup-
pression of pyruvate to PEP may further lead to lipid biosyn-
thesis (Yang et al. 2016). The changes in expression of these
genes in Pt8 were similar to those observed in Ptll, except
that the expression of PEPC2 and ME1 was not significantly
affected by the HC treatment. However, in Pt1, the expression
of genes encoding enzymes PEPCK, PEPC2, and ME1 was regu-
lated in the opposite direction compared to that in Pt11. The
expression of MDH and PYC1 was upregulated, which may
also facilitate carbon flux from pyruvate to PEP via OAA. The
carbon flux to PEP may further drive gluconeogenesis, since
all the enzymes needed for the initial steps of gluconeogenesis
can be found in the mitochondria (Ewe et al. 2018). Our
results suggest that C4-like metabolism may redistribute car-
bon flux from carboxylation of HCO; and pyruvate/PEP in
response to ocean acidification in different ways in the differ-
ent strains. Our results also suggest that C4-like metabolism
may not participate in net CO, fixation, because it is highly
unlikely that CO,, produced via decarboxylation of OAA by
PEPCK in Ptl or decarboxylation of malate by ME1 in Ptl1,
can permeate from the mitochondria to the chloroplasts
through a total of six membranes (Ewe et al. 2018).

It has been supposed that environmental demands drive
the evolution of distinct DIC uptake strategies in diatoms
(Tsuji et al. 2017). In Antarctic diatoms, HCO; uptake contrib-
utes 59-100% of net carbon fixation, and high extracellular
CA activity is of particular importance for converting CO, to
HCOj3 that is subsequently taken up by HCO;J transporters
(Trimborn et al. 2013). The CO, concentration in seawater is
determined by pCO, and solubility of CO, in Henry’s law, in
which CO, solubility is not only negatively influenced by
temperature but also dependent on salinity (Zeebe and Wolf-
Gladrow 2001; Young et al. 2015). According to the
Copernicus-Marine environment monitoring service (CMEMS)
database, the average CO, concentration of the seawater in
which Pt4 was isolated is approximately 15 gmol L™!, which is
nearly equal to the environment where Pt1 was isolated, and
lower than that of Pt8 (Supporting Information Table SS5).
Because of the lower CO, diffusion at lower temperatures
(a factor of 2 between 20°C and 0°C; Kranz et al. 2015), and
lack of extracellular interconversion between CO, and HCOj3
by extracellular CAs (Tachibana et al. 2011; Kikutani
et al. 2016), the HCOj; : CO, uptake ratio of the coldest
adapted Pt4 may be greater than that of other strains. It has
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been reported that the HCO; uptake of polar diatoms
inversely correlated with CO, concentration (Neven et al. 2011;
Kranz et al. 2015). As pCO, increases, Pt4 may reduce HCOj;
acquisition more preferentially than other strains, which
would save more energy consumed by CCMs. However, the
strains used in this study have been transferred from their
local natural environment to laboratory conditions for several
decades, in which evolutionary processes do not cease to
occur (Lakeman et al. 2009; Pargana et al. 2020). Therefore, to
better explore strain-specific response to ocean acidification,
molecular and physiological experiments in both laboratory
and field should be conducted using more recently isolated
strains in the future.

Our results demonstrate that increased concentrations of
pCO, in seawater relevant to ocean acidification influence
the model diatom’s inorganic carbon acquisition capability
and C4-like metabolism, with strain-specific differences as
large as those previously observed between species. In addi-
tion, the variation in responses among strains was not in line
with phylogenetic relationship based on ITS2 sequences,
implying that the environment-adapted traits might also play
important roles in driving diatoms to adopt strategies to deal
with changing ocean chemistry. In the future, more compre-
hensive analysis, such as integrated analysis of environment-
functional genes-physiological performance, using more
recently isolated strains from distinct habitats, is needed to
better illustrate this point. The current research thus suggests
that strain-specific responses should not be neglected in con-
sidering effects of ocean climate change on diatoms.
Variation in the responses of strains to ocean acidification
and other environmental factors will likely influence species
niches, ecosystem composition, and element biogeochemical
cycles in different ocean regions.
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