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ARTICLE INFO ABSTRACT

Keywords: The model marine diatom P. tricornutum possesses efficient CO»-concentrating mechanisms (CCMs) involving the
C4 metabolism bicarbonate transport and the rapid inter-conversion of HCO3 and CO,, and it has a complete set of enzymes
Diatom

essential for biochemical CCM C4 pathway. However, the role of potential C4 pathway in the diatom is still
controversial. Based on the analysis of previously published proteome and transcriptome data in P. tricornutum,
the expression of pyruvate orthophosphate dikinase (PPDK), a key enzyme generating the primary acceptor for
bicarbonate fixation in C4 pathway, was upregulated in long-term high COz-selected populations. In our study,
P. tricornutum PPDK (PtPPDK) transcript abundance was higher with short-term treatment of high NaHCO3
concentrations and overexpression of PtPPDK resulted in a cell density increase of 5-16 % from day 2 to 8.
Knockdown (KD) or knockout of PtPPDK inhibited the growth and the maximal photosystem II electron transport
rate, and the inhibited growth became more and more evident with the increasing NaHCO3 concentration from 1
to 8 mM in PtPPDK KD lines. Furthermore, elevating NaHCOj3 from 1 to 16 mM dramatically decreased the cell
density both in wild-type and PtPPDK mutants, suggesting that 1 mM NaHCOs is enough for the photosynthesis
carbon assimilation. PtPPDK was localized in the plastid stroma by eGFP fusion protein analysis at 2 mM
NaHCOs3, while PtPPDK-eGFP fluorescence was observed both in the stroma and periplasmic space at higher
NaHCOs. It is suggested that PPDK is necessary for consuming excessive inorganic carbon (C;) both from the
plastid and extracellular environment to maintain pH homeostasis, indicating a potential function of adapting to
high C; concentrations.

High bicarbonate
Phaeodactylum tricornutum
Pyruvate orthophosphate dikinase

and/or HCOj3 across biological membranes, coupled with inter-
conversion between CO2 and HCO3 which is catalyzed by carbonic

1. Introduction

Diatoms, operating very efficient photosynthesis, are responsible for
up to 40 % of the primary production in oceans and thus are crucial for
the global carbon cycle [1]. However, the dissolved inorganic carbon
(DIC) in seawater (~2 mM) corresponds to a much lower concentration
of CO, (10-15 pM at pH 8.2) [2] than the value of CO; half-saturation
constant (23-68 pM) of ribulose-1,5-bisphosphate carboxylase/oxy-
genase (RubisCO) in diatoms [3]. To overcome carbon limitation of
photosynthesis, diatoms as well as many other phytoplankton possess
CO,-concentrating mechanisms (CCMs) that elevate the CO2 concen-
tration in the proximity of RubisCO especially in a COy-limited envi-
ronment [1,4].

Two main types of CCMs, biophysical and/or biochemical, are
known in diatoms [5]. Biophysical CCMs involve active transport of CO2
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anhydrases (CAs) [6,7]. For instance, SLC4 HCO3 transporters and their
homologous encoding genes have been reported in Phaeodactylum tri-
cornutum [7] and Thalassiosira pseudonana [8]. Diatoms possess
numerous CAs from common (a, B, y) and unusual (5, {) families, and
some of them in T. pseudonana are extracellular and serve to convert
HCO3 to CO; on the cell surface for COy uptake [9]. In P. tricornutum,
plastidial CAs, especially those located in the pyrenoid (B-CA, PtCA1 and
PtCA2; 0-CA, Pt43233) [6,10], are critical for CCM function and effi-
ciency. Biochemical CCMs, referred to as the Cy-type CCM or C4
pathway, include the formation of intermediate four-carbon organic
molecules, which are accumulated and transported within the cell. Some
terrestrial and aquatic plants as well as a few algae are reported to
perform C4 photosynthesis, while the presence of C4 pathways is less

Received 15 January 2023; Received in revised form 5 April 2023; Accepted 2 May 2023

Available online 6 May 2023
2211-9264/© 2023 Elsevier B.V. All rights reserved.


mailto:hanhuahu@ihb.ac.cn
www.sciencedirect.com/science/journal/22119264
https://www.elsevier.com/locate/algal
https://doi.org/10.1016/j.algal.2023.103131
https://doi.org/10.1016/j.algal.2023.103131
https://doi.org/10.1016/j.algal.2023.103131
http://crossmark.crossref.org/dialog/?doi=10.1016/j.algal.2023.103131&domain=pdf

T. Huang et al.

certain in diatoms. There is evidence of the presence of C4 photosyn-
thesis in the marine diatom Thalassiosira weissflogii [11], however, there
are contradictory results for other diatoms including P. tricornutum
[12-15].

The functional C4 CCM requires an additional carboxylation enzyme,
typically phosphoenolpyruvate (PEP) carboxylase (PEPC), which cata-
lyzes the carboxylation of PEP with HCO3, thus forming a C4 compound
oxaloacetate (OAA). OAA can be directly decarboxylated by PEP car-
boxykinase (PEPCK) or reduced to malate or aspartate by malate de-
hydrogenase or aspartate aminotransferase (AAT). T. pseudonana and
P. tricornutum, two sequenced diatoms, possess all the genes required for
Cy4-type CCM [8,16]. Two carboxylating enzymes, PEPC1 and PEPC2,
are reported to locate in the matrix of the periplastidic compartment and
the mitochondria, respectively, in these two diatom species [13,17].
Recently the role of the two PEPCs in the CCMs of P. tricornutum have
been studied [18], and at least parts of the CCM rely on biochemical
bicarbonate fixation catalyzed by PEPC2 in mitochondria. PEP can be
converted from pyruvate by pyruvate orthophosphate dikinase (PPDK)
and may be able to be transported to mitochondria and the plastid as a
substrate for PEPC [18], and the regeneration of PEP from pyruvate by
PPDK might be necessary to maintain the potential C4 cycle. However,
PPDK silencing has no significant effect on the inorganic carbon (Cy)
acquisition and photosynthetic activity under low HCO3 (0-250 pM
NaHCO3) conditions [14]. Therefore, the function of PPDK in the po-
tential C4 pathway is far from clear in P. tricornutum. No matter whether
there is a potential C4 pathway in P. tricornutum and what function PPDK
performs in this C4 cycle, many studies have been carried out under low
CO3 (< 400 ppmv) and NaHCO3 (< 2 mM) conditions. In fact, according
to the published expression data [19-22], besides being upregulated
under excessively low CO5 conditions, PPDK expression is also upregu-
lated under high CO; conditions in P. tricornutum, indicating a potential
function of adapting to high C; concentrations [19,20]. In this study,
PPDK knockdown (KD), knockout (KO) and overexpression (OE) strains
were generated in P. tricornutum to illustrate the role of PPDK under the
high DIC condition. In addition, the intracellular distribution of PPDK
was observed at different HCO3 concentrations by generating PPDK::
GFP fusion proteins to further interpret its function.

2. Materials and methods
2.1. Strain and growth conditions

Phaeodactylum tricornutum CCMP2561 was obtained from the culture
collection of the Provasoli-Guillard National Center for Culture of Ma-
rine Phytoplankton, Bigelow Laboratory for Ocean Sciences (USA). Algal
cells were grown in artificial seawater (AW) enriched with silicate-free
f/2 (nitrate concentration was reduced to 500 pM) [23] and the initial
cell density was 2 x 10° cells mL L. For the growth of RNA interference
(RNAI) lines, overexpression (OE) lines, and eGFP expression lines, 37.5
pg mL~! zeocin was added to the medium. All the cultures were incu-
bated in constant light (60 pmol photons m~2 s 1) at 22 °C, and shaken
manually three times a day. AW was prepared according to Harrison
et al. [24], and different DIC concentrations were obtained by adding
NaHCOs of various concentrations in the AW. To be specific, NaHCO3
levels were set at 1, 2, 4, 8 and 16 mM in the AW. Accordingly, the
concentrations of CO, were 15.6, 31.2, 62.3, 124.7 and 249.4 pM, and
those of HCO3 were 0.94, 1.87, 3.74, 7.49 and 14.97 mM in the culture
system (pH 7.7, 22 °C, salinity 30.5). Subsamples were retrieved for cell
enumeration using a Malassez chamber and pH values of the culture
were measured by pH meter.

2.2. Plasmid construction and transformation
The full-length coding sequence of P. tricornutum PPDK (PtPPDK,

Phatr3_J21988) is 3036 bp in length and encodes 1011 amino acids
according to Ensembl database annotations. To generate PtPPDK OE
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vector pPhaT1-PPDK-OE for P. tricornutum, the coding region of the gene
was amplified using the primers PPDK Kpnl Fw (GGggtaccAT-
GAAGTTTTCTTCAGCT) and PPDK Xbal Rev (GCtctagaTTACGCCAT
GGGCGAAGTC) and then inserted into the plasmid pPha-T1 between the
Kpnl and Xbal sites. For the subcellular localization analysis of PtPPDK,
the pPhaT1-PPDK-eGFP construct was generated to express C-terminal
eGFP fusion proteins in P. tricornutum cells. Primers PPDK_Kpnl Fw and
PPDK linker + Kpnl Rev (GGggtaccTCCTCCTCCTCCTCCCCTAGGTCCC
GCCATGGGCGAAGTCTTG) were used to amplify the open reading
frame (ORF) of PtPPDK, and the resulting PCR product was inserted into
the Kpnl site of pPhaT1-eGFP [25]. For the silencing of PPDK in
P. tricornutum, “long” and “short” fragments were amplified to obtain a
hairpin construct [26]. In details, a 250-bp fragment (corresponding to
the PtPPDK gene sequence from 2355 to 2604 bp) and a 445-bp fragment
(corresponding to the PtPPDK gene sequence from 2355 to 2799 bp)
were amplified from the P. tricornutum cDNA, respectively, with the
primers ppdk_fw (CGgaattcCATGCAGACTGAGGCGATTA, containing an
EcoRI site) and ppdk_rvl (GCtctagaGGTCACTCCTGCAATCTGGT, con-
taining an Xbal site), and primers ppdk fw and ppdk rv2 (GCtcta-
gaAGCCGAAAGATGAAGCAAGA, containing an Xbal site). The
fragments were digested with EcoRI and Xbal and ligated in sense and
antisense orientations to the EcoRI site of the linearized phir-PtGUS
vector, replacing the GUS gene fragments. Plasmid pKS diaC-
as9_sgRNA PPDK was generated for PtPPDK KO lines using CRISPR/
Cas9 method as described by Nymark et al. [27]. Target sites for
CRISPR/Cas9 were designed within the PtPPDK gene using the
PHYTOCRISP-EX web tool (https://www.phytocrispex.biologie.ens.fr/
CRISP-Ex/) and a 20 bp guide RNA (PPDK _877: GAAAAGGTTTAC-
GACGAACA) was cloned into the pKS diaCas9_sgRNA vector.

Before being transformed into wild-type P. tricornutum by electro-
poration, the vectors were linearized with Hpal (OE and eGFP vectors)
or Scal (RNAI vectors) and then purified with DNA purification kit ac-
cording to our previous method [25]. Co-transformation of the linear-
ized pPha-T1 (by Scal) and the linearized pKS diaCas9_sgRNA_PPDK (by
Kpnl) was performed for the generation of KO transformants. OE and
eGFP fusion transformants were screened by checking the integration of
the PtPPDK gene, and RNAI transformants were screened by checking
the integration of the sh ble gene. DNA from resistant colonies after the
transformation of CRISPR/Cas9 construct was extracted, amplified by
PCR and sequenced for mutant identification. The eGFP transformants
grown to the exponential growth phase in liquid media containing 2 and
8 mM NaHCOg3 were observed with a Leica TCS SP8 laser scanning
confocal microscope. An excitation wavelength of 488 nm was used for
eGFP fluorescence and plastid autofluorescence, detected at 500-550
and 650-690 nm respectively.

2.3. Real-time quantitative PCR (RT-qPCR) and Western blot

To examine the RNA and protein expression of PtPPDK, exponential
growth cells were harvested by centrifuging at 3000 rpm for 10 min
(4 °C). For RNA extraction, cells were washed with phosphate buffered
saline and the cell pellet was immediately frozen in liquid nitrogen. RNA
was extracted with RNAiso Plus (Takara, China) according to the man-
ufacturer's instructions, and then converted into ¢cDNA according to
protocols provided by HiScript III 1st Strand cDNA Synthesis Kit
(+gDNA wiper) (Vazyme, China). RT-qPCR was performed in a Light-
Cycler 480 Real-Time PCR System (Roche, Germany) with the Light-
Cycler 480 SYBR Green I Master (Roche). Primer pair qPPDK_Fw
(CGCTTACGACTCCTTTCGTC) and ¢PPDK Rev (CCGTGTTCGTCGT
AAACCTT) was used for RT-qPCR of PtPPDK, and PtPPDK expression
was normalized on the housekeeping gene Histone H4 [28]. Relative
quantification of mRNA levels was performed in triplicate on two in-
dependent cultures. To observe the relative transcript abundance of
PtPPDK during the time course in medium with different NaHCO3 con-
centrations (1, 2, 4, 8, and 16 mM), RNA from wild-type P. tricornutum
grown for 1, 3, 6 and 12 h at 60 pmol photons m 2 s ! was sampled, and
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then the light-grown cells were transferred to dark for 12 h (designated 3. Results
as “24 h”) and subsequently exposed to light for 6 h (designated as “30

h™). 3.1. Expression level response of PtPPDK to C; concentrations

Protein extraction was carried out using Western/IP lysis buffer
(Beyotime, China), and the protein concentration was measured with To interpret the putative role of PtPPDK in CCMs of P. tricornutum,
the BCA Protein Concentration Assay Kit (Beyotime). Protein samples PtPPDK expression levels at different CO2 concentrations and different
were isolated by 12 % SDS-PAGE and then transferred to PVDF mem- growth phases were analyzed based on previously published proteome
brane. After washing, the membranes were incubated with PtPPDK and transcriptome data. PtPPDK protein level was significantly upre-

polyclonal antibody and then with HRP-labeled goat anti-rabbit IgG gulated [19] and its transcript abundances ([20]; NCBI Accession:
secondary antibody. The blots were developed by ECL (Millipore, USA), PRJEB34512) were also higher in long-term (8-24 months) high CO»-

and chemiluminescence was captured on an ImageQuant LAS 4000 mini selected populations of P. tricornutum (Fig. 1a). However, the short-term
apparatus (GE Healthcare Life Sciences, UK). Polyclonal antibody of (2 h ~ 10 days) acclimation to elevated CO5 (1000-5000 ppmv) and
PtPPDK was generated by Genscript Corporation (Nanjing, China) ambient air (400 ppmv) resulted in no significant difference in the
against synthetic peptides GSNSMVSEQEDSKHC. relative mRNA levels of PtPPDK which were significantly upregulated
under extremely low CO; concentrations (50-150 ppmv) ([21,31]; NCBIL

2.4. Chlorophyll fluorescence measurements Accession: PRINA322663) (Fig. 1a). As shown by McCarthy et al. [32],
the transcript abundance of PtPPDK changed a little from 1 to 42 h and

In vivo fluorescence measurements of exponential growth cells then soared till 66 h, and it tended to increase from 90 to 228 h (Fig. 1b).
(grown to 2-3x 10° cells mL 1) were performed at room temperature PtPPDK transcript levels were also increased during darkness if not
using a JTS-10 spectrophotometer (Biologic, France). The relative changed ([33,34]; NCBI Accession: PRINA322663) (Fig. 1a). To observe
electron transport rates at the given light intensities (35, 75, 120, 230, the response of PtPPDK mRNA levels to various NaHCOg3 concentrations,
and 450 pmol photons m~2 s1) were obtained by multiplying photo- wild-type P. tricornutum was cultured in medium with 1, 2, 4, 8, and 16
system II (PSII) efficiency by the light intensity [29]. Data were treated mM NaHCOs, and relative mRNA levels of PtPPDK were increased with
by non-linear fitting technique using model P = Pyy(1 — e~ @E9/Pm™)y [30], the elevated NaHCOs3 concentration from 1 to 16 mM under light for 1 h
where Py, is the photosynthetic capacity at saturating irradiance and under darkness for 12 h (Fig. 1c). In addition, PtPPDK transcript
(maximum relative electron transport rate rETRy, = Py, in the absence of levels at least did not obviously downregulate at higher NaHCOs3 con-
photoinhibition), a is the initial linear slope of the best fit curve, and Ex ditions (8 and 16 mM) compared with 2 mM NaHCOs (Fig. 1c). These
=rETRp/a. results indicated that PtPPDK might be involved in the long-term

adaptation and short-term acclimation to higher Ci.
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Fig. 1. P. tricornutum PPDK expression levels under different growth conditions cited from the published proteome and transcriptome data and in our study. a Protein
(black column) and mRNA (white column) fold change at high CO, relative to low CO, or under darkness relative to light. “C1000”, “C400”, and “C150” refers
respectively to cells grown in 1000, 400, and 150 ppmv CO, for c. 400 days (“13 mon™: [19]), 2 years (“24 mon™: [20]), 8 months (“8 mon”: NCBI Accession:
PRJEB34512), 10 days (“10 d™: [31]), or 5 days (“5 d™: [21]). “C5000_L (D)”, “C400_L (D)”, and “C50_L (D)” refers to exponential growth culture with 5000, 400, and
50 ppmv CO; for 2 h (“2 h”: NCBI Accession: PRINA322663) at 125 (0) pmol photons m~2 s ! after (before) day under 14:10 light dark cycle. “Dark-72 h” and “BL-1
h” refers to cells acclimated to darkness for 72 h and then illuminated with blue light for 1 h [33]. “Control-8 h” and “Dark” refers to cells grown in replete conditions
collected at 8 h and under dark treatment for 8 h [34]. P values were indicated above the bars. b Transcript level response to culture time [32]. “N-free” and “1-228
h” refers to “after 2 h of incubation in N-free media” and “1~228 h after transfer of cultures into NO3 media”. ¢ Wild-type P. tricornutum was grown for 1, 3, 6 and 12
h at 60 pmol photons m~2 s~! and then the light-grown cells were transferred to dark for 12 h (designated as “24 h™) and subsequently exposed to light for 6 h
(designated as “30 h™). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Growth of PtPPDK mutant and OE lines at high NaHCO3
concentration

To explore the function of PtPPDK in P. tricornutum, PtPPDK OE, KD
and KO lines were generated. Three OE lines (PPDK-OE-1, PPDK-OE-2,
and PPDK-OE-5) showing a 17.5, 31.4, and 38.0 fold increase, and
three RNAi lines (PPDK-RNAi-1, PPDK-RNAi-2, and PPDK-RNAi-3)
showing a 67 %, 75 %, and 86 % reduction, respectively, in transcript
levels of PtPPDK compared with wild-type were selected for the subse-
quent analysis (Fig. 2a). A PtPPDK KO line (PPDK-Cas9-4) generated by
CRISPR-Cas9 technology showed a 4-bp deletion in the target site of
PtPPDK (Fig. 2b). Immunoblot analysis revealed that PtPPDK protein
abundance was obviously higher in the three OE lines and lower in the
three KD lines, while no band was detected in the KO line (Fig. 2c).

During a 10-day batch culture period with 2 (Fig. 3a) and 4 mM
(Fig. 3b) NaHCOs, significantly different growths were observed be-
tween the transformants and wild-type from day 6 to 10. At 2 mM
NaHCOs, cell densities in the four PtPPDK mutants decreased by 19-21
%, 18-24 %, 12-19 % and 17-21 % from day 8 to 10, and increased by
12-17 %, 6-11 % and 5-9 % in the three OE lines (Fig. 3a). At 4 mM
NaHCOgs, cell densities in the four PtPPDK mutants decreased by 8-14 %,
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10-18 %, 14-16 % and 19-22 %, respectively from day 4 to 10. Even on
day 2, cell densities of two RNAi lines and the KO line were decreased by
22-33 % compared with the wild-type. On the contrary, overexpression
of PtPPDK enhanced the growth of P. tricornutum and resulted in the cell
density increase of 5-16 % from day 2 to 8 (Fig. 3b). It is evident that
PtPPDK lesion inhibits the growth of P. tricornutum at high NaHCOg3
conditions, and the increased cell biomass is favoured by PtPPDK
overexpression.

3.3. Growth response of PtPPDK RNA:i lines to gradient NaHCO3
concentrations

To further interpret the function of PtPPDK in P. tricornutum, two
PtPPDK KD lines (PPDK-RNAi-1 and PPDK-RNAi-3) and the wild-type
were grown in the media with different concentrations of NaHCOs. A
significant growth difference became more and more evident with the
increasing NaHCO3 concentration from 1 to 8 mM (Fig. 4). In details, cell
density of the two RNAI lines was obviously decreased on day 10 for 1
mM (Fig. 4a), from day 8 to 10 for 2 mM (Fig. 4b), from day 6 to 10 for 4
mM (Fig. 4c), and from day 4 to 10 for 8 mM (Fig. 4d). The maximal
decrease of 22-45 % in the cell density was observed for 8 mM from day

220
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Fig. 2. Expression levels of PtPPDK in PtPPDK transformants and sequencing results of PtPPDK in PtPPDK knockout (KO) line (PPDK-Cas9-4). a Relative mRNA levels

of PtPPDK in wild-type (WT), RNAi (PPDK-RNAIi-1, PPDK-RNAi-2, and PPDK-RNAI-3) and overexpression (OE) lines (PPDK-OE-1, PPDK-OE-2, and PPDK-OE-5). b
Sequences of fragment deletions in the PtPPDK KO line was aligned with that of WT. ¢ Immunoblotting analysis of PtPPDK protein levels in WT, RNAi, OE, and
KO lines.
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Fig. 3. Growth curves of wild-type (WT), and PtPPDK RNAi (PPDK-RNAI-1, PPDK-RNAi-2, and PPDK-RNAI-3), overexpression (OE) (PPDK-OE-1, PPDK-OE-2, and
PPDK-OE-5) and knockout (PPDK-Cas9-4) lines cultivated in the medium with 2 (a) and 4 mM NaHCOj3 (b). Data are the average of three biological replicates with

error bars indicating standard deviations.
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Fig. 4. Growth curves of wild-type (WT) and PtPPDK RNAi lines (PPDK-RNAi-1 and PPDK-RNAIi-3) cultivated in the medium with 1 (a), 2 (b), 4 (¢), 8 (d), and 16 mM
(e) NaHCOs. Data are the average of three biological replicates with error bars indicating standard deviations.

2 to 6. Higher NaHCOg inhibited the growth of not only wild-type but
also RNAI lines, and cell density on day 10 decreased by 9 %, 25 %, and
33 % in the wild-type, by 6 %, 32 %, and 32 % in PPDK-RNAi-1, and by 9
%, 25 %, and 33 % in PPDK-RNAI-3 at 2, 4, and 8 mM NaHCOs relative
to 1 mM. A dramatic decrease of 38-45 % in cell density on day 10 was
also observed at 16 mM NaHCOs compared with 1 mM NaHCOs
(Fig. 4e), and there was no obvious difference between the wild-type and
RNAI lines, indicating that 16 mM is too high and beyond the regulation
of PtPPDK. Fig. 5 shows the pH values of cultures under different
NaHCOs3 concentrations, and the value was increased by 2.5-2.8 units
with the culture time from day O to 4, and then slightly decreased by
0.4-0.5 unit from day 4 to 10. However, no significant difference was
observed between the RNAIi lines and wild-type, suggesting that the
growth difference at different NaHCO3 concentrations between the
RNAI lines and wild-type can not be attributed to the difference of pH
values in the cultures.

3.4. Mutation of PtPPDK decrease photosynthetic capacity of
P. tricornutum

Corresponding to the decreased growth in P. tricornutum by PtPPDK
knockdown or knockout, mutation of PtPPDK also led to a lower relative
electron transport rate (tETR) at 2 (Fig. 6a) and 8 mM NaHCOs (Fig. 6b).
In particular, a severe impairment of the photosynthetic capacity was
observed in PtPPDK mutants at 8 mM NaHCOs as indicated by the
decrease in the maximum relative electron transport rate (rETR;,)
(Fig. 6b, Table 1). The decreased rETR,, might result from a diminished
capacity for carbon fixation. In addition, the rETR, increased at 8 mM
NaHCOs relative to 2 mM NaHCO3 (Table 1), indicating the increasing
photon capture due to the increasing carbon fixation.

3.5. Subcellular localization of PtPPDK at normal and high NaHCO3
concentrations

PtPPDK was predicted to be targeted to the plastid (chloroplast) by
TargetP [35] and HECTAR [36], and the former predicted PtPPDK to
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Fig. 6. Photosystem II relative electron transport rate (rETRpgy) as a function of the light intensity (35, 75, 120, 230, and 450 pmol photons m~2 s~1) in wild-type
(WT), two PtPPDK RNAI lines (PPDK-RNAi-1 and PPDK-RNAI-3) and a PtPPDK knockout line (PPDK-Cas9-4). Experiments were performed on cells grown in the
medium with 2 (a) and 8 mM NaHCO3 (b), and the error bars represent +SD of three biological replicates.

Table 1

Parameters of light-response curves of rETR in wild-type (WT), two PtPPDK
RNAI lines (PPDK-RNAi-1 and PPDK-RNAi-3) and a PtPPDK knockout line
(PPDK-Cas9-4): initial slope (o, pmol photons ~! m? s), maximum relative
electron transport rate (rETR,,), and light saturation coefficient (Ex, pmol pho-

tons m~2 s 1) (average + standard deviation, n = 3).

o rETR, Ex
2 mM NaHCO3
WT 0.62 £+ 0.07 66.93 + 3.86 107.95 + 13.69
PPDK-RNAi-1 0.62 + 0.06 62.92 + 3.19 101.48 +£12.80
PPDK-RNAI-3 0.62 + 0.07 60.96 + 3.54 98.32 +£12.48
PPDK-Cas9-4 0.64 + 0.05 62.93 + 2.63 98.32 +£8.71
8 mM NaHCO3
WT 0.62 £+ 0.08 74.86 £+ 5.35 120.74 +£17.81
PPDK-RNAi-1 0.55 £+ 0.06 65.15 + 3.82 118.45 + 14.67
PPDK-RNAI-3 0.55 + 0.04 63.89 + 2.47 116.16 + 9.57
PPDK-Cas9-4 0.59 £+ 0.09 66.13 £+ 5.43 112.08 + 19.42

have a chloroplast transit peptide (cTP) with a score of 0.5, while the
latter with a score of 0.6. However, AsAFind [37], a specific diatom
plastid protein prediction program, predicted that the protein was not
plastid-localized (“Not plastid, SignalP negative”). PtPPDK was pre-
dicted not to contain transmembrane helices by TMHMM Server [38].
To determine the position of PtPPDK in P. tricornutum, translational
fusion of the eGFP gene to the 3’ end of PtPPDK was performed. As shown
in Fig. 7a, PtPPDK-eGFP fluorescence overlaid with the chlorophyll
autofluorescence, clearly demonstrating that the protein was localized
in the plastid at normal NaHCOs3 concentration. Interestingly, besides in
the plastid stroma, green PtPPDK-eGFP fluorescence also appeared
around the cell periphery as a ring (Fig. 7b) at the high NaHCO3 con-
centration (8 mM), indicating that the enzyme was localized in the
periplasmic space of P. tricornutum.

4. Discussion

Marine diatoms contribute about 20 % of the global primary
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8 mM NaHCO,
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Fig. 7. Fluorescent microscope images of cells expressing PtPPDK-eGFP. From left to right, panels show microscope images of transmitted light, chlorophyll
autofluorescence, GFP fluorescence, and a merged image. Experiments were performed on cells grown in the medium with 2 (a) and 8 mM NaHCO3 (b).

productivity [39,40] and rely on CCMs to maintain the productivity at
low CO, concentrations in the oceans [41]. The model marine diatom
P. tricornutum possesses efficient CCMs involving the bicarbonate
transport by the SLC4 family transporters [7] and the rapid inter-
conversion of HCO3 and CO; catalyzed by ubiquitous 11 CAs espe-
cially in the pyrenoid [6,10]. Furthermore, the role of a potential C4
pathway for the CCMs in P. tricornutum is still controversial. Haimovich-
Dayan et al. [14] proposes that the C4 metabolism does not function in
net CO» fixation but helps the cells to dissipate excess light energy and
maintain the pH homeostasis in P. tricornutum under extreme CO» lim-
itation, and the intracellular distribution of inorganic carbon fixing
enzymes also does not support the presence of a C4 pathway in the
diatom [13]. However, Yu et al. [18] shows that mitochondrial PEPC

acts as a component of a biochemical CCM pathway in P. tricornutum at
low C; concentrations. PPDK catalyzes the formation of PEP, the initial
acceptor for fixation of bicarbonate in the C4 pathway. Regardless of the
presence of C4 pathway in P. tricornutum, the upregulation of PtPPDK
under extremely low CO concentrations (Fig. 1a) suggests that PtPPDK
is involved in the bicarbonate fixation at least. Besides being upre-
gualted under low C; availability (< 400 ppmv), PtPPDK expression was
upregulated in P. tricornutum grown under long-term exposures to high
CO; conditions (Fig. 1a). Our results showed that the PtPPDK transcript
abundance increased gradually in response to short-term (1 h) treatment
of higher concentrations of NaHCOs (Fig. 1c). Furthermore, PPDK is the
only significantly upregulated protein among all C4-related enzymes
[19], though two mitochondrion-localized decarboxylases PEPCK and
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ME2 were also transcriptionally upregulated in the long-term (8-24
months) high CO,-selected P. tricornutum cells (Supplemental Fig. S1). In
addition, Wu et al. [22] showed that both transcript and protein abun-
dances of PPDK were significantly upregulated at normal CO, (400
ppmv) relative to low CO, (100 ppmv) for the 7 days' culture. These data
all suggested that PPDK might be involved in the adaptation to the high
C;, as indicated by the enhanced growth of PtPPDK OE lines and
inhibited growth of KO/KD lines at high NaHCO3 (Figs. 3, 4). However,
elevating NaHCO3 from 1 to 16 mM dramatically decreased the cell
density in P. tricornutum both in wild-type and PPDK mutants (Fig. 4),
suggesting even 1 mM NaHCOj is enough for the photosynthesis carbon
assimilation. Indeed, in P. tricornutum approximately one-third of the
DIC transported into the chloroplast is fixed by RubisCO and the rest
diffuses as CO» into the cytoplasm, where it is recovered by CA-catalyzed
hydration to HCO3 [42]. The excessive HCO3 can combine with PEP
provided by PPDK, which is essential for the efficient control of intra-
cellular pH. Haimovich-Dayan et al. [14] considers that C4 metabolism
in P. tricornutum does not function in net CO5 fixation but helps the cells
in pH homeostasis. During the PEP formation from pyruvate, ATP is
consumed, and thus the futile C4 cycle in P. tricornutum also helps to
dissipate excessive energy.

Subcellular localization of key enzymes is critical to a functional C4
pathway for unicellular algae. The intracellular locations of all enzymes
potentially involved in Cs-like carbon fixing pathways in P. tricornutum
were determined [13]. However, the location of PtPPDK remains un-
certain. The full-length protein has a predicted plastid targeting pre-
sequence by ChloroP v1.1 (the cleavage site was between the 47th
and 48th amino acid residues), while PtPPDK::GFP fusion proteins were
observed with a cytosolic location [13]. Contradictorily, the single
encoded PPDK regulator protein 1 (RP1-PPDK) was located in the plastid
[13]. Thus Ewe et al. [13] supposed that PPDK was dual-targeted in
P. tricornutum, similar to land plants [43]. In our study, fluorescence of
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PtPPDK::GFP fusion proteins was observed in the plastid stroma at the
normal NaHCOj3 concentration, which is consistent with the reported
location of RP1-PPDK in Ewe et al. [13]. Stromal PPDK could efficiently
catalyze the phosphorylation of pyruvate into PEP, which may be
transported to PPC as a substrate for PEPC1 (Fig. 8). Correspondingly,
knockdown of PPDK was reported to cause an accumulation of lipids and
carbohydrates in P. tricornutum [14] due to the decreased consumption
of pyruvate by PPDK which induced a metabolic imbalance in the plastid
[44].

Under the high NaHCOg3 condition, a large amount of HCO3 trans-
ported by PtSLC4 can be converted into CO, by CA around the pyrenoid
for photosynthesis. In addition, PPS-localized PPDK provides PEP, which
is combined with HCO3 by PEPC to produce OAA immediately. OAA can
be transported into the mitochondria and then enters the tricarboxylic
acid (TCA) cycle or be converted into a-ketoglutarate by AAT to provide
carbon skeletons for the amino acid synthesis. A hypothesized working
model illustrating the role of PtPPDK in C; assimilation in P. tricornutum
was shown in Fig. 8. Anyway the fixed HCO3 by PEPC will not be
transferred to the plastid for photosynthesis owing to the absence of
decarboxylation enzymes in the plastid of P. tricornutum. In conclusion,
though C4 pathway does not function due to the lack of the chloroplastic
decarboxylase, as a key enzyme of the C4 pathway PPDK is necessary for
consuming excessive C; both from the plastid and extracellular envi-
ronment to maintain pH homeostasis or dissipate excessive ATP.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.algal.2023.103131.
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