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Mitochondrial phosphoenolpyruvate carboxylase contributes to
carbon fixation in the diatom Phaeodactylum tricornutum at low
inorganic carbon concentrations
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Summary

¢ Photosynthetic carbon fixation is often limited by CO, availability, which led to the evolu-
tion of CO, concentrating mechanisms (CCMs). Some diatoms possess CCMs that employ
biochemical fixation of bicarbonate, similar to C,4 plants, but whether biochemical CCMs are
commonly found in diatoms is a subject of debate.

¢ In the diatom Phaeodactylum tricornutum, phosphoenolpyruvate carboxylase (PEPC) is
present in two isoforms, PEPC1 in the plastids and PEPC2 in the mitochondria. We used real-
time quantitative polymerase chain reaction, Western blots, and enzymatic assays to examine
PEPC expression and PEPC activity, under low and high concentrations of dissolved inorganic
carbon (DIC).

¢ We generated and analyzed individual knockout cell lines of PEPC1 and PEPC2, as well as a
PEPC1/2 double-knockout strain. While we could not detect an altered phenotype in the
PEPC1 knockout strains at ambient, low or high DIC concentrations, PEPC2 and the double-
knockout strains grown under ambient air or lower DIC availability conditions showed redu-
ced growth and photosynthetic affinity for DIC while behaving similarly to wild-type (WT)
cells at high DIC concentrations. These mutants furthermore exhibited significantly lower
3C/"C ratios compared to the WT.

e Our data imply that in P. tricornutum at least parts of the CCM rely on biochemical bicar-
bonate fixation catalyzed by the mitochondrial PEPC2.

Introduction

Diatoms are an important part of the marine phytoplankton and
are responsible for a significant portion of oceanic primary pro-
duction (Nelson et 4., 1995; Falkowski & Raven, 1997). Photo-
synthesis is a fundamental process for primary productivity, and
ribulose-1,5-biphosphate carboxylase/oxygenase (Rubisco) is the
key enzyme for CO, fixation in the vast majority of oxygenic
photosynthetic organisms, including photosynthetic Proteobacte-
ria, and some Chloroflexi (Andersson & Backlund, 2008).
Rubisco catalyzes the carboxylation reaction of ribulose-1,5-
bisphosphate (RuBP), producing two molecules of the C3 com-
pound 3-phosphoglycerate, the primary product of carbon fixa-
tion in most photosynthetic organisms. However, the dissolved
inorganic carbon (DIC) in seawater corresponds to a CO, con-
centration of 10-15 uM at pH 8.2 (Riebesell ez al, 1993),
which is much lower than the value of the Michaelis—Menten
constant (K, = 20-60 pM) for CO, concentration in the prox-
imity of the diatom Rubisco enzyme (Badger ez al, 1998;
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Whitney ez al., 2011; Young ez al., 2016). To circumvent CO,
limitation, diatoms, as well as many other phytoplankton, use
CO; concentrating mechanisms (CCMs) that comprise the active
uptake and transport of inorganic carbon to increase the CO,
concentration in the proximity of Rubisco, improving photosyn-
thetic efficiency, especially in a carbon-limited environment
(Kaplan & Reinhold, 1999; Burkhardt et 4/, 2001; Matsuda
et al, 2001, 2017; Giordano et al, 2005; Reinfelder, 2010;
Hopkinson ez al., 2011; Kikutani ez al., 2016; Clement ez al.,
2017; Shen eral, 2017; Jensen et al, 2019; Launay er al,
2020). There are also phytoplankton that lack CCMs (e.g.
Chrysophytes (Maberly ez al., 2009)).

Two types of CCM can be distinguished: biophysical and bio-
chemical. Biophysical CCMs include the active transport of
bicarbonate (HCO53) across biological membranes, coupled with
facilitated conversion between CO, and bicarbonate. In bio-
chemical CCMs, C3 compounds are carboxylated by phospho-
enolpyruvate carboxylases (PEPCs), leading to the formation of
Cy acids (C4 photosynthesis). One crucial point here is that the
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substrate for PEPCs is not CO, but HCOj, which is more abun-
dant in the ocean waters. The C4 compounds in eukaryotic pho-
then be transported to the
mitochondria, or chloroplasts, where they are eventually decar-
boxylated by a decarboxylase to release CO, in close proximity to
Rubisco, at either the cellular or organellar level (Sage, 2004). In

toautotrophs can cytosol,

most Cy4 plants, the reactions of C4 photosynthesis are spatially
separated by cell differentiation (Kranz-type anatomy) (Sage
et al., 2012). In several terrestrial and aquatic plants, and in a
few algae, single-cell biochemical CCMs have also been observed
(Salvucci & Bowes, 1981; Ascencio & Bowes, 1983; Reiskind &
Bowes, 1991; Magnin et al., 1997; Lara ez al., 2002; Voznesen-
skaya et al., 2002; Edwards et al., 2004; Zhang et al., 2014).

In diatoms, the essential components involved in biophysical
CCMs include HCOj transporters (Rotatore et al., 1995;
Burkhardt er @/, 2001; Nakajima er 4/, 2013) and carbonic
anhydrases (CAs) (Morel ez al., 1994, 2002; Colman & Rota-
tore, 1995; Burkhardt et 4/, 2001; Hopkinson ez al., 2013;
Kikutani et al, 2016); some of the latter have recently been
shown to be extracellular (Tsuji ez al, 2021). Some CAs also
have been shown to reside, together with Rubisco, in the
pyrenoid (Kikutani et 4/, 2016). A number of studies greatly
improved our understanding of these biophysical CCMs (Hop-
kinson et al., 2011; Nakajima e# al., 2013; Clement ez al., 2017;
Matsuda ez al, 2017; Shen ez al., 2017; Young & Hopkin-
son, 2017; Jensen et al., 2019).

As far as biochemical CCMs are concerned, the findings in
diatoms are far from clear. Observations of principal 14C labelled
intracellular C4 compounds (malate), C transfer from malate to
3-phosphoglyceric acid (PGA) and sugar in CO,-limited cells,
and the high activity of phosphoenolpyruvate carboxylase
(PEPC) at low CO, concentrations, indicate the existence of a
biochemical CCM in the marine diatom Thalassiosira weissflogii
(Reinfelder ez al., 2000). Some biochemical and molecular data
also suggest a Cy-assisted photosynthesis in other diatoms, such
as Thalassiosira pseudonana and Phaeodactylum  tricornutum.
Beardall ez al. (1976) showed predominantly early labeling of Cy4
compounds in P. mricornutum, suggesting a C4 pathway. A two-
to four-fold greater transcript abundance of two PEPCs was
detected in 7. pseudonana under low CO, growth conditions
(McGinn & Morel, 2008), as well as an increase in the abun-
dance of PEPC transcripts when cells were shifted from high to
low CO, conditions (Kustka ez 2/, 2014). Other experimental
evidence argues against the presence of biochemical CCMs in
diatoms: pyruvate, orthophosphate dikinase (PPDK) silencing
experiments via RNAi (Haimovich-Dayan et 4/, 2013) and iso-
tope labeling experiments (Roberts ez 4/, 2007) did not support
the presence of a C4 CCM in P. tricornutum or T. pseudonana,
respectively. Lastly, a recent study suggested that a C4 CCM is
absent in all of the examined diatom species, including 7. weiss-
flogii, and that diatom CCMs rely mostly on HCO; transporters
and CAs (Clement et al., 2017).

Genomic analyses of 7. pseudonana (Armbrust ez al., 2004)
and P. wicornurum (Bowler er al., 2008) revealed that genes
required for the C4 pathways exist in both diatom species (Kroth
et al., 2008). Localization experiments with GFP fusion proteins
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in T. pseudonana and in P. tricornutum suggest that two carboxy-
lating enzymes, PEPCI1 and PEPC2, are located in the matrix of
the periplastidic compartment and the mitochondria, respectively
(Tanaka er al., 2014; Ewe ez al., 2018). The periplastidic space
in diatoms between the second and the third of the four plastid
envelope membranes is considered to represent the former
cytosol of the secondary red algal endosymbiont (Kroth, 2002).
Potential decarboxylation enzymes, like the NAD-dependent
malic enzyme (NAD-ME) and the phosphoenolpyruvate car-
boxykinase (PEPCK), are located in the cytosol and mitochon-
dria, respectively, in 7. pseudonana and in P. mricornutum
(Tanaka et al., 2014; Ewe ez al., 2018). None of the decarboxy-
lases so far identified in diatoms has yet been found to be located
in the plastid stroma of these two diatom species, while other
enzymes have been suggested to be potentially involved in decar-
boxylation (Kustka ez al., 2014).

In order to understand the origin and the role of PEPC1 and
PEPC2 in diatoms, we used reverse genetics to generate knockout
individual and simultaneous genes of the two PEPCs in P. tricor-
nutum and studied them comprehensively via molecular, bio-
chemical and physiological approaches.

Materials and Methods

Strains and culture conditions

The marine diatom Phaeodactylum tricornutum Bohlin strain
UTEX 646, obtained from Culture Collection of Algae, Univer-
sity of Texas (https://utex.org/) was grown in /2 medium with
artificial half-concentrated sea salts (16.6 g =1, Tropic Marin;
Dr Biener GmbH, Leubsdorf, Germany) and other supplements
(Guillard & Ryther, 1962; Guillard, 1975). Solid /2 media con-
tained 12 g 17! Bacto Agar (Becton, Dickinson & Co., Le Pont
de Claix, France). Cells were grown at 20°C, and illuminated
with a light intensity of 65-70 pmol photons m™ s~
(16 h : 8 h, light : dark photocycle). The cultures inoculated
from the exponential phase cultures were grown under either low
CO, (0.01 vol% = LC), pseudo ambient CO, (0.04 vol% =
AC), high CO, (0.6 vol% = HC), or ultra-high CO, (1 vol% =
UHC). Cultivation occurred in two-tier culture vessels (Yu et al,
2017) or under ambient air in Erlenmeyer flasks on a horizontal
shaker. The cultures used for DIC-dependent O, evolution
experiments were grown under continuous illumination (50—
75 pmol photons m™2 s™") at 20°C under constant aeration
with 1 vol% CO, or ambient air.

Purification of recombinant phosphoenolpyruvate
carboxylase and enzymatic assays

The sequences of two PEPC genes (JGI protein IDs — PEPCI,
56026; PEPC2, 20853) which encode the mature PEPC proteins
were cloned from P. tricornutum genomic DNA into overexpres-
sion vector pET28a(+) (Novagen/Merck KGaA, Darmstadt,
Germany). The resulting vectors pET28a-His-PEPC1 and
pET28a-His-PEPC2 were used for genetic transformation of
Escherichia coli BL21 (DE3 Rosetta, Novagen) by electroporation
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(MicroPulser™; Bio-Rad, Feldkirchen,
colonies were cultivated in LB medium at 37°C until an optical
density at 600 nm (ODgqp) of 0.5-0.6 was reached. Thereafter,
gene  expression was induced with  isopropyl-p-p-1-
thiogalactopyranoside (IPTG) (Carl Roth, Karlsruhe, Germany)
at a final concentration of 0.5 mM, and the cultures were incu-

Germany). Single

bated at 20°C overnight in a rotary shaker. The control cells were
not treated with IPTG, but were otherwise cultured under the
same conditions. Next, 2 ml E. coli cells from 11 of IPTG
induced culture were harvested by centrifugation at 5000 g for 3
min and analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE). The residual E. coli cultures were
harvested and resuspended in lysis buffer (50 mM Hepes-NaOH
pH 8.0, 100 mM NaCl, 25 mM imidazole, and proteinase
inhibitor). Cells were disrupted with a French press (FA-079;
SLM Aminco) at a pressure of ¢. 6.89 MPa (1000 psi on the
instrument scale), twice, at 4°C. The cell lysate was centrifuged
at maximum speed (16 000 g for 30 min at 4°C. The super-
natant was passed through 0.22 pm filters to remove larger parti-
cles, and then applied to a His Trap FF crude column (GE
Healthcare, Uppsala, Sweden) using an AKTA Fast Protein
Liquid Chromatography (FPLC) system (P900; Amersham Bio-
sciences). The flow through was collected by applying a constant
flow of 5% filtered B1 buffer (50 mM Hepes-NaOH pH 8.0,
100 mM NaCl, 500 mM imidazole) and 95% filtered A1 buffer
(50 mM Hepes-NaOH pH 8.0, 100 mM NaCl). Subsequently,
the His tag-PEPC fusion proteins were eluted with a gradient
elution buffer (5% B1 to 100% B1). Based on the elution
profile analysed by SDS-PAGE, protein purification occurred at
¢. 50% B1. For enzymatic assays, 1 pg of purified recombinant
PEPC protein was used for each assay in 1 ml reaction volume.
For PEP or HCO;J saturation curves, increasing PEP or HCOj3
concentrations were added to the reaction volume, while the
other substrates and malate dehydrogenase (MDH) were present
in excess. The obtained kinetic data were plotted and analyzed
using nonlinear regression in SIGMAPLOT (v.12.5). Data obtained
at various substrate concentrations were fitted to the Michaelis—
Menten equation (Michaelis & Menten, 1913) for hyperbolic
kinetics and to the Hill equation (Hill, 1910) for sigmoidal

kinetics.

Construction of PEPC TALEN knockout vectors, the nuclear
transformation of Phaeodactylum tricornutum and the
selection of transformants

Potential TALEN target sites for the PEPCI and PEPC2 genes
were generated using the TAL ErrecTOR NUCLEOTIDE TARGETER
v.2.0 software (Doyle er al, 2012). The target sites for both
PEPCs located in the exon region of the functional domain were
chosen according to the parameters described in Serif ez 4l
(2017), excluding those sites with potential off-target effects.
PEPC TALEN knockout vectors were generated as previously
described (Sanjana et al, 2012; Serif ez al., 2017). The PEPC
TALEN plasmids were assembled using primers BL25_Hex-F
and BL26_Hex-R (Supporting Information Table S1), and the
resulting plasmids were digested with the restriction enzyme Afel
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and then sequenced (GATC-Eurofins, Konstanz, Germany) with
primers  BL27_TALE-Seq-F1, BL28_TALE-Seq-F2  and
BL29_TALE-Seq-R1 (Table S1) to verify that the integration
and orientation were correct.

In order to generate PEPC1 and PEPC2 knockout mutants,
P. tricornutum was genetically transformed with a mixture of the
two PEPC TALEN upstream and downstream plasmids (5 pg
each) using the Biolistic PDS-1000/He Particle Delivery System
(Bio-Rad) as described previously (Zaslavskaia ez al., 2000). Five
micrograms of each TALEN plasmid (i.e. four plasmids, combin-
ing two TALEN pairs) were used to generate PEPC double-
knockout mutants by simultaneous transformation. The
transformed cells were plated onto the f/2 media plates contain-
ing 75 pug ml™! (Invitrogen) and 150 pg ml™
Nourseothricin (ClonNat; Werner Bioagents, Jena, Germany)
for resistance selection.

Zeocin

Genotype characterization of PEPC transformants

The molecular methods applied to characterize the cell lines
resulting from genetic transformation with the TALEN con-
structs, including DNA extraction, allele-specific polymerase
chain reaction (PCR), sequencing, Southern blots, and Western
blots are described in the Methods S1.

Quantitative real-time polymerase chain reaction

Wild-type (WT) P. mricornutum cells were harvested in the expo-
nential phase, grown under LC and HC conditions (see ‘Strains
and culture conditions’ in the Materials and Methods section).
RNA was extracted using RNAPure and a Total RNA Kit
(peqGOLD; VWR, Leuven, Belgium). Residual genomic DNA
was digested using a DNase Digest Kit (peqGOLD; VWR) during
RNA extraction. Ribosomal ribonucleic acid 78S (Ensembl Gen
ID: EPrPhatr3G00000013183) was used as the reference gene,
which is stably transcribed under LC and HC conditions. The real-
time polymerase chain reaction (RT-PCR) was performed on an
Applied Biosystems™ 7500 Fast Real-Time PCR System (Thermo
Fisher Scientific, Freiburg, Germany) under the following PCR
conditions: denaturation at 95°C for 20 s, followed by 40 cycles of
denaturation at 95°C for 3 s, then annealing and elongation at
57°C for 30 s as described by Lepetit et 2l (2013). The primers
used here are listed in Table S1. Cycle threshold values and relative
transcript levels were analyzed using the online software REAL-TIME
PCR MINER v.3.0 (Zhao & Fernald, 2005; Lepetit ¢t al., 2013).

Measurement of PEPC activity

A total of 2 X 10° P. sricornutum cells in the exponential phase
were centrifuged (Sorvall RC 6 Plus centrifuge; Fisher Scientific,
Schwerte, Germany) for PEPC activity measurement. The pellet
was washed with 10 ml of protein lysis buffer (50 mM Tris—
HCI, pH 8.0, 0.1 mM EDTA, 15 mM MgCl,, 10 vol% glyc-
erol) and harvested by another centrifugation, and the resulting
pellet was resuspended in 2.5 ml protein lysis buffer and 140 pl
1xX EDTA-free Protease Inhibitor Cocktail (Roche). The sample
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was then passed three times through a French press (FA-079;
SLM Aminco) at a pressure of 1000 psi (c. 6.89 MPa) in a
cooled mini-cell and centrifuged twice (Optima-max; Beckman
Coulter, Krefeld, Germany). Next, 2 ml of the resulting super-
natant was cleaned up using a PD-10 desalting column (GE
Healthcare, Solingen, Germany) according to the manufacturer’s
protocol. The protein concentration of the desalted protein
extract was determined via a Bradford assay (Bradford, 1976).
For the measurement of PEPC activity, enzymatic buffer (50
mM Tris-HCl, pH 8.5, 0.1 mM EDTA, 15 mM MgCl,, 10
vol% glycerol) was added to a 1-cm diameter cuvette (quartz;
Neolab, Heidelberg, Germany), followed by the addition of 20
mM HCO3, 25 units of MDH (Carl Roth), 0.1 mM NADH
(Carl Roth) and 100 pg desalted protein extract. The PEPC reac-
tion was initiated by the addition of 15 mM PEP (AppliChem
GmbH, Darmstadt, Germany), to a total volume of 1 ml. Enzy-
matic activity was continuously followed by recording the
absorbance of NADH at 340 nm with a photometer (Ultro-
spec’™ 8000; GE Healthcare) according to the manufacturer’s
instructions.

Determination of photosynthetic parameters

Chl 2 determination Two hundred microlitres of DIC-free /2
medium washed cells were centrifuged at 16 000 g. Next, 100 pl
dimethyl sulfoxide (DMSO) was added to the pellet and vortexed
at maximum speed. Afterwards, 0.9 ml of methanol was added
and the tube was mixed again at maximum speed. After centrifu-
gation at 16 000 gfor 2 min, the supernatant was used for Chl
measurement in a spectrophotometer (UH5300; Hitachi High-
Tech Science Co., Tokyo, Japan). Chl # concentrations were cal-
culated as described previously (Jeffrey & Humphrey, 1975).

Dissolved inorganic carbon concentration-dependent O, evolu-
tion Phacodactylum tricornutum WT and mutant cultures (60
ml) from the mid-logarithmic phase (OD73¢ = 0.2-0.4) were
harvested by centrifugation at 2000 g for 3 min at room temper-
ature (KN-70; Kubota Co., Tokyo, Japan). Cell pellets from
the LC and UHC growth conditions were washed with DIC-free
£/2 medium buffered with 10 mM Tris—=HCI (pH 8.2) three and
five times, respectively. Cells were then suspended in the DIC-
free f/2 medium at a Chl & concentration of 10 pg ml~". The
rate of photosynthetic O, evolution at various DIC concentra-
tions was measured with a Clark-type oxygen electrode (Hansat-
ech Instruments Ltd, Norfolk, UK) (Matsuda ez a/., 2001). Cells
were exposed to 150 pmol photons m™* s~ until the CO, com-
pensation point (the DIC concentration at which no net con-
sumption of O, was measured) was reached. Then, the DIC
concentration at the CO, compensation point was measured
with a gas chromatograph (GC) (GC-8A; Shimadzu Co., Kyoto,
Japan) equipped with a methanizer and a flame ionization detec-
tor (GC-FID; Birmingham & Colman, 1979). Afterwards, the
light intensity was increased to 300 pmol photons m 2 s and
various concentrations of DIC were added to measure P, and
Ky s [DIC]. K; 5 [DIC] values were determined by rectangular-
hyperbola data fitting with nonlinear least squares regression.

New /’/{}'/(l//(@}l (2022) 235: 1379-1393

www.newphytologist.com

New
Phytologist

Maximum photosynthetic efficiency of photosystem II
(FFy) Phacodactylum tricornutum culture in the mid-logarithmic
phase with 1 pg ml™! Chl & was used for F/F, measurements
using an AquaPen-C AP 100 (Photon Systems Instruments, Drésov,
Czech Republic). F,/F,, was measured and calculated as described
previously (Huang ez al, 2018).

Stable isotope analyses

Wild-type and PEPC knockout mutants of P. tricornutum
grown under LC, AC, and HC conditions as described by Yu
et al. (2017) were harvested by centrifugation (Allegra 25R
Centrifuge; Beckman Coulter). The pellets were immediately
frozen in liquid nitrogen and afterwards were freeze-dried
overnight (Christ Alpha 1-4; B. Braun Biotech International,
Melsungen, Germany). Dried samples of ¢. 0.3 mg (dry weight)
were then pre-weighed in tin cups and combusted using the
vario Microcube elemental analyser (Elementar Analysensys-
teme GmbH, Langenselbold, Germany); the resultant CO, gas
was introduced into a Micromass Isoprime isotope ratio mass
spectrometer (Isoprime, Cheadle, UK) via a continuous flow-
through inlet system. Ratios of '?C/'*C for each sample are
expressed in the delta (6'>C) notation in parts per million (%o).
These values are relative to the Vienna Pee Dee Belemnite
(VPDB) standard for carbon.

We obtained stable isotope ratios by using the following equa-
tion:

613(: (%0) = 1000 x (Rsample/Rstand:lrd - 1)

where R is "’C/"*C. Internal laboratory standards indicate that
our measurement errors (SD) were &= 0.05%.

The salts used for the preparation of f/2 medium and the
KHCO3/K,CO3 powders were also weighed into capsules to
determine the background 8'3C (Table S2).

Statistical analysis

Data are given as arithmetic means with SDs. Student’s #test was
applied using the SIGMAPLOT v.12.5 software package to evaluate
the difference between mean values. The phylogenetic analysis of
the PEPC method is described in Methods S1.

Results

Phylogenetic distribution of PEPC genes

Phosphoenolpyruvate carboxylase proteins are present in all
investigated groups, including photosynthetic eukaryotes, various
eubacteria, and archaea. While most algal organisms have just
one copy of a PEPC, both a ‘housekeeping’ (anaplerotic) and a
‘photosynthetic’ PEPC are widespread in the biochemical CCMs
of flowering plants, including the aquatic facultative C4 plant
Hydrilla verticillata in which the C4 and the Calvin pathways co-
exist in the same cell (Besnard ez 4/, 2003; Rao et al., 2008).
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Comparing different PEPC sequences via phylogenetic analyses
reveals that a gene duplication of the PEPCs apparently occurred
specifically within the group of diatoms (Fig. S1), as two copies
can be found in all studied diatoms. The diatom sequences are
furthermore clearly separated from the PEPC sequences of brown
algae that apparently only possess a single PEPC gene. In order to
reveal potentially different functions of the two diatom PEPCs,
we have studied the purified recombinant enzymes as well as
P. tricornutum PEPC knockout mutants.

Kinetic differences between the two recombinant PEPCs

As a prerequisite for biochemical analyses, we expressed the
two P. tricornutum PEPCs in E. coli as mature proteins with
added His tags and without the predicted cleavable N-
terminal presequences. The proteins were purified from crude
E. coli extracts using a Ni-NTA column (Fig. la,b). The

o924

specific activities of the enzymes (PEPC1: 41 pM min™' mg™"'
and PEPC2: 68 pM min~' mg™') were in a similar range as
those reported in a previous study on P. tricornutum PEPC2
(Chang et al, 2014; named PEPC1 therein). To investigate
the affinities of recombinant PEPC proteins for the substrates
PEP and HCO;3, PEPC activity was measured at different
PEP or HCOj3 concentrations. The PEP saturation curves of
both PEPCs are shown in Fig. 1(c). Both proteins show a sig-
moidal saturation curve for the substrate PEP, which indicates
cooperative PEP binding. The respective calculated K, values
of PEPC1/2 for PEP are 1 mM/1.6 mM, respectively, indicat-
ing that the affinity of PEPC1 for PEP is higher than that of
PEPC2 (Table S3). The HCOj saturation curves of both
PEPCs are hyperbolic in form (Fig. 1d). The respective K,
values of PEPC1/2 for HCO3 are 0.85 mM/0.11 mM, indi-
cating that the affinity of PEPCI for HCOj is about 8 times
lower than the affinity of PEPC2 for HCO; (Table S4).

170 kD —
130 KD = s

100 kD —
70 kD —

55 kD —

40 kD — = EEEI

170 kD —
130 kD —

100 kD —
- - 70 kD —
55 kD —
40 kD —

|
Ponceau$S R

Fig. 1 Biochemical properties of the

Staining anti PEPC anti His

recombinant Phaeodactylum tricornutum
PEPC1 and PEPC2 proteins. (a)
Overexpression of recombinant PEPC1 and
PEPC2 proteins and purification by His Trap
chromatography. The crude soluble proteins
and the elution fraction were both separated
using sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and stained
with Coomassie blue. M, protein marker. (b)
The purified recombinant PEPC1 and PEPC2
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blotting to show that an equal amount of

PEPC protein was loaded for Western blots.
(c) The saturation curve of recombinant 50
phosphoenolpyruvate carboxylases (PEPCs)
vs phosphoenolpyruvate (PEP), plotted
according to the Hill equation. The error bars
indicate the SDs of at least three independent
biological replicates. (d) The saturation curve
of recombinant PEPCs vs bicarbonate
(HCO3) was plotted according to the

Rate (umol min~' mg™")

PEPC2

PEPC1

80

60

40

20

Rate (umol min~' mg™")

Michaelis-Menten equation. The error bars 0
indicate SDs of at least three independent
biological replicates.

20 30 40 50
(HCO,™ ) (mM)

(=
N
I

6 8 10 12

(HCO3™) (mM)

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

New Phytologist (2022) 235: 1379-1393
www.newphytologist.com



34 Vet

Lastly, PEPC2 showed a higher maximum activity under the
optimal conditions (Tables S3, S4).

CO,-dependent regulation of PEPC mRNA, protein and
enzymatic activity in Phaeodactylum tricornutum

In order to investigate a putative influence of CO, concentrations
on the regulation of the two isoenzymes in P. tricornutum, we
incubated WT cells at LC (0.01 vol%) and HC (0.6 vol%) CO,
concentrations. Interestingly, the relative amounts of PEPCI and
PEPC2 transcripts did not change significantly between LC and
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Fig. 2 Expression of PEPC1 and PEPC2 in Phaeodactylum tricornutum cells
cultured under 0.01 vol% CO, (low CO,; LC) and 0.6 vol% CO, (high
CO,; HC) undera 16 h : 8 h, light : dark photocycle. (a) Quantitative
real-time polymerase chain reaction analysis of changes in PEPC transcript
levels in response to cultivation under LC and HC conditions. Relative
PEPC transcript levels with reference to 18S gene expression were normal-
ized to the expression under LC conditions. The error bars indicate SDs of
three independent replicate experiments. (b) Western blot analysis of
phosphoenolpyruvate carboxylase (PEPC) protein expression under LC
and HC conditions. Total soluble protein was extracted from wild-type
(WT) cells, separated via sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), blotted, and incubated with antiserum against
PEPC that recognizes both PEPC isoforms. Antiserum-based detection of
rbeL (ribulose bisphosphate carboxylase large chain) protein was used to
verify identical loading. Three independent WT replicates were used for
Western blotting under each CO, condition. (c) The specific enzymatic
activity of PEPC in cellular extracts under LC and HC conditions. The error
bars indicate SDs of at least three independent biological replicates.
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HC (Fig. 2a). To investigate whether this result is reflected by
the amount of PEPC protein, we quantified the levels of PEPC
proteins under both LC and HC conditions. As attempts to
obtain antisera specifically reacting with PEPC1 and PEPC2
failed, we used a commercially available polyclonal PEPC
antiserum against plant PEPCs, which binds to both diatom
proteins, PEPC1 and PEPC2 (Fig. 2b). As both isoforms show
a similar size in SDS-PAGE analyses, we could only use this
antiserum to estimate the total amounts of the PEPCs. The
respective Western blots showed that total PEPC protein
amounts did not change noticeably between the LC and HC
conditions in WT cells (Fig. 2b). As shown in Fig. 2(c), we
furthermore could not detect a significant difference in PEPC
enzyme activity under LC and HC conditions. In order to
characterize the general response of P. tricornutum to different
CO, concentrations during culturing, we determined the rela-
tive transcript amounts of the HCOJ transporters SLC4-1,
SLC4-2, and SLC4-4, which are involved in the biophysical
CCM. As shown in Fig. S2, the SLC4-1, SLC4-2, and SLC4-4
genes are much more highly expressed under LC than under
HC conditions.

Generation and screening of PEPC knockout transformants
in Phaeodactylum tricornutum

To further investigate the function of the PEPCs, we knocked
out the PEPCI and PEPC2 genes in P. tricornutum both individ-
ually and simultaneously via a TALEN-based approach. In total,
38 PEPC1 knockout transformants, 23 PEPC2 knockout trans-
formants, and 23 PEPC1/PEPC2 double-knockout transfor-
mants were collected after biolistic transformation. A detailed
description of the mutant line characterization, including verifi-
cation of a full knockout of both alleles is given in the Supporting
Information (see ‘Generation and screening of PEPC knockout
transformants in P. tricornutum’ in Methods S1; Table S5;
Figs S3-S15). The strains that were finally selected for further
characterization were PEPC1-23, -26, and -37; PEPC2-6, -13;
and the double knockout strain PEPC1/2-7.

Protein expression and enzymatic activity of PEPC in PEPC
knockout mutants

We studied the PEPC protein levels in the PEPC knockout
mutants during the exponential growth phase using Western
blots with a commercial antiserum that detects both PEPCs (with
RbcL antiserum as a loading control). We could not detect any
PEPC protein in the PEPCI1/PEPC2 double-knockout strain
PEPC1/2-7 (Fig. 3a), while the total amount of PEPC protein
was partially reduced in the PEPC1 knockout lines 23, 26, and
37 (resulting from residual PEPC2 expression). Similarly, we also
detected PEPC protein in the PEPC2 knockout lines 6 and 13
(Fig. 3a), resulting from PEPC1 expression. We furthermore
tested PEPC enzyme activity in protein extracts of the wild-type
and PEPC knockout mutants. PEPC1 knockout mutants show a
similar total enzymatic activity as WT cells, while in PEPC2
knockout mutants PEPC activity is reduced by ¢. 60% compared
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Fig. 3 Western blot analysis of the PEPC protein and PEPC enzymatic
activity of wild-type (WT) and PEPC knockout mutants of Phaeodactylum
tricornutum. (a) Western blot analysis of PEPC knockout lines and WT.
Total soluble protein was extracted from selected lines, separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
blotted and incubated with antisera to P. tricornutum PEPC. Ribulose
bisphosphate carboxylase large chain protein was detected as a loading
control. (b) The PEPC enzymatic activity of WT and PEPC knockout
mutants. The error bars indicate SDs of at least three independent
biological replicates. Student's ¢-test was used to calculate the differences
between WT and PEPC knockout mutants (**, P < 0.01).

to WT. In the PEPC1/PEPC2 double-knockout mutant we
could not detect any PEPC activity (Fig. 3b). The characteriza-
tion of PEPC knockout mutants by allele-specific PCR, sequenc-
ing, Southern blot, Western blot, and PEPC enzymatic activity
measurements are summarized in Table S5.

Growth and F,/F,, values of PEPC2 and PEPC1/PEPC2
double-knockout mutants under ambient air

Growth characteristics of the PEPC1, PEPC2, and PEPC1/2
knockout lines were determined under two different CO, condi-
tions. The cells were cultured under AC (0.04 vol% CO,) and
HC (0.6 vol% CO,) conditions using a two-tier flask system (Yu
et al., 2017). The pH of the culture under HC conditions ranged
from 7.17 to 7.65, and from 7.87 to 9.96 under AC conditions.
Analysis of the doubling times of all cell lines indicated that the
cells generally grow faster under HC conditions. Under AC, the
PEPC2 and PEPC1/2 double knockout mutants grow slower
than WT, while the PEPC1 knockout mutants were not affected
(Fig. 4a). The increased maximum doubling times of PEPC2
and the double knockout mutants are shown in Fig. 4(b). How-
ever, both PEPC2 and PEPC1/2 knockout mutants grew as fast
as WT cells under HC conditions. The maximum doubling
times of PEPC2 and PEPC1/2 knockout mutants were not dif-
ferent under HC conditions, but cultures need a longer time to

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

o 954

initiate growth than WT cells. This indicates that HC conditions
may compensate for the slower growth of these knockout
mutants. In order to investigate whether photosynthesis is
impaired by the knockout of the PEPCs, we further examined
the maximum PSII quantum yield (£/F,) in WT and PEPC
knockout mutants under ambient air conditions. While no
PEPC1 knockout mutants showed any differences in £,/ F,, com-
pared to WT, the PEPC2 and the double-knockout mutants have
slightly but significantly lower F,/F,, values under AC conditions
compared to WT (Fig. 4c).

Knocking out PEPC2 in Phaeodactylum tricornutum leads
to reduced photosynthetic O, evolution under low
dissolved inorganic carbon concentrations

The photosynthetic O, evolution of P. ricornutum WT and
PEPC knockout mutant cells grown under AC or UHC condi-
tions was determined in a medium of pH 8.2. The DIC concen-
tration that results in the half maximum rate of photosynthesis
(Kp.s [DIC]) in the cells pre-cultivated under UHC conditions
was > 5 times higher than in the cells grown under AC condi-
tions (Table 1). Grown under AC conditions, the maximum rate
of net photosynthesis (2,,,,) of all PEPC knockout cell lines sup-
plied with saturating CO, concentrations (¢. 660 pM) was not
affected compared to WT (Fig. 5; Table 1). However, strains
PEPC2-6, PEPC2-13, and PEPC1/2-7 showed significantly
reduced photosynthetic O, evolution compared to WT when
supplied with AC concentrations from 29 to 381 uM (Fig. 5;
Table S6). More precisely, when the DIC concentration in the
chamber was 29 pM, the corresponding photosynthetic O, evo-
lution was reduced by 34% in PEPC2-6, by 37% in PEPC2-13,
and by 44% in PEPC1/2-7 (Table S6). This results in a signifi-
cantly increased K5 [DIC] in the PEPC2-13 and PEPC1/2-7
mutants (Table 1). In contrast to these findings, no significant
differences in these photosynthetic parameters were observed in
PEPC1 knockout mutants grown under AC conditions (Fig. 5;
Table 1).

Lower 8"3C values in PEPC2 and PEPC1/PEPC2 double
knockout mutants

In order to evaluate the role of the PEPCs in carbon fixation, we
measured the 8'>C values for the WT and all PEPC knockout
mutants grown under LC, AC, and HC conditions using an iso-
tope ratio mass spectrometer (IRMS). Because Rubisco discrimi-
nates between the natural stable '>C isotope and the more
abundant '>C isotope (O’Leary, 1981), and thus incorporates
2Ctoa higher extent into organic molecules, cells using a bio-
chemical C4 CCM usually have a higher share of 812C than cells
relying on carbon fixation by Rubisco. The 8'°C values of the
P. tricornutum biomass in our experiments are dependent on the
8'3C value of the DIC in the medium, and the CO, fixation
mechanism of the cells. In our experiments, DIC concentrations
in the media were maintained in correspondence to reservoirs of
carbonate buffers, which were connected to the culture media via
the gas phase of the culture flask (Yu ez 2/, 2017). We measured
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Fig. 4 (a) Growth curves of WT (wild-type) and PEPC KO (knockout) mutants of Phaeodactylum tricornutum under different CO, conditions. Cells were
cultured under ambient air (AC) and 0.6 vol% CO, (HC). Mean =+ SD of at least three independent biological replicates is shown. In all plots, filled black
circles represent WT cells, and filled gray, blue and red circles represent mutants. (b) Maximum doubling time of PEPC2 and PEPC double knockout
mutants. Cells were cultured under ambient air (AC) and 0.6 vol% CO, (HC) conditions. Mean + SD of at least three independent biological replicates is
shown. Doubling time during the exponential phase of PEPC knockout mutants and WT was calculated and compared. Student's t-test was used to assess
statistical significance for doubling times (*, P < 0.05; **, P < 0.01). (c) Maximum photosystem Il (PSIl) quantum yield analyses in WT and PEPC knockout
mutants grown under ambient air conditions. The PSII quantum yield was calculated as (Fr, — Fo)/Fm = Fy/Fm. Student's t-test was used to assess the statis-
tical significance of the differences between wild-type and PEPC knockout mutants (**, P < 0.01).

the 8"°C values of the KHCOj and K,COj3 buffer compounds
used in this study (32.22%o0 and —4.59%eo, respectively, Table
$2), which need to be seen in relation to the 8'°C of atmospheric
CO, (a rough estimate of the current value would be —8.8%o, as
extrapolated from the plot published in Graven et al, 2017).
Due to the different background 8'°C values of the available
DIC between our experimental conditions, only the §'°C values
between the different strains, but grown under the same CO,

New Phytologist (2022) 235: 1379-1393
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conditions, can be compared. As expected, we observed distinct
differences in the 8'3C values between the conditions, due to the
background, with the higher CO, conditions having lower 83C
values due to the increased contribution of the carbonate buffers
to the DIC (Fig. 6). But more significantly, we also observed dif-
ferences in the 8'°C values for the biomass of the WT and PEPC
knockout strains, within the CO, conditions (Fig. 6). We
observed that PEPC1 knockout mutants do not show any
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Table 1 Photosynthetic characteristics in wild-type (WT) and phospho-
enolpyruvate carboxylase (PEPC) knock-out cell lines of Phaeodactylum
tricornutum grown under AC (ambient air) or UHC (ultra-high CO, 1 vol
%) conditions.

1

Pmax
pHin  (umol O, mg™’ Ko.5 [DICI?
CO, Strain assay  Chlh™") (uM)
Ambientai®  WT 8.2 254 + 45 29+6
PEPC1-23 8.2 241 + 33 26 + 10
PEPC1-37 8.2 225 + 8 31+7
PEPC2-6 8.2 243 + 36 70 £+ 57
PEPC2-13 8.2 222 + 17 50 + 20*
PEPC1/2-7 8.2 271 + 21 87 + 44*
1% COY* WT 8.2 197 + 21 520 + 78
PEPC1-23 8.2 249 + 13* 595 + 34
PEPC1-37 8.2 223 + 37 581 + 106
PEPC2-6 8.2 202 + 16 449 + 66
PEPC2-13 8.2 140 + 5* 399 + 53
PEPC1/2-7 8.2 165 + 16* 546 + 55

All values are mean =+ SD of at least four independent biological replicates.
"Maximum photosynthetic rate.

2Dissolved inorganic carbon concentration that yields half of the maximum
rate of net photosynthesis (Pmay).

3Low CO,.

“High CO..

*Student's t-test; P < 0.05.

significant differences to WT under LC, AC, or HC conditions
(Fig. 6). However, PEPC2-6, PEPC2-13, and PEPCI1/2-7

mutants show a significantly lower value of §'°C under HC

oy )

conditions (0.6 vol% CQO,); PEPC2-13 also shows a lower value
of 8'°C under LC and AC conditions (Fig. 6). These results indi-
cate that PEPC2 plays a role in CO, prefixation.

Discussion

It has been debated for a long time whether there is a Cy-like pho-
tosynthetic pathway in diatoms (Beardall ¢z al, 1976; Reinfelder
et al,, 2000, 2004; McGinn & Morel, 2008; Kustka ez 2/, 2014).
While the genes for enzymes required for such a pathway were
identified more than a decade ago in the model diatoms P. #ricor-
nutum and 1. pseudonana (Kroth er al., 2008), their intracellular
locations argue against the involvement of the enzymes in a bio-
chemical CCM (Tanaka et al, 2014; Ewe et al, 2018). Also,
molecular, biochemical, or physiological proof or disproof of their
role in carbon fixation is scarce and in many cases is ambiguous
(Roberts ez al, 2007; Haimovich-Dayan ez al, 2013; Kustka
et al., 2014; Clement et al, 2016; Hopkinson ez al., 2016; Kiku-
tani et al, 2016; Matsuda ez al., 2017; Shen et al, 2017; Ewe
et al., 2018; Beardall & Raven, 2020; Launay ez 4/, 2020).
Biophysical CCMs mainly rely on the enzymatic conversion of
HCO3 and CO, as well as the transmembrane transport of
HCO;, while a biochemical CCM includes a first carbon fixa-
tion step by an enzyme other than Rubisco (Tsuji er al, 2017).
In contrast to Rubisco, PEPC uses HCOj as a substrate for car-
boxylation, producing oxaloacetate (OAA), which then is trans-
ported into the chloroplast, where it can be converted to malate
by a plastidic MDH. The malate then can be decarboxylated,
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Fig. 6 Carbon stable isotope ("3C) signatures of wild-type (WT) and phos-
phoenolpyruvate carboxylase (PEPC) knockout cell lines of Phaeodactylum
tricornutum. All cultures were grown under very low CO, (0.01 vol%
CO,), pseudo ambient air (0.04 vol% CO,) and high CO, (0.6 vol% CO,)
conditions in two-tier vessels according to a method described previously
(Yu et al., 2017). The §"3C value of the examined P. tricornutum cells are
at ¢. —20%o, —26%o and —46%., under the 0.01%, 0.04% and 0.6 vol%
CO, conditions respectively, reflecting differences in the composition of
the carbon sources (HCO3 /CO3~ buffers mixed at different ratios). A"3C
values were calculated using Pee Dee Belemnite (PDB) as an internal stan-
dard. Error bars represent SEs of means from at least three independent
biological replicates. Asterisks indicate significant differences according to
Student's t-test (*, P < 0.05; **, P < 0.01). The red line indicates the
average value for the WT.

releasing CO, in close proximity to Rubisco, which reduces its
oxygenase activity. The generated pyruvate is then converted into
PEP, which can return back to the cytosol as the substrate for
PEPC (Bowes, 2010). Similarly, a single-cell C4 pathway could
also be present in diatoms and function in two different compart-
ments of a single cell, as described in our model (see Fig. 7).

PEPC mRNA levels, protein amounts, and enzymatic activity
were analyzed in WT P. tricornutum cells under different CO,
concentrations. Consistent with McGinn & Morel (2008), we
could not detect any changes in PEPC transcript levels in
response to LC or HC conditions. Accordingly, different CO,
concentrations during cultivation also had no significant effect
on the total amount of PEPC protein and total PEPC enzymatic
activity, indicating a constitutive expression and activity of
PEPCs under different CO, conditions in P. tricornutum, which
reflects the findings of some previous studies (Clement ez al.,
2016, 2017). Also, a survey among different phytoplankton
groups did not show CO,-based responses in PEPC transcription
(Hennon er al, 2017), and in meta-transcriptomes sampled
from marine habitats, transcripts of various C4 enzymes did not
co-occur in their individual profiles (Karlusich ez 4/, 2021).

For most land plant PEPCs, the PEP substrate saturation
curves follow Michaelis-Menten kinetics, including the C; and
C4 PEPCs of Zea mays. However, the photosynthetic PEPCs (be-
sides the PEPCs of the genera Flaveria and Alternanthera) all
show a sigmoidal saturation curve for the substrate PEP, indicat-
ing a cooperative PEP binding. After being activated by glucose-
6-phosphate, the cooperativity disappears and the PEP saturation
curve becomes hyperbolic (Svensson ez al., 1997; Gowik ez al.,
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2006). Both recombinant PEPCs of P. tricornutum show a sig-
moidal saturation curve with PEP as substrate, indicating a coop-
erative PEP binding, and thus a similar enzymatic process. In
general, C4 PEPCs have shown a lower affinity for PEP than the
nonphotosynthetic PEPCs (Dong ez al, 1998; Gowik ez al,
2006; Lara ez al., 20006), but a higher affinity for HCOJ than C;
PEPCs in land plants (Gutierrez ez al., 1974). The recombinant
PEPC2 of P. tricornutum has a lower affinity for PEP, but a much
higher affinity for HCOj, thus PEPC2 shows similar kinetic
properties to C4 PEPCs from land plants. In contrast, PEPCI
from P. tricornutum in this study showed a similar affinity for
substrates PEP and HCO5'. The results indicate that the mito-
chondrial diatom PEPC2 may have the properties of photosyn-
thetic PEPCs, while the plastidic PEPCI to be
functionally similar to nonphotosynthetic PEPCs. As both
enzymes show a similar specific activity as well as similar affinities

seems

for the antiserum (Fig. 1b), this might indicate a diatom-specific
post-translational modification of the enzymes.

One important tool for understanding the role of the two
PEPCs in P. tricornutum cells is the use of PEPC knockout
mutants. The reduced growth rate of PEPC2 and the double-
knockout cells during incubation under LC conditions, as well as
the reduced O, evolution when supplied with low DIC concen-
trations, in combination with unaffected P, values when sup-
plied with saturating DIC concentrations, indicate that knocking
out PEPC2 may affect CO, assimilation. Photosynthetic organ-
isms use both 2CO, and *CO, during CO, fixation. PEPC
does not discriminate between '*CO, and '*CO, to the same
extent as Rubisco, and C; and Cy plants can therefore be distin-
guished by their stable carbon isotope ratios (O’Leary, 1981).
Accordingly, the observation that less '°C is present in PEPC2
and double-knockout mutants compared to WT (Fig. 6) indi-
cates that PEPC2-mediated carbon prefixation may occur in
P. tricornutum. As PEPC2 activity is absent in PEPC2 and
double-knockout mutants, no prefixation of 13CO, via PEPC2 is
possible in these mutants. Interestingly, under HC conditions,
we still observed less '*CO, fixation in PEPC2 and double-
knockout mutants compared to WT, indicating that PEPC2-
mediated carboxylation is also active under HC conditions,
which is consistent with our finding that PEPC mRNA, protein,
and enzyme activity are not affected by CO, concentrations.
Also, compared to land plants, the low Rubisco content in P. #ri-
cornutum (2-3% of total protein; Losh er al, 2013) may also
increase the relevance of PEPC under LC conditions. The physi-
ological characterization of PEPC knockout mutants is summa-
rized in Table S7.

When grown under AC conditions, the photosynthetic O,
evolution is significantly reduced in the PEPC2 and the PEPC1/
2 double-knockout mutants when supplied with low DIC con-
centrations during O, evolution measurements. We also observed
a restored photosynthetic O, evolution in these PEPC knockout
mutants after the addition of saturating DIC concentrations,
which is in agreement with the findings of a study by McGinn &
Morel (2008) in other diatom species. The net CO, fixation is
blocked by the PEPC-specific inhibitor DCPC (3, 3-dichloro-2-
(dihydroxyphosphinoyl-methyl)-propenoate) (Jenkins, 1987) at
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pathway is marked by light blue arrows. The dashed blue arrows indicate pathways which have not yet been verified by experiments. Green lines represent
the four plastid membranes, orange lines represent mitochondria with two membranes, and the black line indicates the cytoplasmic membrane. Red arrows
indicate the Entner—Doudoroff pathway. 2K3DPG, 2-keto-3-deoxyphosphogluconate; 6PG, 6-phospho-gluconate; CA, carbonic anhydrase; GAP,
glyceraldehyde-3-phosphate; MDH, malate dehydrogenase; ME, malic enzyme; OAA, oxaloacetate; PDC, pyruvate dehydrogenase complex; PEP,
phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; PEPCK, phosphoenolpyruvate carboxykinase; PPDK, pyruvate-phosphate dikinase; PPS,

periplastidic space; PK, pyruvate kinase; PYC, pyruvate carboxylase.

400 uM DIC in T. pseudonana and T. weissflogii, but was
restored to 50% and 80%, respectively, after adding KHCO;
(McGinn & Morel, 2008). Reinfelder et al. (2004) also observed
that 77 weissflogii photosynthesis, after DCDP treatment, can be
restored by elevated CO, concentrations (Reinfelder ez 4/,
2004). Complete inhibition of the PEPC activity in P. tricornu-
tum by knocking out PEPCs reduces photosynthetic O, evolu-
tion under low DIC concentrations by only ¢. 40%. This rather
small reduction in photosynthesis in P. #ricornutum may indicate
that PEPC2-mediated biochemical carbon pre-fixation only con-
tributes to a small proportion to the total carbon fixation. The
involvement of PEPC2 in carbon fixation is still surprising, con-
sidering that PEPC2 is located in the mitochondria, whereas the
carboxylation by PEPC in Cy plants occurs in the cytosol. Based
on our results, we propose that the following pathways are
involved in PEPC2-mediated C4 photosynthesis in P. tricornu-
tum (Fig. 7): HCO; is prefixed by PEPC2 in the mitochondrion
to form OAA, which can be converted into malate, which can be
exported. Flori er al. (2017) observed physical contact between
mitochondria and chloroplasts in P. #ricornutum using focused

© 2022 The Authors
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ion beam scanning electron microscopy (FIB-SEM). This and
the existence of genes encoding malate shutte transporters
(Prihoda ez al., 2012), may allow the energetic exchange between
these two organelles (Bailleul ez /., 2015). Thus, we propose that
malate produced in the mitochondria might be transported into
the plastid via malate shuttle transporters or through physical
interactions between the two organelles. Within the plastid
stroma, the malate could be decarboxylated by a so-far unknown
plastidic decarboxylating enzyme. One reason why the knockout
of PEPC2 may only have a small effect on carbon fixation in
P. tricornutum could be the activity of the pyruvate carboxylase
PYCI in the mitochondria, which may supply C4 compounds as
well (Ewe et al., 2018). Interestingly, both enzymes could benefit
from refixation of CO, released by the tricarboxylic acid (TCA)
cycle.

Somewhat problematic for this model, though, is the lack of
proof of an OAA decarboxylating enzyme in diatom plastids
(Tanaka et al, 2014; Ewe et al., 2018). The only annotated
decarboxylating enzymes in P. tricornutum, malic enzyme (ME)
and PEPCK, have been shown to be located in mitochondria

New Phytologist (2022) 235: 1379-1393
www.newphytologist.com



R

(Ewe er al., 2018), although we cannot exclude the possibility
that there might be unknown enzymes in the plastids to perform
a decarboxylation of malate. Revisiting the protein sequences of
decarboxylating enzymes of P. tricornutum, we found that one of
the ME isoforms (ME2) (JGI protein ID 27477) is predicted to
be targeted to either mitochondria or the periplastidic space. This
enzyme has also been classified as a dual targeted decarboxylase
by Smith et al (2012). Kustka er al. (2014) further suggested
that the plastidic pyruvate carboxylase (PYC), in a reverse reac-
tion to its regular function, could decarboxylate C4 acids. That
assumption, though, is based on the decarboxylating activity of
PYC isolated from chicken liver (Attwood & Cleland, 1986),
and not on experimental evidence from diatoms. Pyruvate gener-
ated by decarboxylation of malate in plastids could be converted
into PEP by PPDK, and could be transported back to the mito-
chondria as a substrate for PEPC2 via the malate shuttle trans-
porters and the physical interactions between mitochondria
and chloroplasts. The regeneration of PEP from pyruvate by
the PPDK would be required to keep this potential C4 cycle
going. However, a report on a PPDK silencing mutant of
P. tricornutum by Haimovich-Dayan ez /. (2013) indicates
that PPDK inhibition has little effect on photosynthesis. It is
possible that the silencing effect on PPDK may not be suffi-
cient to affect a C4 pathway. Finally, the mitochondrial PYC1
could also supply OAA for this C4 pathway, as it converts
pyruvate to OAA (Fig. 7).

PEPCI in P. tricornutum is located in the periplastidic com-
partment (Ewe er al, 2018). Interestingly, we could not find
any evidence that PEPC1 might be involved in CO, fixation,
which raises the question of why this enzyme is targeted to this
compartment. Although several proteins have been demon-
strated to be located in the PPS, the role of this compartment is
still unknown (Gruber & Kroth, 2017). In earlier articles, it was
proposed that this compartment is acidic, eventually playing a
role in concentrating CO, (Lee & Kugrens, 1998), but this has
not yet been experimentally proven. Another possible role of
PEPCI could be the generation of carbon skeletons for amino
acid synthesis. In Arabidopsis, PEPCs localized in the cytosol
play a role in amino acid synthesis. Oxaloacetate produced by
PEPC enters the TCA cycle, and the a-ketoglutarate generated
from the TCA cycle then can be used as a precursor of gluta-
mate synthesis in the chloroplast (Taylor et al, 2010). The
periplastidic PEPC1 in P. tricornutum could fulfill a similar
function to the cytosol PEPC in Arabidopsis. The OAA pro-
duced by PEPC1 might be converted into a-ketoglutarate by
the aspartate aminotransferase 4 (AAT4, JGI Protein ID 22909),
which is predicted to be localized in the chloroplast (Ewe,
2015). The a-ketoglutarate would then be a substrate for the
glutamate synthase (Taylor ez al., 2010).

Odur results show that a certain proportion of the primary car-
bon fixation in P. #ricornutum could be achieved by the mito-
chondrial PEPC2 enzyme. The contribution of this Cg-type
carbon fixation to biomass formation is higher at low DIC con-
centrations compared to normal (in the range of air-saturated
growth medium) DIC concentrations. We hypothesize that mito-
chondrial PEPC acts as a component of a biochemical CCM
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pathway in P. wricornutum; however, a plastidic decarboxylase
would be needed for such a pathway. Reverse genetic tools like
the gene knockouts used in this study will also be helpful in the
future to further characterize the putative Cy-like carbon fixation
in P. tricornutum, or other nonmodel diatoms.
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