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Abstract
Diatoms are unicellular algae and important primary producers. The process of carbon fixation in diatoms is very efficient 
even though the availability of dissolved CO2 in sea water is very low. The operation of a carbon concentrating mechanism 
(CCM) also makes the more abundant bicarbonate accessible for photosynthetic carbon fixation. Diatoms possess carbonic 
anhydrases as well as metabolic enzymes potentially involved in C4 pathways; however, the question as to whether a C4 
pathway plays a general role in diatoms is not yet solved. While genome analyses indicate that the diatom Phaeodactylum 
tricornutum possesses all the enzymes required to operate a C4 pathway, silencing of the pyruvate orthophosphate dikinase 
(PPDK) in a genetically transformed cell line does not lead to reduced photosynthetic carbon fixation. In this study, we have 
determined the intracellular location of all enzymes potentially involved in C4-like carbon fixing pathways in P. tricornutum 
by expression of the respective proteins fused to green fluorescent protein (GFP), followed by fluorescence microscopy. 
Furthermore, we compared the results to known pathways and locations of enzymes in higher plants performing C3 or C4 
photosynthesis. This approach revealed that the intracellular distribution of the investigated enzymes is quite different from 
the one observed in higher plants. In particular, the apparent lack of a plastidic decarboxylase in P. tricornutum indicates 
that this diatom does not perform a C4-like CCM.
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Introduction

Diatoms (Bacillariophyceae), unicellular algae belonging 
to the Stramenopiles, operate very efficient photosynthesis 
and are thought to contribute substantially to global car-
bon fixation (Nelson et al. 1995; Granum et al. 2005; Shen 
et al. 2017). CO2, the substrate of ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RubisCO), is of limited supply for 
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marine phytoplankton due to (i) the low partial pressure of 
CO2 in the atmosphere, (ii) the much faster CO2 hydration 
rate in the water relative to the HCO3

− dehydration rate, and 
(iii) the high salinity and slight alkalinity in seawater. The 
RubisCO enzymes found in diatoms have a CO2 half-satura-
tion constant of about 23–68 µM (Young et al. 2016). How-
ever, the total amount of dissolved inorganic carbon (DIC) 
in seawater equals a CO2 concentration of about 10–15 µM 
at pH 8.2 (Riebesell et al. 1993). This discrepancy indicates 
that diatoms may operate a CO2-concentrating mechanism 
(CCM) to improve the efficiency of carbon fixation (Roberts 
et al. 2007a; Reinfelder 2011; Clement et al. 2016). CCMs 
increase the cellular CO2 concentration in spatial proxim-
ity to RubisCO, leading to a higher carbon fixation rate in 
a CO2-limited environment. Indeed, calculations based on 
oxygen evolution rates of Phaeodactylum tricornutum cells 
indicate that the intracellular concentration of DIC is 4–6 
times higher than outside the cell (Badger et al. 1998).

Two main CCM mechanisms are known to operate in 
diatoms, biophysical and/or biochemical (Reinfelder 2011).

Biophysical CCMs are characterized by active inorganic 
carbon (Ci) accumulation within the plastid via specific 
bicarbonate transporters at the plasma membrane (Naka-
jima et al. 2013), and most probably also at the plastid 
envelopes, by carbonic anhydrases (CA), which catalyze the 
inter-conversion of CO2 and H2O to HCO3

− and H+ (or vice 
versa) (Tachibana et al. 2011). A further characteristic is 
the presence of a pyrenoid that, similar to the bacterial car-
boxysomes, contains high concentrations of CO2, RubisCO 
enzyme and in P. tricornutum three types of CAs (Badger 
et al. 1998; Kaplan and Reinhold 1999; Kikutani et al. 2016; 
Tsuji et al. 2017b). In combination, the transporters, the CAs 
and the pyrenoid, may control the intracellular flux of DIC 
to optimize the CCM efficiency (Giordano et al. 2005; Rob-
erts et al. 2007b; Kroth et al. 2008; Matsuda et al. 2011; 
Hopkinson et al. 2013; Samukawa et al. 2014; Young and 
Hopkinson 2017). Biochemical CCMs include the formation 
of intermediate organic molecules, typically consisting of 
four carbon atoms, which are subsequently decarboxylated 
in close proximity to RubisCO to increase the local CO2 con-
centration. Accordingly, this mechanism is also referred to 
as the C4 pathway or C4-type CCM (Reinfelder 2011). The 
carbon source (CO2 or HCO3

−), the Ci uptake system (solute 
carrier 4 transporter or external CAs) and the extent to which 
the Ci is actively transported and subsequently accumulated 
inside the cells can be species-specific and might differ in 
the same species under different environmental conditions 
such as high and low CO2 concentrations (Tortell 2000; 
Clement et al. 2017; Tsuji et al. 2017a).

In higher plants, C4 and crassulacean acid metabolism 
(CAM) photosynthesis evolved independently at least sev-
eral dozens of times, with adaptations of leaf anatomy, pro-
tein function, and photosynthetic efficiency (Leegood 2002; 

Sage et al. 2012). The leaf anatomy of the C4 model plant 
Zea mays shows the so-called Kranz anatomy, consisting 
of large bundle sheath cells which are tightly positioned 
around the vascular bundle in a wreath-like manner, which is 
itself embedded in tissue comprising more loosely arranged 
mesophyll cells (Ray and Black 1976). The two different 
cell types are specialized to perform different aspects of the 
C4 pathway. In the cytosol of mesophyll cells, Ci is chemi-
cally pre-fixed as HCO3

− to phosphoenolpyruvate (PEP) 
by PEP carboxylase (PEPC) which leads to the formation 
of oxaloacetic acid (OAA). In the chloroplast of the same 
cells, the previously formed and highly reactive OAA is 
reduced to malate which, in turn, is transported out of the 
mesophyll and into the chloroplasts of the bundle sheath 
cells, where it is further decarboxylated to release CO2, the 
substrate for carbon fixation by RubisCO (Leegood 2002). 
The convergent evolution of C4/CAM photosynthesis results 
in a huge variety of species-specific pathways, which share 
some common features like the spatial or temporal separa-
tion of carboxylation and decarboxylation, but which also 
differ in some details such as in the nature of the C4 stor-
age metabolite or in their enzymatic features, e.g., regard-
ing their decarboxylases or C4 molecules. For example, the 
transient and storage C4 metabolite can be aspartate instead 
of malate, and the decarboxylase for CO2 release can either 
be a chloroplastic NADP-dependent malic enzyme (ME), 
a mitochondrial NAD-dependent ME, or a cytosolic PEP 
carboxykinase (PEPCK) (Leegood 2002; Sage et al. 2012). 
A curiosity among the C4 photosynthesis plants seems to 
be Bienertia cycloptera, a member of the Chenopodiaceae 
family, which performs a biochemical CCM, although it is 
lacking a Kranz-like anatomy. B. cycloptera performs C4 
photosynthesis within single cells, which consists of two 
compartments: a central compartment with a similar func-
tion like the bundle sheath cells, containing a high density of 
chloroplasts with well-developed grana, RubisCO enzymes, 
and starch, and a peripheral compartment, which is func-
tionally similar to the mesophyll cells, containing periph-
eral chloroplasts with less developed grana, less RubisCO 
enzymes, and no starch (Voznesenskaya et al. 2002; Edwards 
and Voznesenskaya 2011).

As mentioned before, the operation of a CCM in phyto-
plankton, in an aquatic environment, is very likely (Leegood 
2002; Giordano et al. 2005). Only a few aquatic plants, e.g., 
Egeria densa, Elodea Canadensis, and Ottelia alismoides, 
which display features of a biochemical CCM, and two 
marine algal species, the macroalga Udotea flabellum and 
the diatom Thalassiosira weissflogii, are reported to perform 
C4 photosynthesis (Leegood 2002; Zhang et al. 2014; Shao 
et al. 2017). Moreover, based on the missing Kranz anatomy 
in the filaments of U. flabellum and on the fact that most 
phytoplankton species are single celled, the performance of 
a C4-like photosynthesis without the spatial separation of Ci 
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fixation and release by two different cell types is conceivable 
for diatoms and other phytoplankton as well (Reiskind and 
Bowes 1991; Reinfelder et al. 2000). To avoid futile carbox-
ylation and decarboxylation and to guarantee a compartment 
in which CO2 can be concentrated for fixation by RubisCO, 
diatoms might take advantage of their pyrenoid as well as 
of their four-layered plastids which provide additional com-
partmentation (Kroth et al. 2008; Tachibana et al. 2011).

As well as the structure of the diatom cells, the localiza-
tion of their putative C4 enzymes is essential for this meta-
bolic pathway. The genomic sequences of the multipolar 
centric diatom Thalassiosira pseudonana (Armbrust et al. 
2004) and the raphid pennate diatom P. tricornutum (Bowler 
et al. 2008) reveal the presence of several carboxylases and 
decarboxylases, which potentially could be utilized for a 
C4-like CCM (Kroth et al. 2008). Furthermore, both dia-
toms possess a pyruvate phosphate dikinase (PPDK), which 
converts pyruvate into PEP, the initial three carbon mol-
ecule that accepts HCO3

− in the C4 CCM of higher plants 
(Kroth et al. 2008; Sage et al. 2012). However, neither 14C 
labeling experiments designed to identify the primary prod-
uct of the Ci fixation (Holdsworth and Colbeck 1976), nor 
PPDK silencing experiments via RNA interference (RNAi) 
(Haimovich-Dayan et al. 2013) support the presence of a 
C4-like CCM in P. tricornutum. However, Kustka et al. 
(2014) recently suggested that in low CO2 concentrations, 
T. pseudonana uses a “closed-loop biochemical model,” an 
atypical C4-type CCM, in which the back-reaction of the 
pyruvate carboxylase (PYC) is assumed to be responsible for 
the release of CO2 in the plastid. Young et al. (2016) report a 
large variation of RubisCO kinetics in different diatoms that 
may affect the respective CCMs of the algae.

In this work, we present an overview of the presence of 
enzymes that might be involved in a possible C4 metabolism 
in P. tricornutum. We investigated the intracellular location 
of the relevant gene products via expression of GFP-fusion 
proteins, and discuss the results in comparison to the loca-
tion of the respective enzymes in the C4 model plant Zea 
mays and in the C3 model plant Arabidopsis thaliana.

Materials and methods

Strains and culture conditions

Phaeodactylum tricornutum strain UTEX 642 was culti-
vated in 30 PSU artificial seawater (ASW) (Harrison et al. 
1980), enriched with f/2 nutrition (Guillard and Ryther 
1962) under continuous illumination (photosynthetic pho-
ton flux density of 50 µmol photons m− 2 s− 1) at 20 °C and 
constant aeration with atmospheric air. Solid media con-
tained 1.2% Agar (Wako, Osaka, Japan). Transformation of 
this strain has been conducted in the Matsuda laboratory in 

Sanda, Japan. P. tricornutum strain UTEX 646 was grown 
in 16.6 PSU ASW (Tropic Marine, Dr. Biener GMBH, 
Wartenberg/Angersbach, Germany) enriched with modi-
fied f/2 nutrition (Guillard and Ryther 1962) as described 
in (Rottberger et al. 2013). Solid media contained 1.2% 
Bacto Agar (Becton, Dickinson and Company, Le Pont 
de Claix, France). Cells were cultivated at 20 °C and at 
75 µmol photons m− 2 s− 1 continuous light in Erlenmeyer 
flasks on a shaker. Transformation of this strain was con-
ducted in the Kroth laboratory in Konstanz, Germany.

Sequence analyses

Protein sequences of P. tricornutum have been obtained 
from the Joint Genome Institute database (P. tricornutum 
2.0) [http://genom​e.jgi-psf.org/Phatr​2/Phatr​2.home.html, 
(Bowler et al. 2008; Grigoriev et al. 2012)] based on their 
respective protein IDs or on BLAST searches (Altschul 
et al. 1997). Gene structures, annotations, and putative 
enzyme localizations have furthermore been checked with 
help of the programs TargetP 1.1 (Emanuelsson et  al. 
2000), SignalP 3.0 (Bendtsen et al. 2004), SignalP 4.1 
Version (Petersen et al. 2011). TMHMM 2.0 (Sonnhammer 
et al. 1998), NetStart 1.0 (Pedersen and Nielsen 1997) (all 
available via the Center for Biological Sequence Analysis 
(CBS) webserver of the Technical University of Denmark, 
http://www.cbs.dtu.dk/index​.shtm) and ASAFind (Gruber 
et al. 2015) (available at http://rocap​lab.ocean​.washi​ngton​
.edu/tools​/asafi​nd), following the methods described in 
Gruber and Kroth (2014) and Gruber and Kroth (2017).

Arabidopsis thaliana sequences were screened in the 
“tair” (The Arabidopsis Information Resource) database 
(http://www.arabi​dopsi​s.org). Zea mays proteins were 
identified in http://www.unipr​ot.org (Consortium 2014), 
http://www.maize​gdb.org (Schaeffer et al. 2011) and NCBI 
(http://www.ncbi.nlm.nih.gov) (Altschul et al. 1997).

Transformation vector and plasmid constructions

Standard cloning procedures were used for plasmid con-
struction (Sambrook et  al. 1989). The pPha-T1 P. tri-
cornutum transformation vector (GenBank accession 
AF219942.1) (Zaslavskaia et al. 2000), equipped with a 
bleomycin-resistance cassette has been used for the gene 
localization studies. The gene encoding the enhanced 
green fluorescence protein (egfp) was fused to the 3′-ends 
of the studied gene sequences according to the cloning 
strategy described for the PtHLIP2:GFP (and other GFP 
fusion protein constructs) by Gruber et al. (2007). In case 
of full length constructs, the stop codons of the target 
genes were omitted.

http://genome.jgi-psf.org/Phatr2/Phatr2.home.html
http://www.cbs.dtu.dk/index.shtm
http://rocaplab.ocean.washington.edu/tools/asafind
http://rocaplab.ocean.washington.edu/tools/asafind
http://www.arabidopsis.org
http://www.uniprot.org
http://www.maizegdb.org
http://www.ncbi.nlm.nih.gov
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Biolistic transformation

Cells were genetically transformed using the Biolistic 
PDS-1000/He Particle Delivery System (Bio-Rad, Her-
cules, CA, USA) fitted with 1350 and 1550 psi rupture 
disks as described in Zaslavskaia et al. (2000). After trans-
formation, cells were allowed to recover for 24 h before 
being plated onto f/2 medium containing 75–100 µg ml− 1 
Zeocin (Invitrogen, Carlsbad, CA, USA). The plates 
were incubated at 20–22 °C under constant illumination 
(50–75 µmol m− 2 s− 1). The resulting Zeocin resistant cell 
lines were screened for GFP fluorescence and the positive 
ones were further studied. P. tricornutum strain UTEX 642 
was used to generate the PEPC1full, PEPC2full, PEPCK-
full, PPDKfull, RP1full, ME1full, and ME2full transformed 
cell lines and P. tricornutum strain UTEX 646 was used 
to generate the PYC1pre, PYC2pre, PEPCKpre, PPDK-
pre, ME1pre, MDH1full, and MDH2full transformed cell 
lines. The suffixes “pre” and “full” refer to whether the pre-
sequence or the full length of the corresponding gene was 
cloned upstream of the egfp gene, respectively.

MitoTracker labeling

To label mitochondria, the fluorescent stain MitoTracker® 
OrangeCMTMRos (Molecular probes, Eugene, OR, USA) 
was added to the cell cultures PEPCKfull, ME1full, and 
ME2full to a final concentration of 500 nM and to the cul-
tures PYC1pre, MDH1full and MDH2full to a final concen-
tration of 5 µM. (Different MitoTracker concentrations were 
used because the experiment was performed in two different 
laboratories.) After the incubation at 20 °C for 60 min, the 
cells were washed with f/2 medium three times and were 
re-suspended in f/2 medium.

Fluorescence microscopy

Analyses of the transformed cell lines were conducted with 
laser-scanning confocal microscopes: A1Rsi (Nikon, Japan); 
LSM 510 META (Zeiss, Germany); LSM 880 (Zeiss, Ger-
many), or with an epifluorescence microscope: Olympus 
BX51 (Olympus Europe, Germany).

The A1Rsi was equipped with a Plan Apo VC 60x/1.4 
Oil DIC objective (Nikon). Using the A1Rsi microscope, 
the following settings were used: chlorophyll (Chl) a/c auto-
fluorescence was excited with a 638 nm laser and emission 
was detected from 662 to 737 nm; excitation of GFP was at 
488 nm and fluorescence detection was from 500 to 550 nm 
emission and the MitoTracker was excited at 561 nm and 
detected from 570 to 620 nm.

The LSM 510 META was operated using a Plan-
Apochromat 63 ×/1.4 Oil DIC objective. GFP and Chl 
fluorescence was excited at 488 nm, filtered with a beam 

splitter (HFT 488/543), and detected by two different pho-
tomultiplier tubes with a band pass filter (BP 505–530) for 
GFP fluorescence and a low pass filter (LP 650) for Chl 
auto-fluorescence. Maximum intensity z-projections were 
calculated from slices of image stacks to ensure complete 
detection of fluorochromes within a cell.

The LSM 880 was operated using a Plan-Apochromat 
63 ×/1.4 Oil DIC M27 objective; GaAsP photomultiplier. 
GFP and Chl were excited at 488 nm (MBS 488/543/633) 
and detected at 500–553 nm and 695–760 nm, respectively. 
MitoTracker was excited at 514 nm (MBS 458/514), fluores-
cence was detected at 570–624 nm.

The Olympus BX51 was equipped with a Zeiss AxioCam 
MRm digital camera system (Zeiss). To view transmitted 
light images (100xUplanFL objective, Olympus), Nor-
marski’s differential interference contrast illumination was 
used; for Chl auto-fluorescence, the mirror unit U-MWSG2 
(Olympus) was used; and for GFP detection, the filter set 
41020 (Chroma Technology Corp, Bellows Falls, VT, USA).

Determination of photosynthetic parameters

Cells grown under atmospheric air conditions were har-
vested by centrifugation at the mid-logarithmic phase and 
washed with DIC-free f/2 medium. Cells were suspended in 
the DIC-free buffer at a Chl a concentration of 10 µg ml− 1. 
The rate of photosynthetic O2 evolution at various con-
centration of DIC was measured with a Clark-type oxygen 
electrode (Birmingham and Colman 1979; Matsuda et al. 
2001). The concentration of DIC at the CO2 compensation 
point was measured by gas chromatography according to the 
method described by Birmingham and Colman (1979). The 
maximum photosynthetic capacity (Pmax), the DIC concen-
tration which gives half Pmax (K0.5[DIC]), and the apparent 
photosynthetic conductance (APC) values were determined 
by curve fitting with the non-linear least square method.

For the PEPCK inhibition, 3-mercaptopicolinic acid 
(3-MPA; Toronto Research Chemicals Inc., ON, Can-
ada) was dissolved in f/2 medium and added at vari-
ous concentrations 10 min before the O2 electrode assay. 
For the PEPC inhibition, a PEP analog 3,3-dichloro-
2-(dihydroxyphosphinoylmethyl)-propionate (DCDP) was 
dissolved in 10 mM Tris–HCl (pH 7.5), and various con-
centrations of DCDP were added to cells in the presence 
of 0.0075% (v/w) Triton X-100. Triton X-100 was used to 
insure the permeation of DCDP into the cells. To minimize 
the toxicity of Triton X-100 to the cells, cells were imme-
diately centrifuged at 5000×g for 5 min and resuspended in 
the DIC-free f/2 medium. This washing step was repeated 
three times and washed cells in DIC-free f/2 medium were 
used for the O2 electrode assay. The rate of O2 evolution 
at various DIC concentrations was measured by injecting 
a known amount of NaHCO3 as substrate. The maximum 
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photosynthetic O2 evolution rate, the half-saturation con-
stant for DIC and apparent photosynthetic conductance were 
determined by rectangular-hyperbola fitting to data with 
non-linear least squares regression.

Results and discussion

From in silico to in vivo—the subcellular localization 
of putative C4 photosynthesis enzymes

Before experimentally confirming the subcellular locations 
of the enzymes that might be involved in a biochemical 
CCM pathway, we checked the existing gene models and 
updated them where necessary. This is a crucial part of 
the work because the targeting of the protein depends on 
N-terminal pre-sequences, which are not always part of an 
automatically created gene model. Proteins which carry a 
mitochondrial targeting sequence are transported into the 
mitochondrion, proteins with a bipartite pre-sequence enter 
the secretory pathway where they are then transferred into 
either the endoplasmatic reticulum (ER), the plastid or out 
of the cell. Proteins without a special pre-sequence stay in 
the cytosol (Kilian and Kroth 2005; Bolender et al. 2008; 
Gruber and Kroth 2017). Based on our thorough examina-
tion of the gene models, we fused gene fragments encoding 
either the predicted pre-sequences or the complete genes to 
the egfp gene, and expressed the constructs in P. tricornutum 
(see Table 1). In many proteins, the pre-sequence alone is 
sufficient for targeting of the protein of interest (Apt et al. 

2002) and we benefit from easier handling of shorter gene 
fragments during the process of creating transformants. 
Using full sequences has the advantage that internal target-
ing signals, which are needed e.g., to anchor the protein, are 
considered (Bolender et al. 2008).

Experiments, including cloning, transformation, and 
microscopy work, were performed on two different P. tri-
cornutum strains in two different laboratories. Even under 
independent experimental setup and regardless of the cloned 
fragment length, the localization of PEPCK, PPDK, and 
ME1 gave identical results (for images see Fig. 1 & Online 
Resource Fig. 5). To activate the light-dependent fcpA pro-
moter which drives egfp expression, the transformed cell 
lines were cultivated at 75 µE continuous light. Fluores-
cence microscopy allowed visual allocation of the proteins 
to the intracellular compartments including mitochondria 
(PEPC2, PYC1, PEPCK, ME1, ME2, MDH1, MDH2), plas-
tids (PEPC1, PYC2, RP1) and the cytosol (PPDK) according 
to the observed fluorescence in comparison with the plastid 
auto-fluorescence, transmitted light views, and MitoTracker 
stainings (Fig. 1 & Online Resource Fig. 5).

Single cell C4 photosynthesis—advantages 
and disadvantages of diatoms

With 22 described types of Kranz anatomy, this structure 
seems to be a specific and common feature of C4 photosyn-
thesis in higher plants (Leegood 2002; Sage et al. 2011). 
In unicellular organisms like diatoms, such a differentiation 
in two cell types is obviously not possible. Also a system 

Table 1   Putative C4 CCM proteins and their localizations in P. tricornutum 

Each gene which was experimentally localized by GFP fusion experiments is listed above. The column “cloned amino acid sequence” indicates 
whether only a fragment encoding an N-terminal part (given as amino acid length) or the full length gene had been cloned to the 5′-end of the 
egfp gene. Column “transformed strain” indicates whether strain UTEX 642 (in the Matsuda Laboratory) or UTEX 646 (in the Kroth Labora-
tory) was transformed. (Images showing GFP localization experiments can be found in Fig. 1 and in Online Resource Fig. 5.)

Protein name Protein ID (JGI) Cloned amino acid 
sequence

Transformed strain GFP localization

PEPCK (phosphoenolpyruvate carboxykinase) 55018 41 aa
Full length

UTEX 646
UTEX 642

Mitochondrion
Mitochondrion

ME1 (NAD-dependent malic enzyme 1) 56501 94 aa
Full length

UTEX 646
UTEX 642

Mitochondrion
Mitochondrion

ME2 (NADP-dependent malic enzyme 2) 27477 Full length UTEX 642 Mitochondrion
PEPC1 (phosphoenolpyruvate carboxylase 1) 56768 Full length UTEX 642 Plastidic membranes
PEPC2 (phosphoenolpyruvate carboxylase 2) 56769 Full length UTEX 642 Mitochondrion
PYC1 (pyruvate carboxylase 1) 30519 55 aa UTEX 646 Mitochondrion
PYC2 (pyruvate carboxylase 2) 49339 67 aa UTEX 646 Stroma
PPDK (pyruvate phosphate dikinase) 21988 112 aa

Full length
UTEX 646
UTEX 642

Cytosol
Cytosol

RP1-PPDK (PPDK regulator protein 1) 49027 Full length UTEX 642 Stroma
MDH1 (malate dehydrogenase 1) 51297 Full length UTEX 646 Mitochondrion
MDH2 (malate dehydrogenase 2) 54834 Full length UTEX 646 Mitochondrion
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like in the flowering plant B. cycloptera, which misses the 
Kranz anatomy and compensates for it with two specialized 
types of chloroplasts (Voznesenskaya et al. 2002), cannot be 
expected in diatoms, because diatoms usually only possess 
one type of plastid (and in many species just one plastid 
per cell). In order to separate the process of Ci pre-fixation 
by PEPC and/or PEPCK from the decarboxylation of the 
C4 acid, so that the released CO2 is available to RubisCO, 
diatoms might utilize the additional compartments provided 
by their secondary plastids and pyrenoids (McFadden 2001; 
Kroth et al. 2008; Tachibana et al. 2011). The plastid in 
diatoms is surrounded by four membranes which separate 
the endoplasmic reticulum (ER) lumen, periplastidic space 
(PPS), inter envelope space (IES), and stroma from each 
other (Kilian and Kroth 2005) (Fig. 3). The stroma itself 
hosts the pyrenoid which again might contain a sub-pyrenoid 
structure as has been shown in P. tricornutum (Tachibana 
et al. 2011). If these additional compartments are used for 
C4 photosynthesis, the localization of all enzymes which 
are involved in this pathway will help to answer the question 
how it can be performed successfully without futile cycling 
of carboxylation and decarboxylation reactions.

Our analyses revealed that the intracellular distribution 
of the carboxylases and decarboxylases differs substantially 
between P. tricornutum and the two land plants A. thaliana 
(C3 model plant) and Z. mays (C4 model plant) (Fig. 2 & 
Online Resource Table IV). Ci pre-fixation in the diatom 
occurs exclusively in the organelles whereas in higher plants 
it takes place solely in the cytosol. The decarboxylases in Z. 
mays have cytosolic and chloroplastic decarboxylases whereas 

the putative C4 decarboxylases of P. tricornutum are located 
in the mitochondria. In the following, we discuss these differ-
ences for the various enzymes in more detail.

Phosphoenolpyruvate carboxylases (PEPCs)—
neither PEPC1 nor PEPC2 pre‑fix Ci in the cytosol 
of P. tricornutum cells

The analysis of pre-sequences predicts that the two isoen-
zymes of PEPC in P. tricornutum are targeted to different 
compartments (Kroth et al. 2008). While the expression of 
the respective GFP fusion proteins confirmed the location 
of PEPC1 to be associated to the plastid membranes, the 
localization of PEPC2 is mitochondrial and not cytosolic 
as expected from the sequence analysis (Fig. 1 & Online 
Resource Table V). For PEPC1, the exact location within the 
four-layered plastid envelope system could not be resolved 
by microscopy; however, the GFP expressing cell lines 
strongly resembled a phenotype that has previously been 
described as “blob”-like structures (BLS) (Kilian and Kroth 
2005; Gruber et al. 2007) and is proposed to represent the 
periplastidic space in diatoms (Gould et al. 2006; Sommer 
et al. 2007; Gruber et al. 2009; Weber et al. 2009; Moog 
et al. 2011).

The PEPCs in A. thaliana and Z. mays are located in the 
cytosol (Fig. 2 & Online Resource Table IV). In A. thali-
ana, PEPCs are involved in amino acid synthesis, generat-
ing OAA which enters the tricarboxylic acid (TCA) cycle 
forming α-ketoglutarate, the precursor of glutamate (Taylor 
et al. 2010). Glutamate and its derivative glutamine are syn-
thesized in the chloroplasts of A. thaliana and are known 
as transport compounds for nitrogen (Taylor et al. 2010). 
Based on its mitochondrial localization, Pt_PEPC2 could 
be involved in a similar pathway because the diatom’s gluta-
mate synthase (GLU) (ID Pt_56605) as well as its glutamine 
synthetase (GLN, ID Pt_51092), required for the conversion 
of glutamate to glutamine, are predicted to be located in 
the diatom plastid, while in A. thaliana the glutamine syn-
thetase is most likely cytosolic (Online Resource Table V). 
If α-ketoglutarate from the TCA cycle should be required 
as a precursor for amino acid synthesis in P. tricornutum, it 
would have to be transported from the mitochondria to the 
plastid stroma across six membranes.

Therefore, we propose an alternative pathway for P. tri-
cornutum: pyruvate, deriving from cytosolic glycolysis, may 
be transported into the plastid, where it could be carboxy-
lated to OAA via the plastidic PYC2 (Fig. 3). OAA may then 
be converted into α-ketoglutarate, a substrate for the gluta-
mate synthase, by the aspartate aminotransferase 4 (AAT4; 
please see predictions of AAT4 in the Online Resource 
Table V & Fig. 3).

Fig. 1   Images of proteins which have been fused to GFP for locali-
zation analyses in this study. Presented are fluorescence microscopy 
images showing transformed P. tricornutum cells with expressed 
protein::GFP fusion proteins of all investigated proteins which might 
be involved in a putative C4 CCM. Bright field, chlorophyll auto-
fluorescence (red), GFP fluorescence (green), and a merged image, 
showing an overlap of the chlorophyll auto- and GFP fluorescence, 
are shown from left to right. The transformed cell lines which express 
PYC1pre::GFP, PEPCKfull::GFP, ME1full::GFP, ME2full::GFP, 
MDH1full::GFP, and MDH2full::GFP constructs have additionally 
been stained with MitoTracker (blue) and their according merged 
images are an overlap of chlorophyll auto-fluorescence, GFP fluores-
cence, and MitoTracker fluorescence. Scale bars of each image repre-
sent 5 µm. “full” or “pre” suffixes after the enzyme’s name indicate 
whether a full length or pre-sequence has been used for plasmid con-
struction. PEPC2, PYC1, PEPCK, ME1, ME2, MDH1, and MDH2 
are located in the mitochondrion; PYC2 and RP1 are located in the 
plastid’s stroma and PPDK was detected in the cytosol. P. tricornu-
tum strain UTEX 642 has been used to generate the PEPC1full, PEP-
C2full, PEPCKfull, RP1full, ME1full, and ME2full transformed cell 
lines and P. tricornutum strain UTEX 646 has been used to gener-
ate the PYC1pre, PYC2pre, PPDKpre, MDH1full, and MDH2full 
transformed cell lines. PEPC phosphoenolpyruvate carboxylase, PYC 
pyruvate carboxylase, PEPCK phosphoenolpyruvate carboxykinase, 
ME malic enzyme, MDH malate dehydrogenase, PPDK pyruvate 
phosphate dikinase, RP PPDK regulator protein

◂
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Pyruvate carboxylases (PYCs)—the mitochondrial 
PYC1 and plastidic PYC2 might supply the TCA cycle 
and amino acid synthesis with OAA, respectively

PYCs catalyze the carboxylation of pyruvate and bicarbo-
nate under the consumption of ATP to form OAA. Two iso-
forms of the PYCs have been identified in P. tricornutum, 
PYC1 is located in the mitochondria, while PYC2 is appar-
ently a stromal protein (Fig. 1). PYCs are neither found in 
cyanobacteria nor in higher plants (Tsuji et al. 2012), so 
their presence in diatoms is remarkable. Genes encoding 
PYC enzymes have been detected in different diatoms and 
in related algae (Heterokonts, Haptophytes) (Appleby et al. 

1980; Descolas-Gros and Oriol 1992; Tsuji et al. 2012). 
Studies in the yeast Saccharomyces cerevisiae (Stucka et al. 
1991) and the Haptophyte Emiliania huxleyi (Tsuji et al. 
2012) revealed an anaplerotic function of PYC because it 
supplies the TCA cycle with OAA. Tsuji et al. (2012) report 
an inhibition of the plastidic Eh_PYC1 activity by l-malate, 
the reduced form of the PYC-product OAA, indicating a 
negative feedback loop of the enzyme activity. As aspartate, 
a C4 molecule derived from OAA by aspartate aminotrans-
ferase (AAT), has a much weaker inhibitory influence on 
PYC, it might more likely be involved in the accumulation 
of C4 molecules (Tsuji et al. 2012). This indicates that in 

Fig. 1   (continued)
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E. huxleyi PYC might be involved in amino acid synthesis 
rather than in a potential C4 metabolism.

Screening the P. tricornutum genome, we could not iden-
tify any gene encoding a plastidic malate dehydrogenase 
(MDH) isoenzyme (Online Resource Table V), suggesting 
that OAA cannot be converted into malate via this reaction 
within P. tricornutum plastids. Accordingly, there might be 
no or little malate in the plastid to inhibit Pt_PYC2 (Fig. 3). 
This makes Pt_PYC2 a good candidate for the production 
of OAA, a precursor for amino acid synthesis. In C3 plants, 
MDHs play a major role in the redox regulation between 
the chloroplast and the cytoplasm (Heber 1974; Scheibe 

1987; Buchanan 1991). Considering the apparent absence 
of MDHs in the plastid and in the cytosol of P. tricornu-
tum, it is not clear yet how this essential reaction, the inter-
conversion from OAA and NAD(P)H+H+ into malate and 
NAD(P)+ and vice versa, can be performed or whether it is 
required at all. According to Bowes (2011) the submerged 
and facultative C4 plant Hydrilla verticillata, which per-
forms the complete C4 photosynthesis in a single cell, pos-
sesses two MDH isoforms, one is located in the chloroplast 
and one in the cytosol. Whether or not the enzymes in the C3 
photosynthesis leaves contribute to redox regulation remains 
elusive.

Fig. 2   Localization of putative C4 proteins in P. tricornutum, A. thal-
iana, and Z. mays. The diagram shows a simplified cellular distribu-
tion of the investigated C4 enzymes in the C4 plant Z. mays, the C3 
plant A. thaliana and in the diatom P. tricornutum, respectively. The 
distribution of the decarboxylases ME and PEPCK differs between 
the plants and the diatom. While Z. mays and A. thaliana each con-
tain a chloroplastic decarboxylase, the plastid of P. tricornutum con-

tains no decarboxylase. Enzymes (in bold): MDH: malate dehydroge-
nase; ME: malic enzyme; PEPC: phosphoenolpyruvate carboxylase; 
PPDK: pyruvate phosphate dikinase; PYC: pyruvate carboxylase; 
RP1(2): PPDK regulator protein 1(2). Substrates and products: PEP 
phosphoenolpyruvate, OAA oxaloacetic acid. A detailed overview of 
the protein IDs and their experimentally demonstrated localizations 
can be found in Table 1 and in Online Resource Table IV
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Another aspect supporting a further role of PYC is based 
on 14C labeling experiments in E. huxleyi (Tsuji et al. 2009). 
Here like in P. tricornutum (Holdsworth and Colbeck 1976), 
the first initial products of 14C labeled carbon metabolites 
are phosphate esters, followed by lipids, aspartate, alanine, 
and glutamate. Aspartate concentrations, however, remain 
constant over time, which can be interpreted as an indication 
for a non-C4 CCM fixation mechanism. Since Eh_PYC1 
(GenBank BAH22705) and Pt_PYC2 are phylogenetically 
related (Tanaka et al. 2014) and as both are located in the 

plastid, we assume that the PYC2 enzyme in P. tricornutum 
may also be involved in amino acid synthesis.

In addition to the replenishment of the TCA cycle and 
amino acid synthesis, PYCs are also known to be involved in 
gluconeogenesis. In P. tricornutum, gluconeogenesis might 
be used to shuttle fixed Ci to produce chrysolaminarin via 
the nucleotide sugar uracil-diphosphate glucose (UDP-Glc) 
(Chauton et al. 2013). So far, the intracellular location of the 
different steps of chrysolaminarin biosynthesis in diatoms 
is unknown.

Fig. 3   Enzyme composition in P. tricornutum. The scheme describes 
the putative intracellular localization of metabolic enzymes in the 
diatom P. tricornutum. The red box represents the mitochondrion; 
green lines surround the plastid, and the black line represents the 
endoplasmatic reticulum which is studded with ribosomes (black 
dots). Enzymes shown in green: the enzyme location has been con-
firmed by localization experiments; enzymes shown in blue: the 
enzyme location has been predicted; underlined enzyme names: some 
of the isoforms have been located experimentally, while others are 
only predicted; dotted arrow: the gene of one of the subunits cannot 
be found in the genome so far; gray oval: the enzymes in this oval are 
located either in the IES, PPS, or ER lumen. Enzymes: AAT​ aspartate 
aminotransferase, CA carbonic anhydrase, GLN glutamine synthetase, 
GLU glutamate synthase, MDH malate dehydrogenase, ME1 malic 

enzyme (NAD dependent), ME2 malic enzyme (NADP dependent), 
PEPC PEP carboxylase, PDC pyruvate dehydrogenase complex, PK 
pyruvate kinase, PPDK pyruvate phosphate dikinase, PYC pyruvate 
carboxylase, RP1 PPDK regulator protein 1. Substrates and products: 
α-KG α-ketoglutarate, PEP phosphoenolpyruvate, OAA oxaloacetic 
acid. Transporter: MC malate/α-ketoglutarate carrier, P-T pyruvate 
transporter, PEP-T PEP transporter, SLC4 solute carrier 4 family 
HCO3

− transporter. The direction of the transported substrates, indi-
cated by arrows, is proposed but not proven yet. Compartments: IEP 
inter envelope space, PPS periplastidic space. All enzymes and trans-
porters including protein IDs and their references are listed in Online 
Resource Table IV. Please note that in order to keep a clear arrange-
ment of the figure, cofactors or reducing agents are not shown
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A different hypothesis has been put forward recently by 
Kustka et al. (2014). They investigated the carbon metabo-
lism of T. pseudonana under low CO2 conditions, demon-
strating a 1.8-fold increase in PYC abundance via proteomic 
analysis. They furthermore postulate that PYC in T. pseudo-
nana might predominantly catalyze the decarboxylation of 
OAA, which however according to their calculation would 
require maintenance of a neutral pH, an ATP/ADP ratio of 
2.5 and an OAA concentration > 1 mM in the stroma. Kustka 
et al. (2014) do not provide details on the calculation and 
especially do not mention the maximum tolerated concen-
tration of pyruvate which would still allow the proposed 
“backwards” reaction. We think that the three requirements 
mentioned by Kustka et al. (2014) are pretty unrealistic to 
be assumed for a plastid stroma. Furthermore, pyruvate 
accumulation in the stroma would need to be prevented by 
consecutive reaction or transport steps, but there is no evi-
dence for such processes so far. Therefore, we think that it is 
highly unlikely that decarboxylation of OAA by PYC con-
tributes to photosynthetic carbon fixation in T. pseudonana. 
This is also in line with various studies on carbon fixation 
in T. pseudonana, including isotope labeling experiments 
(Roberts et al. 2007a), studies of kinetic properties of C4 
enzymes (Clement et al. 2016) and localization of C4 related 
enzymes (Tanaka et al. 2014), which all do not support the 
presence of a biochemical CCM in this organism.

Pyruvate phosphate dikinase (PPDK) and its 
regulator protein 1 (RP1)—a plastid pre‑sequence 
but cytosolic GFP fluorescence—is PPDK dual 
targeted?

PPDK converts pyruvate into PEP (Parsley and Hibberd 
2006), which can either be provided to gluconeogenesis or 
to bicarbonate pre-fixation as a part of a biochemical CCM. 
PEP is the essential receptor for bicarbonate in the C4 
metabolism, and therefore, the discovery of a PPDK in P. tri-
cornutum initiated speculations about C4 CCM in this alga 
(Kroth et al. 2008). PPDK RNAi silencing transformants 
of P. tricornutum showed a clearly reduced PPDK activity 
while photosynthetic activity under low HCO3

− conditions 
was not affected (Haimovich-Dayan et al. 2013).

Both A. thaliana and Z. mays possess gene copies of the 
ppdk gene (Online Resource Table IV) which contain two 
alternative start codons, separated by an intron, resulting in 
the formation of two different mRNAs (Parsley and Hibberd 
2006). One mRNA encodes a protein which carries a transit 
sequence for chloroplast targeting, while the second protein 
has no signal sequence and therefore is located in the cytosol 
(Parsley and Hibberd 2006). This dual targeting mechanism 
is also known for the ppdk genes of Oryza sativa (accession 
number D87745) and Flaveria trinervia (accession num-
ber X79095) (Parsley and Hibberd 2006). The location of 

the PPDK in P. tricornutum is unclear; the full length pro-
tein has a plastid targeting pre-sequence, while expression 
of PPDK::GFP fusion proteins indicate a cytosolic and not 
plastidic location of the enzyme (Fig. 1 & Online Resource 
Fig. 5; please notice the auto-fluorescence of the chlorophyll 
which represents the plastid in the “Merged” column). This 
ambiguous result could be explained by a similar effect in A. 
thaliana. The regular start codon is preceded by additional 
in-frame ATGs (pos. 71, 77, 100), possibly initiating an 
alternative translation of the proteins that are not imported 
into the plastid. However, the absence of any GFP fluores-
cence within the plastids rather supports the notion that the 
PPDK in P. tricornutum is a cytosolic protein that could 
be involved in gluconeogenesis. Interestingly, we could 
identify a single gene in P. tricornutum encoding a protein 
related to a PPDK regulator protein (RP1). Expression of 
an RP1::GFP fusion protein indicated that this protein is 
located in the plastid (Fig. 1 & Online Resource Table V). 
The light-dependent PPDK-RP in A. thaliana activates the 
PPDK in the light and inactivates it in the dark by reversible 
phosphorylation of PPDK (Chastain et al. 2011). Here, two 
isoforms of PPDK regulator proteins have been found, while 
RP1 is located in the chloroplast, RP2 is found in the cytosol 
(Chastain et al. 2008). Accordingly, in the C4 plant Z. mays, 
only a chloroplastic regulator protein has been found (Smith 
et al. 1994), even though the second ppdk splice variant is 
leading to a cytosolic isoform (Sheen and Bogorad 1987; 
Sheen 1991; Parsley and Hibberd 2006). There are two 
putative explanations for this: (i) cytosolic PPDK regulator 
proteins may not have been identified yet in Z. mays and P. 
tricornutum or (ii) the cytosolic PPDK activity is not modu-
lated by a RP. In the latter case, however, it is unclear how 
the PPDK is regulated, how the direction of the reversible 
reaction is controlled, and how the activity rate is adjusted 
to changing conditions. According to Jenkins and Hatch 
(1985), the direction of the reversible reaction of C4 PPDK 
from maize is driven by pH. The assumed pH in the cytosol 
of single-celled phytoplankton, which, according to Chastain 
et al. (2011), drives the reaction of PPDK into pyruvate for-
mation, is about 7.2 [T. weissflogii: pH 7.35 (Herve et al. 
2012); Chlamydomonas reinhardtii: pH 7.4 ± 0.1 (Braun and 
Hegemann 1999); E. huxleyi: pH 6.9 ± 0.3 and Coccolithus 
pelagicus: pH 7.0 ± 0.3 (Anning et al. 1996)]. It is not men-
tioned whether the pH is driving the PPDK activity directly 
or via the regulator protein.

Phosphoenolpyruvate carboxykinase (PEPCK) might 
be involved in gluconeogenesis

PEPCK utilizes CO2 as a substrate for carboxylation, while 
in CAM plants, the enzyme may also function as a decar-
boxylase, converting OAA to PEP (Dittrich et al. 1973; 
Häusler et al. 2002). A high PEPCK activity in A. thaliana 
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might cause CO2 provision to photosynthesis (Brown et al. 
2010). While the PEPCKs of Z. mays and A. thaliana are 
located in the cytosol (Fig. 2 & Online Resource Table IV), 
the respective enzyme of P. tricornutum is located in the 
mitochondria. GFP localization studies based on two dif-
ferent P. tricornutum strains and two independently cloned 
plasmids confirm the result of the sequence analysis and 
show a mitochondrial localization (Fig. 1, Online Resource 
Fig. 5 & Table V). This interesting finding made us curious 
so we also identified all enzymes needed for the first part of 
gluconeogenesis (PYC, PEPCK, enolase 2, phosphoglycer-
ate mutase 2, phosphoglycerate kinase 3, glyceraldehyde 3 
phosphate dehydrogenase/triosephosphate isomerase fusion 
protein). In P. tricornutum, all of these proteins, including 
the PEPCK, are predicted to be located in the mitochon-
dria (Online Resource Table V). The subsequent enzymatic 
reactions of gluconeogenesis, namely the formation of the 
C6 sugar fructose-1,6-bisphosphate, are predicted to occur 
either in the cytosol or in the plastid (Online Resource Table 
V). These results might indicate that the Pt_PEPCK contrib-
utes rather to the initial steps of gluconeogenesis than to a 
potential CCM.

Malic enzymes (ME) and the co‑localized malate 
dehydrogenases (MDH) might serve to replenish 
the TCA cycle

MEs decarboxylate malate into pyruvate and CO2 using 
NAD+ or NADP+ as a cofactor and they are often located 
in the same compartment as the malate dehydrogenases 
(Fig. 2). Both types of MEs catalyze the formation of pyru-
vate from OAA. NADP-dependent MEs of eukaryotes and 
prokaryotes are involved in at least two metabolic pathways: 
as providers of reduction equivalents (NADPH) in lipid bio-
synthesis (Lai et al. 2002; Hao et al. 2014) and as providers 
of CO2 for RubisCO in C4 CCMs (Jenkins et al. 1987a).

According to the localization of GFP fusion proteins, 
MEs and MDHs of P. tricornutum are strictly mitochondrial 
proteins (Fig. 1 & Online Resource Fig. 5). Considering that 
CO2 released by these two enzymes would have to diffuse 
across six membranes to reach RubisCO in the plastid, with 
a number of carbonic anhydrases converting it into bicarbo-
nate, it seems rather unlikely that these enzymes might be 
involved in a biochemical CCM (Fig. 3). Wang et al. (2014) 
state that even in land plants, having chloroplasts with two 
envelope membranes, a functional C4 pathway strictly 
requires a chloroplastic decarboxylase.

Another role of the MEs in P. tricornutum could be the 
provision of NADPH for the elongation of the fatty acid 
acyl chain in lipid biosynthesis, as has already been shown 
in microorganisms (Wynn and Ratledge 1997; Ratledge 
and Wynn 2002; Zhang et  al. 2007; Beopoulos et  al. 
2009). Wynn et al. (1997) revealed that the inhibition of 

ME activity in Mucor circinelloides (oleaginous fungus) 
reduces the lipid content from 24 to 2% w/w dry weight. 
This has been supported by the experiments of Zhang et al. 
(2007) who showed that the overexpression of the ME gene 
in M. circinelloides led to a two- to threefold increase of ME 
activity as well as a 2.5-fold increase in lipid content. Both 
experiments show that ME is a key player in lipid synthe-
sis in fungi. In plants, lipid biosynthesis is initiated by the 
chloroplastic Acetyl CoA Carboxylase (ACC), and elonga-
tion occurs via the cytosolic ACC (Nikolau et al. 2003). We 
found that P. tricornutum possesses both isoforms of ACCs, 
which are localized in the same subcellular compartments 
as in plants (Online Resource Table V). However, in P. tri-
cornutum the MEs are strictly localized in the mitochondria, 
making it unlikely that they provide NADPH for the plastidic 
or cytosolic ACCs.

Of course, we cannot exclude the possibility that there 
might be a plastidic and/or cytosolic ME isoform in P. tri-
cornutum, but we can confirm that the gene models we used 
(Pt_56501 & Pt_27477) are correct to our best knowledge. 
In previous studies, the presence of a cytosolic (Pt_54082) 
as well as plastidic (Pt_51970) ME in P. tricornutum has 
been reported (Yang et al. 2013; Davis et al. 2017); how-
ever, comparison of the gene models revealed that the pre-
dicted locations of both MEs which are mentioned in Davis 
et al. (2017) and Yang et al. (2013) are most likely incorrect 
because the gene models they used were truncated. Pt_54082 
& Pt_56501 as well as Pt_51970 & Pt_27477 refer to the 
same loci on the chromosomes and hence describe the 
same proteins. Pt_54082 and Pt_51970 are truncated at the 
N-terminus by 78 and 67 amino acids, respectively. In dia-
toms, the N-terminus of a protein may carry a bipartite pre-
sequence to target a nucleus encoded protein into the plastid 
(Kilian and Kroth 2005) and such a targeting pre-sequence is 
not always included in homology-based gene models.

After excluding the two possibilities that MEs in P. tri-
cornutum contribute substantially to a biochemical CCM 
or to NADPH provision for lipid synthesis, we propose a 
third option: the main task of MEs together with MDHs, 
pyruvate dehydrogenase complex (PDC) and AAT, which 
provide α-ketoglutarate and aspartate from OAA and glu-
tamate, might be the replenishment of the TCA cycle with 
malate, OAA, and Acetyl CoA (Fig. 3).

The improbability of a biochemical C4‑type CCM 
pathway in P. tricornutum

A biochemical C4 CCM pathway requires spatial com-
partmentation which is achieved in higher plants by a spe-
cialized leaf anatomy involving two different cell types 
(bundle sheath and mesophyll cells) or in single-celled 
photosynthetic cells by dimorphic chloroplasts (containing 
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a central compartment and peripheral chloroplasts) (Sheen 
and Bogorad 1987; Voznesenskaya et al. 2002; Offermann 
et al. 2011). In C4 plants like Zea mays, the carboxylases 
PEPC and PEPCK are fixing Ci in the cytosol of mesophyll 
cells. After the resulting C4 molecules have been transported 
into the chloroplasts of the bundle sheath cells, the CO2 
again is released via decarboxylases such as ME or PEPCK 
(Sage et al. 2012) (Fig. 2 & Online Resource Table IV). 
The bundle sheath cells lack cytosolic CAs, so that CO2, 
which diffuses into the cytosol, does not lead to cytosolic 
accumulation of bicarbonate. Therefore, maintenance of a 
cytosolic CO2 concentration close to the plastidic CO2 level 
may prevent loss of CO2 by diffusion. However, in a single 
cell C4 pathway, the release of CO2 in the direct vicinity 
of RubisCO is essential for the operation of an efficient C4 
photosynthesis (Wang et al. 2014).

C3 plants like A. thaliana generally possess the genes for 
enzymes that are necessary for C4 pathways in other organ-
isms (Fig. 2 & Online Resource Table IV), without actually 
performing C4 photosynthesis (Leegood 2002; Sage et al. 
2012; Li et al. 2014). The respective enzymes are required 
for other processes, like the shikimate pathway or the ana-
plerotic link between the TCA cycle and glycolysis (Brown 
et al. 2010). In order to examine whether PEPCK and PEPC 
are involved in a CCM in P. tricornutum, we measured pho-
tosynthetic activities in the presence of inhibitors for PEPCK 
and PEPC using 3-mercaptopicolinic acid (3-MPA) and 
3,3-dichloro-2-(dihydroxyphosphinoylmethyl)-propenoate 
(DCDP), which specifically inhibit respectively the oxaloac-
etate decarboxylation activity of the PEPCK enzyme and the 
PEP carboxylation activity of the PEPC enzyme in C4 plant 
leaves. RubisCO activity is not inhibited by these drugs (Ray 
and Black 1976). If the mitochondrial PEPCK decarboxy-
lation contributes to the significant fraction of the diatom 
CCM, 3-MPA should show some negative effects on the 
photosynthetic affinity for DIC in P. tricornutum. The pho-
tosynthetic parameters in wild-type cells have been deter-
mined in the presence of various concentrations of 3-MPA 
(Table 2; Fig. 4a). The initial slope, described by the rela-
tionship between photosynthetic rate and DIC concentration (apparent photosynthetic conductance: APC), did not 

decrease by addition of 2 mM 3-MPA. This implies that 
the DIC conductance in whole cell photosynthesis, i.e. the 
DIC uptake and transport to RubisCO, was not reduced even 
though the PEPCK activity was suppressed. This further 
indicates that CCM efficiency is not affected by a reduced 
PEPCK activity. Therefore, we conclude that the PEPCK in 
P. tricornutum does not contribute to the CCM.

On the other hand, photosynthesis at the saturating con-
centration of DIC was clearly suppressed by 2 mM 3-MPA 
(Fig. 4a). This allows the assumption that the efficiency of 
the electron transport chain, the strength of the proton gradi-
ent, the actual CO2 fixation via RubisCO in the Calvin Cycle 
or any other downstream reaction after the H2O oxidation 

Table 2   Evaluation of the toxic effect of various concentrations of the 
PEPCK inhibitor 3-MPA on the photosynthetic affinity for Ci and on 
the maximum photosynthetic rate in wild-type cells

a Values are the means ± SD of three separate measurements
b Not detected

3-MPA
(mM)

Pmax
(µmol O2 mg− 1 chl h− 1)

K0.5
(µM)

APC
(µmol O2 mg− 1 
chl h− 1 µM− 1)

0 163.0 ± 0.9a 36.0 ± 2.7a 4.2 ± 0.7a

2 124.0 ± 25.1a 17.6 ± 0.9a 3.7 ± 0.3a

3 N.D.b N.D. N.D.

Fig. 4   The kinetic plots of photosynthetic rate in air-grown cells as 
a function of [DIC] in the absence or presence of various concentra-
tions of 3-MPA or DCDP. a The kinetic plots of the photosynthetic 
rates in air-grown cells as a function of dissolved inorganic carbon 
concentration ([DIC]) in the absence or presence of 3-MPA. Inset: 
Plots at DIC concentrations below 200  µM. White circles: control 
(non-treated wild-type cells). Gray circles: 2 mM 3-MPA. Black cir-
cles: 3  mM 3-MPA. b The kinetic plots of the photosynthetic rates 
in air-grown cells as a function of [DIC] in the absence or presence 
of DCDP. Inset: Plots at DIC concentrations below 100  µM. White 
circles: control (non-treated wild-type cells). White squares: 0.0075% 
Triton-X 100. Gray squares: 1  mM DCDP. Black squares: 2  mM 
DCDP
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might be suppressed by 3-MPA. 3 mM 3-MPA completely 
abolished photosynthesis revealing that 3-MPA has strong 
toxicity to the photosynthesis machinery but has no effect on 
the photosynthetic efficiency under limited DIC concentra-
tions (Fig. 4a; Table 2).

A similar inhibitory profile on photosynthetic parameters 
of P. tricornutum WT cells was also observed in the DCDP 
treatment. DCDP is a PEP analog and known as a specific 
inhibitor for PEPC (Jenkins et al. 1987b; Izui et al. 2004).

2 mM DCDP resulted in a decline of Pmax by 74%, from 
a control value of 126.7 µmol O2 mg− 1 chl h− 1 down to 
93.7 µmol O2 mg− 1 chl h− 1, while APC was not affected 
(Table 3; Fig. 4b). K0.5[DIC] was unaffected by the DCDP 
treatment (Table 3), suggesting that the inhibitor shows a 
toxic effect on photosynthesis but not on the CCM. These 
findings strongly indicate that neither PEPC nor PEPCK are 
involved in an active CCM. Moreover, the work by Clement 
et al. (2017) revealed that even though the PEPC activity in 
P. tricornutum increased under low CO2 concentrations, the 
overall PEPC:RubisCO ratio remains below one. Further-
more, they show that neither the PPDK nor the NAD-ME 
activity are affected by changing CO2 concentrations which 
leads to the conclusion that P. tricornutum does not perform 
a biochemical CCM. Instead, the core C4 enzymes seem to 
participate in other pathways e.g., gluconeogenesis, amino 
acid synthesis or replenishment of the TCA cycle.

Conclusion

In this study, the localizations of the core C4 CCM proteins 
in the diatom P. tricornutum have been determined experi-
mentally. None of the known, investigated decarboxylases, 
either the MEs or the PEPCK, are located in the plastid, 
which we consider as a prerequisite for a single cell C4-type 
CCM pathway. The intracellular distribution of the inves-
tigated enzymes is strikingly similar to those of T. pseu-
donana, determined by Tanaka et al. (2014). In contrast, 
the localization of other critical players for a biophysical 
CCM, the CAs, is clearly different between the two dia-
toms (Samukawa et al. 2014). Supporting the 14C labeling 

tests by Holdsworth and Colbeck (1976), the enzyme activ-
ity tests by Clement et al. (2016) and the PPDK silencing 
experiments by Haimovich-Dayan et al. (2013), our results 
confirm that a C4-like CCM does not play an essential role 
in CO2 fixation in P. tricornutum and that the investigated 
enzymes are more likely to fulfill similar functions as seen 
in C3 plants.
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