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Abstract

The absence of mitochondrial Complex I in the dinoflagellates decreases ATP production per hexose catabolised 
by about 30%, with little evidence of compensation from other ATP-producing pathways. This decrease in ATP 
synthesis could account for the lower maximum specific growth rate of dinoflagellates when compared with some 
other higher taxa of algae, as well as the generally higher rate of respiration per unit of photosynthesis or growth. 
These effects might be smaller when nutrients are limiting. The iron requirement per cell for the synthesis of res-
piratory ATP at the observed rate in the absence of Complex I is predicted to be at least 85% of the iron content 
of cells containing Complex I. The limited data available show that the iron content per cell volume of iron-replete 
dinoflagellate cells is similar to that of other microalgae. Data also reveal that the minimum iron quota of a dinoflag-
ellate is greater than that of three other microalgae. There is no effect of the absence of the Complex I-associated 
ϒ-carbonic anhydrase protein, which has no detectable carbonic anhydrase activity but instead plays a role in the 
assembly of Complex I.
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Introduction

The typical mitochondrion of aerobic eukaryotes contains 
four redox complexes (Complexes I, II, III and IV) and an 
ATP synthase (Complex V) in the inner mitochondrial mem-
brane (Millar et  al., 2011; Gray, 2012; Schertl and Braun, 
2014). In many algae and plants the H+-pumping Complex 
I, which catalyses oxidation of matrix-located NADH and 
the reduction of ubiquinone (UQ), can be bypassed by an 
internal, as well as an external, alternative non H+-pumping 
NADH dehydrogenase (Millar et al., 2011; Gray et al., 2012; 

Schertl and Braun, 2014; Figs 1 and 2). It might be expected 
that the absence of a functional Complex I could be compen-
sated for by the internal alternative NADH dehydrogenase, 
although with a 40% decrease in ATP synthesis per electron 
transported to oxygen from NADH in the matrix (Millar 
et al., 2011; Gray et al., 2012; Schertl and Braun, 2014). The 
minimal expectation as to the phenotype of organisms with 
non-functional Complex I  is a lower energetic efficiency of 
growth and maintenance and/or slower growth.

© The Author 2017. Published by Oxford University Press on behalf of the Society for Experimental Biology. All rights reserved. 
For permissions, please email: journals.permissions@oup.com

Abbreviations: AOX, alternative oxidase; CA, carbonic anhydrase; CCM, CO2 concentrating mechanism; ED, Entner Doudoroff pathway; EMP, Embden Meyer 
Parnass pathway; L-GalLDH, L-galactone-1,4-lactone dehydrogenase; L-GulO, L-gulolactone oxidase; NDH1, cyanobacterial Complex I; PQ, plastoquinone; 
PQH2, plastoquinol; PTOX, plastid terminal oxidase; TCAC, tricarboxylic acid cycle; UCP, uncoupling protein; UQ, ubiquinone.

Journal of Experimental Botany, Vol. 68, No. 11 pp. 2683–2692, 2017
doi:10.1093/jxb/erx149 Advance Access publication 17 May 2017

Downloaded from https://academic.oup.com/jxb/article-abstract/68/11/2683/3829639
by Biomedical Library user
on 07 August 2018

mailto:j.a.raven@dundee.ac.uk?subject=


In testing this prediction there have been several investiga-
tions of flowering plants and the alga Chlamydomonas rein-
hardtii that lack the functional redox Complex I of the inner 
mitochondrial membrane. In these cases, loss of functional 
Complex I was achieved by natural mutation (Yamado and 
Newton 1999), by induced random mutation (Remacle et al., 
2001; Cardol et al., 2002), by genetic manipulation (Dutilleul 
et al., 2003; Kühn et al., 2015; Córdoba et al., 2016; Fromm 
et al., 2016a, 2016b, 2016c; Ostersetzer-Biran, 2016) or by 
the inhibitor rotenone (Garmier et al., 2008). These experi-
ments show a diversity of outcomes in these organisms, 
which have had no opportunity to undergo genetic adapta-
tion to the absence of Complex I. Outcomes were in addition 

to, or masking, the prediction of lower energetic efficiency 
of growth and maintenance and/or slower growth. Despite 
this, there are indications that these organisms can reorganise 
their cellular respiration and other processes in response to 
an imposed deletion or inactivation of Complex I.

However, some organisms naturally lack Complex I. The 
examples focussed on here are the algae that constitutively 
lack Complex I, namely the dinoflagellates (Dinophyta) and 
their sister clade the chromerids, Chromera and Vitrella, 
which are basal to the non-photosynthetic parasitic api-
complexans (Butterfield et al., 2013; Danne et al., 2013; 
Wisecaver et al., 2013; Flegontov et al., 2015; Oborník and 
Lukeš, 2015; Butterfield et al., 2016; Table 1). These algae 

Fig. 1. Proton fluxes across the inner mitochondrial membrane related to oxidation-reduction reactions in plant and algal mitochondria, other than those 
of dinoflagellates and chomerids. The proton fluxes associated with the ATP synthase (Complex V), ATP export and ADP and phosphate import are not 
shown. The glucose to pyruvate step is in the cytosol, while the pyruvate uptake and ‘external’ NADH dehydrogenation occurs in the intermembrane 
space. C, cytosol; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane.

Fig. 2. Proton fluxes across the inner mitochondrial membrane related to oxidation-reduction reactions in dinoflagellate mitochondria. The situation in 
the other algae lacking Complex I, the chomerids Chromera and Vitrella, with further losses from the redox chain, is not represented. The proton fluxes 
associated with the ATP synthase (Complex V), ATP export and ADP and phosphate import are not shown. The glucose to pyruvate step is in the 
cytosol, while the pyruvate uptake and ‘external’ NADH dehydrogenation occurs in the intermembrane space. C, cytosol; OMM, outer mitochondrial 
membrane; IMM, inner mitochondrial membrane.
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have had not less then 250 million years (Janouškovec et al., 
2016) of  evolution in the absence of  Complex I and their 
characteristics can be compared with those of  algae retain-
ing Complex I. Among fungi, Complex I is also lacking in 
the two clades of  facultative anaerobic ascomycotan yeasts, 
as well as the obligate anaerobic microsporidia (Marcet-
Houben et al., 2009; Table 1). The Saccharomycotina 
originated not less than 100 million years ago (Taylor and 
Berbee, 2006).

Energetic and other functions of Complex I

The obvious effect of the absence of Complex I is the removal 
of the mechanism for oxidation of NADH in the matrix 
and the reduction of ubiquinone, which is reliant on H+-
pumping from the matrix to the intermembrane space and 
hence the cytosol. This results in the consequent reliance on a 
NADH-UQ oxidoreductase that is not coupled to H+ pumping 
(Danne et al., 2012; Nicholls and Ferguson, 2013; Raven and 
Ralph, 2015; Raven and Beardall, 2016). With a H+-electron 
ratio of two for each Complex I and Complex III and a H+-
electron ratio of one for Complex IV, the H+-electron ratio 
for electron transfer from NADH in the matrix to oxygen is 
decreased from five to three by the absence of H+-pumping 
Complex I. There is no effect on the H+-electron ratio of suc-
cinate oxidation using Complexes II, III and IV. There is also 
no effect on the oxidation of external cytosolic NADH, from 
the glycolytic or Embden Meyerhoff Parnas (EMP) pathway, 
by the external mitochondrial NADH dehydrogenase via 
complexes III and IV (Nicholls and Ferguson, 2013; Raven 
and Ralph, 2015; Raven and Beardall, 2016). Detailed argu-
ments are presented in Supplementary Information 1 at JXB 
online, and shown in Figs 1 and 2. It should be emphasised 
that the calculations are based on the assumptions that no H+ 
is pumped in oxidising matrix-located NADH by UQ, involv-
ing either the incomplete (Table 1) Complex I or the alterna-
tive matrix NADH-UQ oxidoreductases - enzymes that are 
not integral to the inner mitochondrial membrane (Melo 
et  al., 2004; Millar et  al., 2011; Schertl and Braun, 2014). 

Furthermore, the losses of subunits of Complex I (Table 1) 
disable H+ pumping by the remaining subunits.

The absence of Complex I means that each mol of glucose 
oxidised to CO2 produces 19 mol ATP rather than the 27 mol 
ATP produced for each glucose oxidised when Complex I is 
present (Supplementary Information 1). This is based on the 
assumptions stated in Supplementary Information 1, as well 
as the operation of the EMP rather than the Entner Douderoff 
(ED) pathway, the use of pyruvate as the glycolytic product 
entering the mitochondrial matrix, a H+-ATP ratio of three 
in mitochondrial ATP synthase (Complex V), and the use of 
one proton per ATP exported for movement of ATP from 
the mitochondrial matrix. This means that organisms lack-
ing a functional Complex I only produce ~70% as much ATP 
per glucose oxidised as do organisms that have a functional 
Complex I, with all other things being equal (Supplementary 
Information 1). However, work on Arabidopsis thaliana lines 
showed a compensatory upregulation of respiratory fluxes 
through the EMP and the tricarboxylic acid cycle (TCAC) 
when Complex I was completely absent, which did not occur 
when traces of Complex I were present (Fromm et al., 2016a).

Aside from its role in redox and proton pumping func-
tions, Complex I in photosynthetic eukaryotes contains 
protein subunits very similar to ϒ-carbonic anhydrase (CA) 
(Gawryluk and Gray, 2010), which are necessary for the 
assembly of Complex I (Córdoba et al., 2016; Fromm et al., 
2016b; Senkler et al., 2017). These putative ϒ-CAs contain 
zinc and bind HCO3

-, but do not have CA activity, namely 
reversible HCO3

- to CO2 conversion (Zabaleta et al., 2012). 
The role of CAs in algae, especially dinoflagellates, is con-
sidered below in relation to mitochondrial function and the 
cyanobacterial Complex I that catalyses the energized, irre-
versible conversion of CO2 to HCO3

- as part of the CO2 con-
centrating mechanism (CCM).

Complex I of many photosynthetic eukaryotes is also asso-
ciated with L-galacto-1,4-lactone dehydrogenase (GalLDH), 
one of two enzymes, the other being L-gulonolactone oxi-
dase (GulO), which catalyse the terminal step of ascorbate 
synthesis (Wheeler et al., 2015). Dinophyta have L-GalLDH 
(Supplementary Information 2 of Wheeler et  al., 2015), 

Table 1. Phylogenetic distribution of the partial or complete absence of Complex I of the mitochondrial electron transport chain

Organisms Missing subunits Photosynthetic References

Alveolata:
Dinoflagellates

Multiple About half of the species are photosynthetic; many of these are 
phagophotomixotrophic, a few species are mutualistic symbionts, and 
some use kleptoplasty. The other half are phago-organotrophic or are 
parasitic symbionts.

Butterfield et al. (2013); Danne et al. 
(2013); Wisecaver et al. (2013); 
Butterfield et al. (2016); Janouškovek 
et al. (2016)

Alveolata:
Chromerids

Multiple All; mainly (all?) mutualistic with metazoans Danne et al. (2013); Flegontov et al. 
(2015); Oborník and Lukeš (2015)

Alveolata:
apicomplexans

Multiple No; all parasitic Danne et al. (2013); Flegontov et al. 
(2015)

Fungi:
Saccharomycotina

All No; facultatively anaerobic osmo-organotrophs, some parasitic (e.g. 
Candida)

Marcet-Houben et al. (2009)

Fungi:
Tephrinomycotina

All No; facultatively anaerobic osmo-organotrophs Marcet-Houben et al. (2009)

Fungi:
Microsporidia

All No; all anaerobic parasitic anaerobes Marcet-Houben et al. (2009)
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though they lack Complex I.  The closely related Chromera 
and Vitrella, which also lack Complex I, use L-GulO 
(Supplementary Information 2 of Wheeler et  al., 2015). 
L-GulO is not known to be associated with Complex I  in 
other organisms in which it is present.

The deletion of Complex I  from flowering plants has a 
number of effects on other processes, not all them obviously 
related to any decrease in ATP production per hexose oxi-
dised to CO2. Rather than deal in detail with these effects, 
we focus on three aspects of Complex I function that do not 
involve deletion of the complex. One topic is the influence 
of constitutive genotypic absence of Complex I in dinoflag-
ellates on energetics and other functions of the complex. 
The second topic is the possibility of phenotypic acclima-
tory downregulation of the very iron-rich Complex I under 
iron deficiency. The final topic is the influence of the absence 
of Complex I on the roles of CAs in dinoflagellates and the 
possible relationship between ϒ-CA activity of eukaryotic 
Complex I to the energized irreversible conversion of CO2 to 
HCO3

- by the homologous complex in Cyanobacteria as part 
of their CCM.

The influence of the constitutive absence 
of Complex I on dinoflagellates on 
energetic and other functions

Energetics of growth and maintenance

Accepting the 30% decrease in the capacity for ATP synthe-
sis associated with complete oxidation of glucose resulting 
from the absence of Complex I (Supplementary Information 
1), photolithotrophic dinoflagellates have a lower maximum 
specific growth rate than do diatoms of a similar cell volume 
(Banse, 1982). Dinoflagellates also generally have a higher 
rate of respiratory CO2 loss relative to photosynthesis and to 
organic carbon accumulation during growth than do other 
algae occupying a similar niche; although there is significant 
overlap in the data for dinoflagellates and that of other algae 
(Geider and Osborne, 1989; Tang, 1995; Tang and Peters, 
1995; López-Sandal et al., 2014). It would be expected that 
the effects on respiratory hexose use should apply to both 
growth-related and maintenance respiration, although this 
does not seem to have been explicitly addressed.

The overlap between the range of respiration-photosyn-
thesis ratios for dinoflagellates and that for other eukaryotic 
microalgae expressing Complex I could be the result of dif-
ferences in cell composition. For example, a lower respira-
tion-photosynthesis ratio for cells with a high carbohydrate 
to protein ratio than for otherwise similar cells with a low 
carbohydrate to protein ratio, related to the energy cost of 
their biosynthesis (Lavoie et  al., 2016). A  further possibil-
ity is different extents of engagement of alternative elec-
tron transport pathways in mitochondria that decrease the 
H+ pumped per electron transferred from matrix NADH or 
succinate, or external NADH, to oxygen. These pathways 
remove the dependence of the rate of NADH consumption in 
mitochondrial respiration on the rate of ATP consumption.  

This allows, for example, the necessary production of carbon 
skeletons, with NADH production, for growth when the ATP 
and NADPH needed for growth come from thylakoid pro-
cesses in the light.

The dum 20 mutant of C. reinhardtii lacks Complex I activ-
ity (Remacle et al., 2001). The respiration rate of the mutant 
is 58% of the wild-type, while the respiratory rate of the wild-
type in the presence of the Complex I  inhibitor rotenone is 
44% of the wild-type control (Remacle et  al., 2001). These 
findings show that there is significant activity of a non-H+ 
pumping bypass of Complex I, capable of accounting for 
about half  of the control respiration rate involving Complex 
I, which may already include contribution of the non-H+ 
pumping bypass. This bypass could increase the respira-
tion-photosynthesis ratio, bringing the ratio for algae with 
Complex I closer to that for dinoflagellates.

The other characterised bypass is the mitochondrial alter-
native oxidase (AOX) that is found in all of the eukaryotic 
algae that have been tested so far, including dinoflagellates 
(Erikson and Lewitus, 1999; McDonald, 2008; Oakley et al., 
2014; Rogov et al., 2014). AOX transfers electrons from UQH2 
to oxygen without pumping H+, bypassing the H+-pumping 
Complexes III and IV. The capacity of AOX for oxygen reduc-
tion, tested as CN-resistant oxygen uptake, is almost as great 
as that of cytochrome oxidase in many algae (Erikson and 
Lewitus, 1999; McDonald, 2008; Oakley et al., 2014). As for 
bypassing Complex I, AOX engagement could bring the ratio 
for algae with Complex I closer to that for dinoflagellates, pro-
vided the comparison involves greater AOX engagement in the 
algae with Complex I than in the dinoflagellates.

The mitochondrial component that has a similar energetic 
phenotype to the two bypasses discussed above is the uncou-
pling protein (UCP). This protein functions to dissipate the 
H+ electrochemical gradient across the inner mitochondrial 
membrane (Sluse and Jamuszkiewicz, 2002). The UCP, like 
AOX, has a role in defence against reactive oxygen species 
(Sluse and Jamuszkiewicz, 2002). Although this protein 
occurs in embryophytes (Sluse and Jamuszkiewicz, 2002), it 
has not been found in algae.

Higher respiration rates relative to photosynthetic rates 
in some dinoflagellates compared with values in some other 
microalgae would also be expected to increase the light 
compensation level for growth, with all other things being 
equal. Relevant data have been presented and analysed by 
Richardson et al., (1983), Langdon (1987, 1988), Raven et 
al. (2000), Kim et al. (2004), Oh et al. (2006), Magaña and 
Villareal (2006) and Nicklisch et al. (2008). Richardson et 
al. (1983) found that dinoflagellates had light compensa-
tion values for growth indistinguishable from those of dia-
toms, while Chlorophyta have higher values. Subsequent data 
(Langdon, 1987, 1988; Raven et al., 2000; Kim et al., 2004; 
Oh et al., 2006: Magaña and Villareal, 2006: Nicklisch et al., 
2008) show, however, that the dinoflagellates examined all 
have higher light compensation values for growth than do 
the diatoms, Chlorophyta and Cyanobacteria examined. The 
important conclusion from all the data for our purposes is 
that the highest light compensation values for dinoflagellates 
are higher than those for other microalgae, but that there is 

2686 | Raven and Beardall

Downloaded from https://academic.oup.com/jxb/article-abstract/68/11/2683/3829639
by Biomedical Library user
on 07 August 2018



overlap of the lower range for dinoflagellate values with those 
of other eukaryotic microalgae and cyanobacteria.

There is also a tendency for dinoflagellates to have a larger 
fraction of their cell volume occupied by mitochondria, rela-
tive to that occupied by plastids, than in other algae (Raven, 
1984; Blank, 1987; Trench and Blank, 1987; Costas et al., 
1988; Costas et al., 1992). The mitochondria-chloroplast vol-
ume ratio is also higher for free-living dinoflagellates at 0.45–
0.64, compared with that of other free-living algae at 0.05–0.4. 
Symbiotic dinoflagellates have a ratio of 0.037–0.15, which is 
within the range for free-living algae from other taxa (Table 2). 
The chloroplast volume of the first five, Chlorophytan, algae 
listed in Table 2, includes the volume of starch, whereas stor-
age polysaccharides of Euglena and dinoflagellates are found 
in the cytosol. Consequently the mitochondria-chloroplast 
ratios for Chlorophyta would be higher if  allowance is made 
for the chloroplast volume occupied by starch. There is no 
clear distinction between dinoflagellates and other algae in 
terms of the dark respiration rate per unit of photosynthesis, 
the rate of organic carbon gain and the mitochondria-chlo-
roplast volume ratio. Although the highest values for each of 
these parameters are for the dinoflagellates. However, once cell 
volume has been allowed for, there is clearly a higher specific 
growth rate for photolithotrophically grown diatoms than for 
photolithotrophically grown dinoflagellates (Banse, 1982).

Energetics of tertiary endosymbiosis of dinoflagellates

The dinoflagellates have repeatedly replaced the chloro-
plasts resulting from secondary endosymbiosis of a red algal 

plastid, with horizontal gene transfer that replaced the Form 
IB Rubisco with a Form II Rubisco, with tertiary endosym-
biosis (Archibald, 2012). Typically such tertiary endosymbi-
oses result in the retention and genetic integration of only 
the chloroplast, with loss of the rest of the endosymbiont. 
However, in some cases the nucleus and mitochondria are 
retained, as in the case of a tertiary endosymbiosis involving 
diatoms (Tomas and Cox, 1973; Tippit and Pickett-Heaps, 
1976; Chesnik and Cox, 1989; Imanian et  al., 2010). The 
outcome of such endosymbioses is termed dinotoms. Here 
the mitochondria from the tertiary endosymbiosis have the 
full complement of functional Complexes (I, II, III, IV, V) 
in the inner mitochondrial membrane. These mitochondira 
are therefore able to produce up to 27 mol rather than up to 
19  mol of ATP per mol glucose oxidised in dinoflagellates 
lacking a functional Complex I. However, it is not clear how 
the observed compartmentation of the endosymbiont per-
mits ATP availability from the diatom-originated mitochon-
dria to the rest of the cell.

Energetics of chromerids

The sister group of dinoflagellates, the chromerids Chromera 
and Vitrella, have even smaller suites of inner mitochondrial 
redox complexes than the dinoflagellates with their loss of 
Complex I (Flegontov et al., 2015; Oborník and Lukeš, 2015). 
These organisms have an even lower predicted ATP produc-
tion per glucose oxidised than the dinoflagellates (Flegontov 
et al., 2015; Oborník and Lukeš, 2015).

Table 2. Ratio of mitochondrial volume to chloroplast volume in photolithotrophically grown members of Dinophyceae and other 
microalgae

Class Species Ratio of mitochondrial volume to chloroplast volume Reference

Chlorophyceae Chlamydomonas reinhardtii 0.082-0.1541,2 Raven (1984)
Chlorophyceae Dunaliella salina 0.0532 Einspahr et al. (1988)
Prasinophyceae Platymonas subcordiformis O.142 Raven (1984)
Trebouxiophyceae Chlorella emersonii 0.052 Raven (1984)
Trebouxiophyceae Chlorella fusca 0.055-0.0941,2 Raven (1984)
Euglenophyceae Euglena gracilis 0.33–0.41 Raven (1984)
Dinophyceae Prorocentrum triestinum 0.5 Costas et al. (1988)
Dinophyceae Prorocentrum micans clone 1 0.56 Costas et al. (1988)
Dinophyceae Prorocentrum micans clone 1 0.55 Costas et al. (1988)
Dinophyceae Gonyaulax excavate 0.47 Costas et al. (1988)
Dinophyceae Scripsiella trochoidea clone 1 0.64 Costas et al. (1988)
Dinophyceae Scripsiella trochoidea clone 2 0.62 Costas et al. (1988)
Dinophyceae Gonyaulax polyedra 0.45 Costas et al. (1988)
Dinophyceae Gymnodinium sp. 0.58 Costas et al. (1988)
Dinophyceae Prorocentrum triestinum 0.53–0.681 Costas et al. (1992)
Dinophyceae Symbiodinium sp. 0.15 Blank (1987)
Dinophyceae Symbiodinium microadriaticum 0.068 Trench and Blank (1987)
Dinophyceae Symbiodinium goreau 0.15 Trench and Blank (1987)
Dinophyceae Symbiodinium kawaguttii 0.14 Trench and Blank (1987)
Dinophyceae Symbiodinium

Pilosum

0.037 Trench and Blank (1987)

1Range over the cell cycle
2Chloroplast volume includes the volume of starch; storage polysaccharides of the Dinophyceae and Euglenophyceae are outside the 
chloroplast
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Possible compensation for energetic effects of the 
absence of Complex I

Possible energetic compensations for the absence of mito-
chondrial Complex I  in dinoflagellates are considered in 
Supplementary Information 2.  The outcomes of the analy-
ses suggest that, in contrast to observations in for example 
A.  thaliana (Fromm et  al., 2016a), little compensation is 
possible. Furthermore, there would seem to be no potential 
compensatory mechanisms that are unique to dinoflagellates. 
However, this decreased energetic efficiency may not have 
a major impact on growth when nutrients limit the rate of 
growth - this is now considered in the specific case of iron.

Effect of the absence of Complex I on the 
iron cost of growth

The absence of Complex I might have an effect on the iron 
cost of growth. This could be of importance for photosyn-
thetic dinoflagellates since some occur in iron-deficient, 
high nutrient, low chlorophyll habitats (De La Iglesias and 
Trefault, 2012), although phagophototrophic dinoflagellates 
could obtain iron from particulate food items as well as from 
dissolved iron sources (Maranger et al., 1998). Complex I 
has a higher iron requirement (Lin et al., 1995) than the rest 
of the respiratory redox complexes (II, III, IV) combined, 
with observed equal numbers of all of these complexes (Xu 
et al., 2013). Thus, loss of Complex I with no other changes 
would decrease the cellular iron quota. However, making up 
the production of ATP that would otherwise be produced by 
Complex I by other mitochondrial or chloroplastic processes 
(see below and Supplementary Information 2) would increase 
the iron required. A maximum estimate of the influence on 
the iron content of increasing the electron flux from hexose to 
oxygen to compensate for the loss in ATP production result-
ing from the loss of Complex I, which involves an increase 
in the per cell content of Complexes II, III and IV, can be 
obtained as follows.

We consider the iron in the electron transfer chains of chlo-
roplasts and of mitochondria to comprise most of the iron 
content of the cells. We assume a ratio of chloroplast redox 
chains to mitochondrial redox chains of 5:1 (Raven, 1984), as 
well as equal numbers of all the iron-containing redox com-
plexes in both chloroplasts and mitochondria (Nichols and 
Ferguson, 2013; Xu et al., 2013; Roberty et al., 2014). We note 
that there is little evidence for the iron-containing thylakoid 
NAD(P)Hdh in dinoflagellates (Supplementary Information 
2) and that iron is absent from both the internal (matrix side) 
and the external (intermembrane space) non-H+-pumping 
Type II NAD(P)H:quinone oxidoreductases (NDH-2) that 
can substitute for Complex I (Melo et al., 2013). The calcula-
tions also do not include iron in alternative oxidases of the 
inner mitochondrial membrane and the thylakoids, since these 
are are not involved in the redox reactions leading to the high-
est ATP-electron ratios. Chloroplasts have two iron per pho-
tosystem II, five iron per cytochrome b6f-non-haem iron, one 
iron per cytochrome c6, 12 iron per photosystem II, and two 
iron per ferredoxin, which comes to 22 iron per linear electron 

transport chain (Raven et al., 1999). Mitochondria have 30 
iron in Complex I (Lin et al., 1995), nine iron in Complex II, 
five iron in Complex III, one iron in cytochrome c and two 
iron in Complex IV (Nichols and Ferguson, 2013; Xu et al., 
2013), which comes to 47 iron per electron transport chain. 
This gives a total of 157 iron in five photosynthetic chains 
plus one respiratory redox chain. A respiratory redox chain 
lacking Complex I that with glycolysis provides the same 
rate of ATP synthesis as when Complex I is present, would 
require 1.42 times the content of Complexes II, III and IV to 
make up for the 30% decrease in ATP production per electron 
moving from hexose to oxygen (Supplementary Information 
I). With 17 iron in Complexes II–IV plus cytochrome c, the 
requirement is 17 x 1.42 or 24 iron, rather than the 47 when 
Complex I is present. The total iron requirement for the pho-
tosynthetic and respiratory redox chains in the absence of 
Complex I is 134 as compared to 157 iron when Complex I is 
present. The predicted 15% decrease in the iron requirement 
in the absence of Complex I is less at the whole cell level since 
iron is also involved, in smaller quantities, in many other pro-
cesses (Raven et al., 1999).

Such a small predicted effect is unlikely to be detected 
between the measurements of the iron content of dino-
flagellates and of other microalgae, all of which express 
Complex I  under iron-replete growth conditions (Doucette 
and Harrison, 1991; Shaked et al., 2004; Quigg et al., 2011). 
The minimum iron quota on a cell volume basis (mmol iron 
m-3 cell volume) for viability is higher in the dinoflagellate 
Gymnodinium sanguineum (930  ±  11, n=2) than in the dia-
tom Thalassiosira weissflogii (range 21–186 in one data set; 
2.1  ±  0.05, n=2, in another data set), the chlorophycean 
Dunaliella tertiolecta (range 48–333) and the pavlovophy-
cean Pavlova lutherii (range 69–159) (Doucette and Harrison, 
1991). However, iron-replete dinoflagellates do not show a 
significant difference from the other iron-replete microalgae 
examined, when considering cell iron per cell phosphate or 
cell iron per cell volume (Quigg et al., 2011). Accordingly, it is 
not possible to draw conclusions as to whether dinoflagellates 
have a different iron requirement than do other algae express-
ing Complex I. This is especially the case since iron deficiency 
alters the allocation of iron among iron-containing complexes 
both phenotypically (Sandman, 1985; Erdner et  al., 1999; 
Remacle et al., 2001; Naumann et al., 2007; Terauchi et al., 
2010; Höhne et al., 2013; Marchetti and Maldonado, 2016) 
and genotypically (Strzepek and Harrison, 2004; Marchetti 
and Maldonado, 2016).

Complex I and CAs

CAs in dinoflagellates in relation to those in other 
photosynthetic organisms

In contrast to the γ-CA protein in Complex I, other CAs in 
cyanobacteria, algae and plants have major roles in photo-
synthesis and other metabolic processes (Badger and Price, 
1994; Raven, 1995; Raven, 2014). We now know of CA pro-
teins, and in some cases CA enzymic activity, in α,β, γ, δ, 
ε, ζ, and θ classes of cyanobacteria, eukaryotic algae and 
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plants (Badger and Price, 1994; So et al., 2004; Tiwari et al., 
2005; Tachibana et al., 2011; Samukawa et al., 2014; Alterio 
et  al., 2015; Kikutani et  al., 2016). The various classes of 
CA differ in their gene sequences, including that related to 
the zinc-binding, or in that case of ζ-CA cadmium-binding 
(Alterio et  al. 2015), active site. In two algae, CA proteins 
have been shown to occur in the mitochondrial matrix with 
no known association with Complex I.  C.  reinhardtii has a 
β-CA (Eriksson et al., 1996) and Phaeodactylum tricornutum 
and Thalassiosira pseudonana have a ϒ-CA (Tachibana et al., 
2011; Samukawa et al., 2014). C. reinhardtii β-CA protein has 
been shown to have CA activity (Eriksson et al., 1996) and 
anaplerotic functions not directly related to photosynthesis 
have been suggested as possible roles for this enzyme (Raven, 
2001; Giordano et al., 2003; Prihoda et al., 2012). No attempt 
seems to have been made to determine CA activity for the dia-
tom ϒ-CAs (Tachibana et al., 2011; Samukawa et al., 2014).

Knowledge of CAs in dinoflagellates is fragmented. The 
best characterised is an external δ-CA of Lingulodinium 
polyedrum showing CA activity, which has been identified by 
transmission electron microscopy to be associated with out-
side of the plasmalemma. This CA apparently functions in 
partly overcoming the limitation by diffusion through bound-
ary layers, in the slow uncatalysed interconversion of CO2 and 
HCO3

- and on CO2 supply to the cell surface during photo-
synthesis (Lapointe et al., 2008). Lapointe et al. (2008) found 
intracellular CA activity in Lingulodinium, and also refer 
to earlier, less detailed, published work showing extracellu-
lar and intracellular CA activity in dinoflagellates. Leggat 
et  al. (2002) used immunogold labelling with antibodies to 
Symbiodinium CA and showed that CA was associated with 
thylakoids. Slamovits and Keeling (2008) found two plastid-
targeted CAs in the nuclear genome of non-photosynthetic 
Oxyrrhis marina derived from photosynthetic ancestors. 
Butterfield et  al. (2016) did not identify CAs among mito-
chondria-targeted proteins encoded in the nuclear genome 
of Symbiodinium minutum. There is no indication of the 
classes to which intracellular CAs in dinoflagellates belong, 
nor any evidence for the occurrence of mitochondrial CAs in 
dinoflagellates.

Evolution of mitochondrial ϒ-CA protein and its relation 
to the energized irreversible conversion of CO2 to 
HCO3

- by cyanobacterial Complex I.

The evolution of ϒ-CA protein incorporation into Complex 
I and its role in the assembly of Complex I in photosynthetic 
organisms is not known. However, it seems that the presence 
of the ϒ-CA protein in Complex I is the ancestral plesiomor-
phic state and its absence in for example opisthokonts, such as 
fungi and metazoa, is apomorphic. Mitochondrial Complex 
I was derived from proteobacterial mitochondrial ancestors 
(Atteia et al., 2009; Degli-Esposti, 2014; Degli-Esposti et al., 
2016), with no direct association with ϒ-CA protein over 
cyanobacterial Complex I (NDH 1). Cyanobacterial NDH 1 
has a subunit that catalyses the energized irreversible conver-
sion of CO2 to HCO3

- as a component of the CCM (Kaplan 
and Reinhold, 1999; Badger and Price, 2003; Mangan and 

Brenner, 2014; Ma and Ogawa, 2015) and contains a poten-
tial zinc-binding motif  (Maeda et al., 2002).

Conclusions

The absence of mitochondrial Complex I  in Dinophyceae 
decreases the maximum possible ATP production per hex-
ose catabolised by 29%. The available evidence indicates lit-
tle or no compensation for this shortfall in respiratory ATP 
synthesis through increased activity of other ATP-producing 
pathways. The absence of Complex I could be related to the 
lower maximum specific growth rate of dinoflagellates com-
pared with those of some other taxa of algae, as well as to 
the generally higher rate of dark respiration per unit photo-
synthesis or per unit of growth. However there may be less 
effect on growth when nutrients, such as nitrogen, phosphate 
or iron, rather than photosynthetically active radiation, are 
limiting growth. In the case of iron, the predicted decrease in 
iron cost in maintaining the ATP supply rate for a photosyn-
thetic dinoflagellate, as a result of the absence of the iron-rich 
Complex I, is less than 15%. The limited data available show 
that the iron content per cell volume of iron-replete dinoflag-
ellate cells is in the same range as for other microalgae, while 
the minimum iron quota of a dinoflagellate is greater that 
that of three other microalgae examined. There is no clear 
evidence as to the role of the ϒ-CA protein component of 
Complex I, other than in the assembly of Complex I, as it has 
no measurable CA activity. It is not certain what relation, if  
any, the ϒ-CA has to the energized irreversible conversion of 
CO2 to HCO3

- by Complex I in cyanobacteria as part of their 
inorganic CCM.
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