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ABSTRACT

The capacity of haem to transfer electrons, bind diatomic gases, and catalyse various biochemical reactions makes it one
of the essential biomolecules on Earth and one that was likely used by the earliest forms of cellular life. Since the descrip-
tion of haem biosynthesis, our understanding of this multi-step pathway has been almost exclusively derived from a hand-
ful of model organisms from narrow taxonomic contexts. Recent advances in genome sequencing and functional studies
of diverse and previously neglected groups have led to discoveries of alternative routes of haem biosynthesis that deviate
from the ‘classical’ pathway. In this review, we take an evolutionarily broad approach to illuminate the remarkable diver-
sity and adaptability of haem synthesis, from prokaryotes to eukaryotes, showing the range of strategies that organisms
employ to obtain and utilise haem. In particular, the complex evolutionary histories of eukaryotes that involve multiple
endosymbioses and horizontal gene transfers are reflected in the mosaic origin of numerous metabolic pathways with
haem biosynthesis being a striking case. We show how different evolutionary trajectories and distinct life strategies
resulted in pronounced tensions and differences in the spatial organisation of the haem biosynthesis pathway, in some
cases leading to a complete loss of a haem-synthesis capacity and, rarely, even loss of a requirement for haem altogether.
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I. INTRODUCTION

The incredible activities and complexity of all cellular life
forms are enabled by their ability to channel and transform
free energy harvested from light or chemical compounds.
Such transformations are largely achieved by a multitude of

redox reactions in which electrons are passed from electron
donors to accepting substrates. The chemical properties of
transition metals make them ideal mediators in such electron
transport cascades. Iron is the most utilised metal by biolog-
ical systems which may be rooted in the abundance and
availability of the soluble ferrous (Fe2+) ions in the primordial
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ocean (Lill, 2009; Ilbert & Bonnefoy, 2013). In protometa-
bolic reaction networks iron likely served as a catalyst and
played a pivotal role in the origin of life. These early iron
riches lasted until the great oxygenation event approximately
2.4 billion years ago (Gumsley et al., 2017) when most of the
iron in the biosphere oxidised into the insoluble ferric (Fe3+)
form. This change required organisms to evolve more sophis-
ticated mechanisms to continue utilising iron (Imlay, 2006) or
to switch to alternative transitionmetals such as copper (De la
Rosa et al., 2002). Today iron is rarely used as a cofactor in its
atomic form but instead is built into coordination complexes
with sulphur, as in the case of iron–sulphur (Fe–S) clusters,
or into a porphyrin ring in haem (Ilbert & Bonnefoy, 2013).
Fe–S clusters are likely to have formed readily and spontane-
ously in the primaeval ocean (Imlay, 2006; Bonfio
et al., 2017). Abiotically formed haem might also have been
available to the protometabolism of the earliest life forms,
as suggested by recent experiments simulating conditions
on primordial volcanic islands, despite the more complex
structure of the tetrapyrrole ring (Lindsey, Ptaszek &
Taniguchi, 2009; Pleyer, Strasdeit & Fox, 2018). The
preponderance of proteins that utilise both of these iron
cofactors throughout all domains of life implies that these
were key components of the most recent common ancestor
of Bacteria, Archaea and eukaryotes, commonly referred to
as the last universal common ancestor (LUCA).

The widespread use of haem in the cellular electron trans-
port chains lies in the ability of this molecule, when attached
to various proteins, to cover a wide range of biologically rel-
evant redox potentials (−0.4 to +0.4 V). The redox potential
of a given haemoprotein, usually called a cytochrome, can be
fine-tuned by several factors. These include: (i) the identity of
the axial ligands, the amino acid groups of the apoprotein
that are involved in iron coordination; (ii) the protein envi-
ronment such as local charges and electrostatics, haem dis-
tortion, and the extent of solvent access to haem; and (iii)
the pH of the solvent (Liu et al., 2014). As well as being a
constituent of the electron transport chains (e.g. in the respi-
ratory cytochromes), haem is involved as an electron transfer
component in numerous specialised redox reactions includ-
ing the anabolic metabolism of fats, steroids and other
secondary metabolites, and the catabolism of xenobiotics
and compounds of endogenous metabolism (Schenkman &
Jansson, 2003). Haem peroxidases catalyse one-electron oxi-
dation of a variety of structurally diverse organic compounds,
while haem catalases convert hydrogen peroxide into water
and are therefore critical for preventing damage caused by
oxidative stress (Chelikani, Fita & Loewen, 2004; Bonifacio
et al., 2011; Kraeva et al., 2017). In addition to haem’s function
as an electron carrier, haem iron has the capacity to bind
diatomic gases. As part of haemoglobin or myoglobin, haem
transports oxygen in animals and is responsible for the red col-
our of their blood (Hardison, 1998; Chen, Ikeda-Saito &
Shaik, 2008). It also functions as a nitric oxide sensor in signal
transduction pathways, where the binding of NO to the haem-
containing domain of the soluble guanylyl cyclases activates
the cyclase domain (Montfort, Wales & Weichsel, 2017).

Finally, haem is an important regulatory molecule reversibly
binding proteins such as transcription factors and ion channels
and, in so doing, modulating their functions (Hou et al., 2006).
Some haem functions are universal to all life forms, as is

the presence of some haem-containing proteins. However,
there is a continuing debate about the timing and nature of
ancestral haem utilisation and acquisition. Although hori-
zontal gene transfer (HGT) among lineages has likely con-
tributed to the wide distribution of some haemoproteins,
several phylogenetic analyses allow us to argue that they
emerged prior to the Archaea/Bacteria divergence and,
thus, are proposed to represent ‘pre-LUCA’ enzymes
(Ducluzeau & Nitschke, 2016). A contrary proposal suggests
a haem-free LUCA based on fundamental differences in
the ways archaea and bacteria synthesise haem (Lane &
Martin, 2012; Sousa et al., 2013). This is consistent with other
major metabolic distinctions between the two principal
branches of life, which led to a proposal that LUCA was a
geochemically confined replicating entity with a complexity
less than that of the free-living prokaryotes and from
which Bacteria and Archaea arose in parallel (Martin &
Russell, 2003; Martin, Sousa & Lane, 2014). This scenario
does not exclude the possibility of LUCA utilising abiotically
formed haem recruited by haemoproteins that evolved
before the Archaea/Bacteria split. It is also possible that
one type of haem biosynthesis is ancestral and pre-dates
LUCA, while the other one is an evolutionary innovation of
one of the two main branches (Ducluzeau & Nitschke, 2016).
While the origins of haem biosynthesis and utilisation

remain contested, the presence of extant pathways through-
out prokaryotes and eukaryotes show that haem biosynthesis
has undergone extensive remodelling throughout subsequent
evolutionary time. This review considers the events and pro-
cesses that have led to the remarkable diversity of cellular
haem pathways, starting with multiple contested origins in
prokaryotes, and then focusing on eukaryotes where the flex-
ibility of the pathways centred around this key molecule for
life is best represented.

II. HAEM SYNTHESIS IN BACTERIA AND
ARCHAEA: WHICH PATHWAY CAME FIRST?

Until 2010, only one haem biosynthetic pathway was known,
now called the classic or the protoporphyrin-dependent
(PPD) pathway. It is present in traditional models of both
prokaryotes and eukaryotes, including Escherichia coli, yeasts,
animals, and plants, and thus was presumed to be universal
for all organisms capable of synthesising haem. This view of
a common conserved pathway was revised following the dis-
coveries of alternative pathways of haem biosynthesis in
Archaea and Gram-positive bacteria (Dailey et al., 2017).
Three distinct haem biosynthesis pathways are currently
known, and while they share some common steps, they differ
in the entry and exit points, their molecular intermediates,
and the enzymes catalysing their conversion (Fig. 1).
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The universal first intermediate of haem biosynthetic
pathways is 5-aminolevulinic acid (ALA). In Archaea and
most bacteria, ALA is synthesised from the five-carbon skele-
ton of transfer RNA (tRNA)-bound glutamate (glutamyl-
tRNAglu) in the so-called C5 pathway. Glutamyl-tRNAglu is
converted into ALA by two consecutive enzymatic steps exe-
cuted by glutamyl-tRNA reductase (GTR) and glutamate
1-semialdehyde aminotransferase (GSA-AT) (Jahn, Ver-
kamp & Söll, 1992). Glutamyl-tRNAglu is from the same pool
as that used for protein synthesis. The involvement of tRNA
and tRNA-like molecules in chemical reactions such as this is
thought to be a legacy of the hypothetical ‘RNA world’ of
self-replicating and catalytic ribonucleic acid molecules
before the origin of translation and enzymatic catalysis based
on proteins (Francklyn & Minajigi, 2010; Katz et al., 2016).
Unique amongst bacteria, α-proteobacteria use an alterna-
tive path to ALA, the so-called C4 (or Shemin) pathway. In
a single enzymatic step succinyl-CoA and glycine are con-
densed into ALA by ALA-synthase (ALAS).

From the two entry points to ALA, C5 and C4, the next
three reactions leading to the first cyclic tetrapyrrole
(or porphyrin) are universal for all forms of life where they
have been examined. ALA dehydratase (ALAD) condenses
two molecules of ALA to produce the monopyrrole porpho-
bilinogen (PBG), and four molecules of PBG are in turn con-
densed into the linear tetrapyrrole hydroxymethylbilane
(HMB) by PBG deaminase (PBGD). Uroporphyrinogen-III
synthase (UROS) then catalyses the closure of the linear
HMB to form an asymmetric tetrapyrrole ring called uropor-
phyrinogen III (Uro-III). Uro-III is the last universal interme-
diate utilised in all types of pathways for haem synthesis, and
it also serves for the syntheses of other modified tetrapyrroles
such as chlorophyll, vitamin B12, sirohaem and coenzyme
F430 (Bryant, Hunter & Warren, 2020).

The originally well-characterised PPD (or classic) pathway
thenmodifies the side chains of Uro-III by uroporphyrinogen
decarboxylase (UROD) to produce coproporphyrinogen
III (CPIII), which then gets decarboxylated by copro-
porphyrinogen oxidase (CPOX) to form protoporphyrino-
gen IX (PPG), subsequently converted to protoporphyrin
IX (PPIX) by protoporphyrinogen oxidase (PPOX). The
final reaction involves the insertion of ferrous iron into PPIX
catalysed by ferrochelatase (FeCH), leading to the formation
of haem (Dailey et al., 2000; Layer et al., 2010). In photo-
trophic organisms, PPIX is also used for the synthesis of
chlorophylls and bacteriochlorophyll. Most steps of the
PPD pathway leading from ALA to haem are catalysed by
homologous enzymes in all organisms utilising this type of
pathway, consistent with its single origin. Exceptions exist
for the two penultimate steps where alternative enzymes of
independent origins are found. HemF is an aerobic form of
CPOX, whereas HemN is an anaerobic form of this enzyme.
Similarly, HemG, HemY, and HemJ are all alternative
versions of the PPOX enzyme (Kobayashi et al., 2014).

An alternative and potentially more ancient type of bacte-
rial haem synthesis, the coproporphyrin-dependent (CPD)
pathway, was discovered through studies of the Firmicutes

and Actinobacteria. Initially, both groups were thought to
possess HemN of the PPD pathway; however, these were
later identified as other members of the radical S-adenosyl-
L-methionine (SAM) enzyme superfamily (RSS). Lack of
the alternative enzyme, HemF in these groups means that
none of the known CPOX enzymes are found in the Gram-
positive bacteria. This absence of CPOX was accounted for
by discovering another enzyme essential for haem biosynthe-
sis in Gram-positive bacteria, HemQ, which defines the CPD
haem pathway that deviates from the PPD pathway after the
synthesis of CPIII (Fig. 1). Here CPIII is oxidised to copro-
porphyrin III, followed by the insertion of iron to make
coprohaem. This iron porphyrin is then decarboxylated by
HemQ to form protohaem (Dailey et al., 2010). Even though
the involvement of HemQ is specific for the CPD branch, the
first two steps are catalysed by enzymes homologous to those
found in the PPD pathway, although here they serve the syn-
thesis of different intermediates. The oxidation of CPIII is
catalysed by an enzyme homologous to the HemY form of
PPOX, and the coproporphyrin ferrochelatase belongs to
the same family of chelatases as the protoporphyrin ferroche-
latase (HemH) used in the PPD pathway (Hansson &
Hederstedt, 1994).

The third type of haem biosynthesis called alternative
haem biosynthesis or the sirohaem-dependent pathway
(SD), was found in Archaea, and the denitrifying and the
sulphate-reducing bacteria. It follows a different path starting
from Uro-III, with sirohaem as an intermediate (Fig. 1). All
four enzymes (AhbA-B, C, and D) that catalyse sirohaem
conversion into protohaem are specific for the SD pathway.
Even though the final step of the SD pathway (coprohaem
decarboxylation to protohaem) is the same as in the CPD
pathway of the Gram-positive bacteria, each pathway’s
enzymes, AhbD and HemQ, respectively, evolved indepen-
dently and there is no similarity between them (Celis &
DuBois, 2015).

The SD pathway is clearly the ancestral haem biosynthetic
pathway of Archaea, but its proposed origin prior to the
bacterial PPD and CPD pathways and, therefore, before
the Archaea/Bacteria split remains questionable (Dailey
et al., 2017). While this pathway is also found in the
sulphate-reducing and the denitrifying bacteria, this could
be explained by gene gain via HGT, and the SD pathway
might have evolved specifically in the Archaea lineage after
the split. On the other hand, an argument for the early origin
of the SD branch of haem biosynthesis compared to the
CPD/PPD routes is the utilisation of the SD pathway inter-
mediates in the formation of other essential tetrapyrroles.
The first intermediate of the SD synthesis from Uro-III is
precorrin-2, which is also used to synthesise cobalamin (vita-
min B12). Cobalamin synthesis occurs in only a small subset of
Bacteria and Archaea (Raux, Schubert &Warren, 2000), yet
organisms across all domains of life require this cofactor for
amino acid and fatty acid metabolism (Guo & Chen, 2018).
In the following reaction of the SD pathway, precorrin-2 is
transformed into sirohydrochlorin, which is then the sub-
strate of sirohydrochlorin ferrochelatase in the formation of
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sirohaem. Sirohydrochlorin is also the starting point of the
newly described pathway for the synthesis of coenzyme F430
in the methanogenic and the methanotrophic Archaea
(Zheng et al., 2016; Moore et al., 2017). Coenzyme F430 is
responsible for biological methane production with an
immense effect on the biosphere’s carbon cycle and Earth’s
climate (Allen, Wegener & White, 2014). Sirohaem itself
has been a crucial player in the evolution of life as a cofactor
of sulphite and nitrite reductases that facilitate the biological
assimilation of sulphur and nitrogen. Furthermore, sirohaem
is also a precursor for the synthesis of haem d1, a cofactor of
nitrite reductase catalysing a key reaction in the nitrogen
cycle, which is found in many species of denitrifying bacteria
(Bali et al., 2011).

Some of the aforementioned tetrapyrroles that are synthe-
sised by the SD branch have been suggested to have first
appeared earlier in the evolution of life than haem, and indi-
cate a possible ancient origin of at least part of the SD path-
way compared to the CPD and PPD branches of tetrapyrrole
biosynthesis (Holliday et al., 2007; Bryant et al., 2020). A fur-
ther argument for the SD pathway’s antiquity derives from
the utilisation of the radical SAM chemistry for oxidation
steps catalysed by RSS. These RSS enzymes function under
anaerobic conditions and it was suggested that they likely
evolved earlier than the oxygen-requiring enzymes of the
PPD and CPD branches (Bali et al., 2014). The RSS has been
proposed to be an ancient protein superfamily based on its
involvement in the biosynthesis of over half of the known
organic cofactors with many of the reactions that RSS catal-
yse being fundamental to all types of life (Holliday
et al., 2018). However, this argument is challenged by the
presence of anaerobic RSS enzymes also in the PPD path-
way. While the HemF version of CPOX and the HemY ver-
sion of PPOX require molecular oxygen for catalysis, the
alternative RSS enzymes for these two oxidation reactions
(HemN and HemG, respectively) are widely utilised by
Gram-negative bacteria.

The synthesis of at least some tetrapyrroles likely pre-dates
the Archaea/Bacteria split and at least part of the biosyn-
thetic pathway, which now also serves for the synthesis of
haem, was present in LUCA. However, it is possible that
the later steps of the synthesis leading to haem evolved in
both major groups independently. If LUCA did synthesise
haem, it was more likely to do so via the SD pathway. In
either case, bacteria have apparently evolved their own haem

(Figure legend continued from previous page.)
Fig. 1. Different tetrapyrrole biosynthetic pathways leading to haem. The first bacteria likely used the coproporphyrin-
dependent (CPD) pathway, while the protoporphyrin-dependent (PPD) branch, which also serves the synthesis of chlorophyll,
evolved somewhat later in Gram-negative bacteria and is also used by eukaryotes. α-proteobacteria use the C4 pathway
(ALAS enzyme) to form ALA and this is found in mitochondria also. The archeal sirohaem dependent (SD) pathway forms an
alternative route to haem. The branching pathways for the syntheses of other tetrapyrroles, including the number of
enzymatic steps involved (arrows), are highlighted in different colours. The names of genes encoding the individual enzymes
are in italics. Note that there are alternative genes for some of the reactions, and some of them evolved independently. The
traditional abbreviated enzyme names are shown in black rectangles for the ‘classical’ pathway that involves the PPD
branch. See Table 1 for a list of abbreviations.

Table 1. List of abbreviations

Abbreviation Definition

ABCB ATP binding cassette transporter B
ACO Aconitase
ADP Adenosine diphosphate
ALA δ-Aminolevulinic acid
ALAD ALA dehydratase
ALAS ALA synthase
ATP Adenosine triphosphate
CPD Coproporphyrin-dependent pathway
CPIII Coproporphyrinogen III
CPOX Coproporphyrinogen oxidase
EGT Endosymbiotic gene transfer
FAD Flavin adenine dinucleotide
FECA First eukaryotic common ancestor
FeCH Ferrochelatase
FLVCR Feline leukaemia virus subgroup C receptor
FUM Fumarase
FXN Frataxin
GSA-AT Glutamate-1-semialdehyde aminotransferase
GTR Glutamyl-tRNA reductase
GUN Genomes uncoupled
HGT Horizontal gene transfer
HMB Hydroxymethylbilane
HRG Heme response gene
LECA Last eukaryotic common ancestor
LUCA Last universal common ancestor
Mtfrn Mitoferrin
NAD Nicotinamide adenine dinucleotide
PBG Porphobilinogen
PBGD Porphobilinogen deaminase
PCD Programmed cell death
PPD Protoporphyrin-dependent pathway
PPG Protoporphyrinogen IX
PPIX Protoporphyrin IX
PPOX Protoporphyrinogen oxidase
ROS Reactive oxygen species
RSS Radical SAM enzyme superfamily
SAM S-adenosyl-L-methionine
SAR Stramenopiles, Alveolates, Rhizaria
SD Sirohaem dependent pathway
TCA Tricarboxylic acid
tRNA Transfer RNA
TIM23 Translocase of the inner membrane 23
TOM Translocase of the outer membrane
URO Uroporphyrinogen
UROD Uroporphyrinogen decarboxylase
UROS Uroporphyrinogen synthase
UroIII Uroporphyrinogen III
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synthesis pathways (CPD and PPD) (Dailey et al., 2017). The
CPD branch was proposed to be older than the PPD synthe-
sis due to the broad distribution of HemQ among bacterial
lineages, which at least in some phylogenetic studies are
earlier-branching than bacteria that utilise protoporphyrin
(Jun et al., 2010; Lang, Darling & Eisen, 2013; Dailey
et al., 2015, 2017; Hug et al., 2016). However, the root of
the bacterial tree is still debated, and any conclusion based
on the taxonomic distributions of genes is complicated by
the extensive HGT events that are known to occur in
bacteria.

The relationship of haem synthesis to oxygen casts further
light on the evolution of the bacterial pathways. It is likely
that the first bacterial pathway for haem synthesis pre-dates
the formation of the oxygenic atmosphere (Ponka, 1997).
Thus, similarly to the SD pathway in Archaea, the ancestral
pathway of Bacteria would be expected to have been
catalysed by anaerobic enzymes. Indeed, the oxygen-
independent enzymes of the PPD branch of the Gram-
negative bacteria (HemN and HemG) are more widespread,
suggesting they evolved earlier than their counterparts that
require oxygen as an electron acceptor (HemF and HemY)
(Cavallaro, Decaria & Rosato, 2008; Kobayashi et al.,
2014). However, only the oxygen-dependent form of the
enzyme catalysing the oxidation of CPIII to coproporphyrin
III (HemY) was found in bacteria that utilise the presumably
older CPD branch. A number of these organisms are capable
of haem synthesis under anaerobic conditions, and hence the
existence of a so-far unidentified anaerobic version has been
suggested (Dailey et al., 2017).

Nevertheless, it is also possible that bacteria were able to
utilise molecular oxygen for oxygen-dependent chemical
reactions (like those in the PPD and CPD pathways) much
earlier in their evolution than previously thought, well before
the great oxygenation event, as suggested by the recent phy-
logenetic study of all known oxygen-utilising and -producing
enzymes (Jabło�nska & Tawfik, 2021). Consistent with this,
other recent studies argue that biological production of oxy-
gen began soon after the origin of life, but it did not start to
accumulate in the atmosphere until much later once the vast
pools of reduced compounds on early Earth were exhausted.
For instance, the time-resolved molecular evolution of the
photosynthetic machinery by Oliver et al. (2021) points to
the origin of photosynthetic water oxidation closer to LUCA.
Furthermore, there are other means of biological oxygen
production that occur in the dark and could pre-date the ori-
gin of oxygenic photosynthesis (Ettwig et al., 2012). Interest-
ingly, HemQ of the CPD pathway belongs to the same
protein family as the oxygen-generating enzyme chlorite dis-
mutase (Celis & DuBois, 2015). This enzyme uses haem as
the cofactor to convert chlorite to chloride and molecular
oxygen, while HemQ utilises coprohaem as both the sub-
strate and the cofactor to form haem (Hofbauer et al., 2014;
Dailey & Gerdes, 2015). This link between haem synthesis
and oxygen generation might be significant for the evolution
of haem biosynthetic pathways. In addition to chlorite dismu-
tase, other haem-containing enzymes such as catalase or the

putative nitric oxide dismutase generate molecular oxygen
(Kraeva et al., 2017; Zhang et al., 2018). Furthermore, haem
in globins reversibly binds oxygen and could have facilitated
oxygen-dependent chemical reactions by locally increasing
oxygen concentrations in the conditions before the great
oxygenation event (Traut, 2008).
The evolution of haem and oxygen metabolisms might,

therefore, have been interlinked. Even today, most haem
functions relate directly or indirectly to oxygen and there is
relatively little use for haem in strictly anaerobic organisms
(Pyrih et al., 2014). As the PPD pathway is the only type of
haem synthesis also used to synthesise chlorophylls, the origin
of this branch coincides with the origin of oxygenic photosyn-
thesis. The coupling of chlorophyll and haem synthesis
through oxygen might have contributed to the initiation of
the atmosphere’s oxygenation. Furthermore, haem as a
redox moiety was likely favoured in the aerobic conditions
compared to the presumably more ancestral Fe–S clusters,
which are very unstable in the presence of oxygen
(Imlay, 2006; Boyd et al., 2014). In fact, the decomposition
of Fe–S clusters is one of the factors behind oxygen toxicity,
and many prokaryotes abandoned some of the least stable
Fe–S containing electron-transfer pathways when adapting
to the aerobic habitats (Imlay, 2006; Liu et al., 2014).
The last piece of the puzzle of the evolution of the tetrapyr-

role synthesis in prokaryotes returns us to the start of the
pathway with the C4 formation of ALA. ALAS, which com-
bines glycine and succinyl-CoA to make ALA, seemingly
originated in the ancestor of α-proteobacteria. It was sug-
gested that ALAS evolved directly fromGSA-AT, the second
enzyme of the C5 pathway of ALA synthesis, as these
two proteins belong to the same superfamily (Schulze et al.,
2006).While ALAS is relatively restricted within the prokary-
otic domain, this enzyme went on to play a major role in the
formation of eukaryotes and the ongoing balance of power
for control of haem synthetic routes between the metabolic
compartments of these complex cells.

III. HAEM SYNTHESIS IN PRIMARY
HETEROTROPHIC EUKARYOTES

The complex cellular history of eukaryotes has led to further
variations of the haem biosynthetic pathways, mostly
through convoluted recombinations of the prokaryote-
derived pathways and enzymes. It is widely accepted that
all extant eukaryotes arose from a symbiotic relationship
between an α-proteobacterial predecessor of mitochondria
as an endosymbiont, and a pre-eukaryotic host cell related
to the recently discovered Asgard group of Archaea, specifi-
cally to Heimdallarchaeota (Williams et al., 2020). Several
extant eukaryotic groups previously considered amitochon-
drial were later revealed to harbour mitochondria-derived
organelles such as hydrogenosomes and mitosomes, and
there is only one documented group of protists that
completely lost this organelle (Karnkowska et al., 2016).
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The gain of the proto-mitochondrion significantly enhanced
the efficiency of energy production for the host cell. It has
been argued that this single key evolutionary event allowed
eukaryotes to achieve cell complexity far beyond that found
in prokaryotes (Lane & Martin, 2010; Lane, 2014), although
this has been questioned recently (Hampl, Čepička &
Eli�aš, 2019). In the early phase of endosymbiosis, both part-
ners possessed their own tetrapyrrole pathways, resulting in
biochemical and genetic redundancy for haem synthesis.
From the first eukaryotic common ancestor (FECA, the
archaeon at the start of eukaryogenesis) to the last eukaryotic

common ancestor (LECA, the fully fledged eukaryote which
gave rise to all extant eukaryotic lineages), both aspects of this
redundancy were resolved by losing genes and the contrac-
tion into a single biosynthetic pathway. Yet, this process of
reconciliation ultimately resulted in increased complexity
and diversity of the cellular pathways for haem synthesis.

The establishment of endosymbiotic associations typically
entails the transfer of genetic control from the endosymbiont
to the host through the process of endosymbiotic gene
transfer (EGT) (Archibald, 2015). The resolution of
genetic redundancy that results from EGT can either occur
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by: (i) losing the endosymbiont’s version of the gene, or (ii)
losing the host’s gene in favour of the endosymbiont-derived
version (Timmis et al., 2004; Kleine, Maier & Leister, 2009).
The genes encoding components of the haem biosynthetic
pathway are especially amenable to such EGT replacements
as there are seemingly no compatibility issues with the
enzymes involved, which may hamper EGT for multi-
protein complexes and interactive regulatory networks. The
autonomous behaviour of haem synthesis enzymes was dem-
onstrated by experiments in yeast where the whole haem

pathway was successfully replaced with the genes from either
the bacterium Escherichia coli, the plant Arabidopsis thaliana, or
humans (Kachroo et al., 2017). Phylogenetic reconstruction
of genes’ evolutionary histories has been instrumental in
revealing the ancestry of haem pathways enzymes – from
either the endosymbiont or the host – in primary heterotro-
phic eukaryotes providing a picture of this pathway in the
LECA. Several studies indicate that a combination of the
EGT-driven gene replacements, retention of host genes,
and also HGT from other bacteria have played an essential
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role in the evolution of eukaryotic haem biosynthesis, result-
ing in pathways of mosaic origin (Oborník & Green, 2005)
(Fig. 2). Moreover, this genetic mosaicism also established a
pathway whose location spans both endosymbiont and host
compartments, the boundaries of which have remained fluid
through subsequent eukaryotic radiation.

The enzyme for the first step of haem synthesis in primary
heterotrophic eukaryotes, ALAS of the C4 type of ALA synthe-
sis, was likely inherited from the α-proteobacterial predecessor
of the mitochondrion. Following EGT of the ALAS gene to
the nucleus, the enzyme was targeted back to the organelle
(Dailey, Woodruff & Dailey, 2005). Mitochondrial localisation
of this enzymemakes one of its substrates, succinyl-CoA, readily
available although the cosubstrate glycine has to be imported
from the cytosol (Lunetti et al., 2016). The origins of the subse-
quent genes for haem synthesis in the LECA have been less

evident from earlier phylogenetic studies, butmost of these were
carried out before Asgard archaea’s relevance to eukaryotic
evolution became obvious and corresponding sequences
became available. To test whether any of these genes found in
extant eukaryotes might represent the host’s original pre-
eukaryotic genes, we analysed the haem-biosynthesis genes
from the available Asgard genomes. Indeed, we found that
the genes encoding ALAD (the second enzyme of the pathway)
of Heimdallarchaeota and the primary heterotrophic eukary-
otes, are grouped together in the phylogenetic tree (Fig. 3).
ALAD is located in the cytoplasm, in accordance with its origin
in the pre-eukaryotic cell. Thus, the first intermediate of the
pathway, ALA, must be exported from the mitochondrion via

an as yet unidentified transporter, although there are indica-
tions that ATP binding cassette transporter 10 (ABCB10) might
be involved (Bayeva et al., 2013) (Fig. 4).

Fig. 4. Haem biosynthesis, trafficking, regulation and interaction with mitochondrial iron and energy metabolism in an animal cell as
an example. ALAS catalyses the condensation of glycine with succinyl-CoA, which is the first step of haem synthesis. Import of this
enzyme into the mitochondrion is inhibited by cytosolic haem which binds to its targeting pre-sequence. Haem in the
mitochondrion also directly inhibits ALAS activity. Glycine must be imported into the mitochondrion for the formation of ALA
which, in turn, is exported to the cytosol where the next four steps of the pathway occur. Coproporphyrinogen III (CPIII) is than
imported back to the mitochondrion, where it is converted into haem in three enzymatic reactions. Haem is synthesised on the
matrix side of the inner mitochondrial membrane and most of it is used for the formation of respiratory cytochromes. Haem
intended for use outside of the mitochondrion is exported via FLVCR1b but it is yet to be identified which mitochondrial
membrane this transporter localises to. ABCB10 was previously also suggested to be involved in haem export but more recent data
suggest a role in an early stage of haem synthesis such as the export of ALA. This transporter interacts with mitoferrin-1 (Mtfrn1)
which supplies iron specifically for the formation of haem by FeCH, another interaction partner of ABCB10. Frataxin (FXN) is an
alternative iron supplier for FeCH as well as for the mitochondrial Fe–S cluster assembly. FeCH also interacts with ABCB7 which
exports a yet unknown sulphur-containing compound utilised by both the mitochondrial and the cytosolic Fe–S cluster assembly
pathways. FeCH might therefore be important for the regulation of the syntheses of both types of the iron-containing electron
carriers that are utilised in mitochondrial respiration. The identity of some of the mitochondrial transporters is currently unknown
(indicated by question marks) but the passage of iron and the small uncharged molecules across the outer mitochondrial
membrane is likely allowed by the large porin channels. See Table 1 for a list of abbreviations.
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The genes for the three subsequent steps that also take
place in the cytosol (PBGD, UROS, and UROD) group in
phylogenies with homologs of various Gram-negative bacte-
ria pointing to a pre-LECA origin via HGT (Fig. 2). UROS
might originate from the mitochondrion by EGT as the
genes of primary heterotrophic eukaryotes are specifically
related to homologs in α-proteobacteria (Kořený
et al., 2011; Kořený & Oborník, 2011). The genes for the last
three steps (CPOX, PPOX and FeCH) also likely originate
from the pre-LECA HGT from bacteria, although no spe-
cific and well-supported relationships with any particular
bacterial group have been resolved for these genes (Kořený
et al., 2011; Kořený & Oborník, 2011). All three enzymes
localise to mitochondria in mammals, with CPOX found
between the inner and outer mitochondrial membranes
(Figs 2 and 4) (Elder & Evans, 1978; Ferreira et al., 1988;
Medlock et al., 2015). The ABCB6 transporter has been pro-
posed to facilitate the transport of CPIII across the outer
mitochondrial membrane (Krishnamurthy et al., 2006). In
yeast, on the other hand, CPOX is cytosolic, and, indeed,
the yeast sequence lacks a mitochondrion-targeting
N-terminal extension present in mammals (Camadro
et al., 1986). We found similar putative targeting extensions
in the CPOX sequences of the majority of heterotrophic
eukaryotes suggesting that the mitochondrial localisation is
the ancestral state and that the re-location to cytosol has
occurred multiple times independently (e.g. in ciliates and
different lineages of fungi). Furthermore, some eukaryotes
seem to have replaced this ‘ancestral’ pre-LECA gene with
different bacterial homologs via subsequent HGTs. One such
event occurred in choanoflagellates and amoebozoans, and
others in heterotrophic euglenozoans, namely diplonemids,
phagotrophic euglenids, and kinetoplastids of the genus Per-
kinsela (Cenci et al., 2016; Lakey & Triemer, 2017). Most of
these CPOX sequences lack the N-terminal extension sug-
gesting cytosolic localisation of their protein products, except
for some diplonemids where a relatively short extension is
seen, and the localisation, therefore, remains uncertain.

Contrary to the variable localisation of CPOX, the last two
steps (PPOXand FeCH) seem to be confined to the mitochon-
drion in all examined taxa of primary heterotrophs. These two
enzymes interact with each other across the inner mitochon-
drial membrane, and they form a complex with ALAS and
with certain mitochondrial membrane transporters (Medlock
et al., 2015) (Fig. 4). In a typical aerobic heterotrophic eukary-
ote, the majority of haem is required for the respiratory cyto-
chromes. These electron carriers are located on the
mitochondrial cristae (P�anek et al., 2020) and have rapid turn-
over rates due to damage caused by electron leakage-induced
oxidative stress (Karunadharma et al., 2015). The stable orga-
nellar localisation of the two terminal enzymes of haem syn-
thesis might be important for the effective transport and
delivery of haem, specifically into the essential mitochondrial
respiratory complexes. However, haem is also required in
other cellular compartments and must therefore be exported
out of the mitochondrion. The ABCB10 transporter of the
inner mitochondrial membrane was initially suggested to be

responsible for haem export but this was later disputed
(Bayeva et al., 2013). In a recent study, the ATPase domain
of purified ABCB10 was stimulated explicitly by the haem
analogue Zinc-mesoporphyrin. However, the relevance of
these findings under physiological conditions and whether
ABCB10 transports haem or other porphyrins remains to be
investigated (Martinez et al., 2020). There is currently better
experimental support for the involvement of feline leukaemia
virus subgroup C receptor 1b (FLVCR1b) in mitochondrial
haem export (Swenson et al., 2020) (Fig. 4). This is a shorter iso-
form of FLVCR1a which is the haem exporter localised in the
plasma membrane. It is currently unknown which of the two
mitochondrial membranes this transporter localises to and a
co-involvement of another transporter is likely needed for
haem export out of mitochondria (Fig. 4). Importantly, our
knowledge of the membrane transporters of haem and the
intermediates of haem synthesis relies mainly on the findings
from the animal models, and different proteins might have
been utilised in the other eukaryotic lineages.
The mitochondrial co-localisation of both the first and the

last steps of the pathway allows a tight regulation of haem
biosynthesis. This is essential as the accumulation of free
haem, as well as the porphyrin intermediates, leads to the
generation of reactive oxygen species (ROS) (Kumar &
Bandyopadhyay, 2005). The direct inhibition of ALAS activ-
ity by haem was shown to be one of these regulatory mecha-
nisms (Yamauchi, Hayashi & Kikuchi, 1980). Another one is
the haem-induced inhibition of the import of new ALAS into
the mitochondrion (Kolluri et al., 2005). Also, the use of tri-
carboxylic acid (TCA) cycle-intermediate succinyl-CoA as a
precursor for haem synthesis in heterotrophic eukaryotes
couples haem biosynthesis directly with mitochondrial respi-
ration (Fig. 4). The mitochondrial location of both the start
and the end of haem synthesis makes sense for the aforemen-
tioned reasons, but the question remains why does the middle
part of the synthesis occur in the cytosol? This might reflect
that this was the ancestral location of the pathway. The need
for mitochondrion-located regulation and haem utilisation
might have required only these terminal parts of the pathway
to locate to the organelle leaving the cytosolic middle portion
as an evolutionary ‘footprint’ of the enzymes’ past. Alterna-
tively, this spatial separation might be functionally important
due to the reactivity of porphyrin intermediates such as uro-
porphyrin and coproporphyrin that can cause organelle
damage (Collin, 2019;Maitra et al., 2019). Escaping electrons
from the respiratory chain in the mitochondrion combined
with these porphyrin intermediates could potentially lead to
unmanageable dangerous levels of ROS production.
Most groups of primary heterotrophic eukaryotes show

general conservation of haem biosynthesis genes and their
pathways resemble that of LECA. However, there are cases
of lineage-specific HGTs from various bacteria for most of
these genes (as for the already mentioned CPOX). These
instances typically involve free-living bacterivorous protists,
that in some cases also harbour bacterial endosymbionts
(e.g. in Acanthamoeba spp. and other free-living amoebae)
and had many opportunities for further gene replacements
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10 Luděk Kořený et al.



(Iovieno et al., 2010; Keeling et al., 2014; Wang &Wu, 2017).
Other examples of lineage-specific gene replacements are
found in jakobids, kinetoplastids, and in recently available
genomic data from marine diplonemids (Cenci et al., 2016;
Flegontova et al., 2016).

IV. HAEM SYNTHESIS IN PLASTID-BEARING
EUKARYOTES

(1) Primary endosymbiosis

All eukaryotic plastids – the generic term for chloroplasts –
can be traced back to a single endosymbiotic event involving
the ancestor of Archaeplastida and an engulfed cyanobacte-
rium (with the rare exception of Paulinella spp., see below)
(Gould, Waller & Mcfadden, 2008; Archibald, 2009, 2015;
Maréchal, 2018). This so-called primary plastid was verti-
cally inherited and maintained in red and green algae,
including plants, and glaucophytes, and this endosymbiosis
provided a new chapter of haem biosynthesis pathway acqui-
sition and reconfiguration.

Phylogenetic analyses revealed that the haem biosynthetic
pathway of most Archaeplastida groups comprises genes that
predominantly originated from the primary plastid
(i.e. cyanobacterial) genome (Fig. 2). These include the C5
pathway for ALA synthesis that redefined the input mole-
cules for haem synthesis in these eukaryotes. These plastid
genes were transferred to the nucleus, and the pre-existing
LECA-derived genes were mostly lost. Three genes, how-
ever, do not convincingly group with their counterparts in
cyanobacteria, but phylogenies still indicate that they are
specific to Archaeplastida and, therefore, the plastid of the
common ancestor. For two of these genes (CPOX and
UROS) poor phylogenetic resolution obscures their original
source (Kořený et al., 2011; Kořený & Oborník, 2011). Curi-
ously, however, the gene for PBGD of red and green algae
(including plants) groups specifically with α-proteobacteria.
While this could suggest a mitochondrial origin of this gene
previously acquired by the host, paradoxically, the predicted
LECA PBGD was acquired from cyanobacteria by HGT,
presumably before the original plastid endosymbiosis
(Oborník & Green, 2005; Kořený et al., 2011; Kořený &
Oborník, 2011) (Fig. 2). PBGD of the glaucophyte Cyanophora
paradoxa also groups with cyanobacteria in the phylogenetic
trees but somewhat more closely compared to the PBGD of
primary heterotrophs (and LECA), suggesting that glauco-
phytes could have acquired this gene from the chloroplast.
Perhaps the ancestor of Archaeplastida had several versions
of PBGD that were then independently lost in different line-
ages, with glaucophytes keeping the plastid-derived gene
and the rest of Archaeplastida retaining the one from
an α-proteobacterium (Oborník, 2021). Whether it is a
mitochondrial-derived version of PBGD that persisted until
the gain of primary plastid, or if this was an independent
HGT from another α-proteobacterium is currently not possi-
ble to discern. However, evidence of ancestral gene

persistence is seen in some members of Archaeplastida that
additionally retain the original eukaryotic (pre-LECA) genes
for CPOX and UROD, and, therefore, possess two variants
for each (Fig. 2).

Consistently with its predicted origin, in the well-studied
members of Archaeplastida such as plants and the green alga
Chlamydomonas reinhardtii, the entire haem biosynthesis
pathway occurs within the plastid (Fig. 2) (Moulin &
Smith, 2005; van Lis et al., 2005; Tanaka & Tanaka, 2007).
Thus, the pre-existing LECA versions of CPOX and UROD
must have been re-targeted into this organelle. The plastidial
localisation of the tetrapyrrole pathway in phototrophs
makes biological sense given that it also produces chloro-
phyll, the required amount of which is�50 times higher than
that of haem in photosynthetic organisms (Papenbrock
et al., 1999). Furthermore, a substantial amount of the plas-
tidial haem is also needed for the photosynthetic machinery,
including cytochromes and the light-harvesting bilin pig-
ments (Castelfranco & Jones, 1975). This shift in the intracel-
lular distribution of tetrapyrroles, and the tendency to
eliminate redundant pathways, led to the selection of the
plastid as the sole site of haem synthesis, and the original
eukaryotic mitochondrial–cytosolic pathway being lost. Con-
sequently, the pool of haem needed elsewhere in the cell must
be exported from the plastid, although the identity of the
membrane transporters involved remains unknown. Differ-
ential demands for the plastidial and mitochondrial tetrapyr-
roles required the evolution of sophisticated regulatory
mechanisms, including feedback loops for both haem and
chlorophyll, multiple regulatory proteins and coupling to
the circadian clock (Brzezowski, Richter & Grimm, 2015).
The plant tetrapyrrole-binding GUN (genomes uncoupled)
proteins that are involved in the regulation of both haem
and chlorophyll synthesis are among the best studied systems
of retrograde signalling from the plastid to the nucleus (Wu &
Bock, 2021). So far, studies of the complex regulation of the
tetrapyrrole biosynthesis in phototrophs are confined to a
few model species (Brzezowski et al., 2015).

Even though the origin and localisation of the haem path-
way to the plastid are shared by the majority of Archaeplas-
tida, there are some notable exceptions and modifications.
Rhodelphis, a newly discovered basal branch of the Archae-
plastida, is secondarily heterotrophic but still preserves a
non-photosynthetic plastid where most of the haem biosyn-
thetic enzymes are located (Gawryluk et al., 2019). However,
it retains the mitochondrial-localised ALA synthesis of the C4
pathway, presumably a relic of the ancestral haem pathway.
The common ancestor of rhodophytes and Rhodelphis might
have represented a transitional phase when both mitochon-
dria and plastids still contributed to haem synthesis. Rhodo-
phytes adopted this first step of haem synthesis as the plastid-
located form, while Rhodelphismaintained the mitochondrion
as the start point of the pathway. By extension, this suggests
that C4–C5 redundancy was also present in the early chloro-
phytes and glaucophytes. Within rhodophytes, however, sub-
sequent reversion of the end of the haem pathway back to the
mitochondrion occurred, and this seemingly coincided with
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the acquisition, via HGT, of a new proteobacterial gene. In
the single-celled rhodophyte Cyanidioschyzon merolae, FeCH
localises to the mitochondria (Watanabe et al., 2013), consis-
tently with a previous in silico prediction (Oborník &
Green, 2005). Moreover, the mitochondrial localisation was
also predicted for its UROD, CPOX, and PPOX
(Oborník & Green, 2005; Watanabe et al., 2013), although
the power of current prediction tools to distinguish between
the plastid and the mitochondrion in rhodophytes is relatively
weak. In any case, this demonstrates the re-targeting of at least
some elements of the haem biosynthesis pathway back to the
mitochondrion in rhodophytes and, as for Rhodelphis, a biosyn-
thesis pathway that straddles both organelles. The tight physi-
cal association of the plastid and mitochondrion in C. merolae

(Miyagishima, Kuroiwa & Kuroiwa, 2001) might facilitate
the exchange of intermediates. However, whether this dual
location of haem biosynthesis is the case in other rhodophytes
is currently unknown.

Unlike Rhodelphis and C. merolae, chlorophytes retain the
whole pathway (starting with C5) in the plastid even after
the loss of photosynthesis. This is seen in diverse chlorophyte
taxa including the free-living Prototheca wickerhamii (Borza,
Popescu & Lee, 2005), the parasitic Polytomella spp. and Heli-

cosporidium sp. (De Koning & Keeling, 2004; Atteia, Van
Lis & Beale, 2005; Smith & Lee, 2014), and was also sug-
gested for the parasitic plants Rafflesia spp. (Ng et al., 2018).
Interestingly, Polytomella, and possibly also Rafflesia, lack the
plastid genome (Molina et al., 2014; Smith & Lee, 2014). This
means that the tRNA for Glu cannot be transcribed in the
plastid and even though its role in plastidial translation is
now redundant, it is likely still required in the C5 pathway
for haem biosynthesis, an explanation put forward for the baf-
fling persistence of the plastid genome in other algae with col-
ourless plastids (Barbrook, Howe & Purton, 2006). It follows
that in the DNA-free plastids the haem pathway could only
remain functional through import of the nuclear-encoded
tRNA for Glu from the cytosol (Smith & Lee, 2014) although
this still has to be experimentally demonstrated.

Despite the universal presence of the entire pathway in the
plastids of all thus far investigated chlorophytes and plants,
several of the terminal enzymes are additionally seen in the
mitochondrion of some of the higher plants. The production
of haem in the plant mitochondrion would particularly be
relevant in the non-photosynthetic tissues, such as roots
where no chlorophyll is required. In this respect, these cells
are similar to the heterotrophic eukaryotes, with the last
two or three steps localised in the mitochondrion. This mito-
chondrial branch of the pathway likely evolved together with
the origin of multicellularity and tissue specialisation in plants
since the related unicellular chlorophytes do not possess these
additional plant-specific enzyme variants, and the entire
pathway is located to the chloroplast (van Lis et al., 2005).
The plant mitochondrial variants of CPOX and FeCH were
created by plant-specific duplications of the plastid-derived
genes, whereas the second (i.e. mitochondrial) PPOX was
introduced into the plant genome via HGT from a proteo-
bacterium (Kořený, Lukeš & Oborník, 2010).

Some controversy about the mitochondrial localisation of
the haem pathway’s terminus in plants remains. While
PPOX was convincingly detected in both mitochondrion
and chloroplast of Spinacia oleracea and Nicotiana tabacum

(Narita et al., 1996; Lermontova et al., 1997; Watanabe
et al., 2001), and there is evidence for the same dual distribu-
tion of CPOX in some plants (Williams et al., 2006), the sug-
gested confinement of one of the plant FeCH isoforms to the
mitochondrion remains highly contested (Chow et al., 1997,
1998; Roper & Smith, 1997; Lister et al., 2001; Cornah
et al., 2002; Suzuki et al., 2002; Masuda et al., 2003;Woodson,
Perez-Ruiz & Chory, 2011; Espinas et al., 2016; Hey
et al., 2016). It is difficult, however, to imagine what the func-
tion of PPOX in the plant mitochondria would be in the
absence of FeCH, other than a harmful accumulation of pro-
toporphyrin. Alternatively, if both plant FeCH variants local-
ise exclusively to the chloroplast as several studies suggested,
perhaps another enzyme is responsible for the mitochondrial
FeCH activity, e.g. the sirohydrochlorin ferrochelatase of the
sirohaem biosynthesis pathway (Masuda et al., 2003).
Another proposed candidate for this activity supported by
experimental evidence is frataxin that ordinarily provides
iron during the Fe–S cluster formation (He et al., 2004;
Yoon & Cowan, 2004; Bencze et al., 2007; Lill, 2009). Alter-
natively, could there be a role for PPOX in plant mitochon-
dria not associated with haem biosynthesis? In animals and
amoebae, protoporphyrin triggers programmed cell death
(PCD) by disrupting mitochondrial membranes leading to
the release of cytochrome c (Marchetti et al., 1996; Arnoult
et al., 2001). A similar mechanism was also shown to function
in plants, where PCD plays an essential role in leaf senes-
cence (Yao et al., 2004; Yao & Greenberg, 2006). Directing
the haem pathway’s intermediates to mitochondria, specifi-
cally in the plant tissues that are shed, could be an elegant
mechanism for triggering PCD. These uncertainties associ-
ated with the mitochondrial functions in plants should be
addressed by future research.
Despite the seminal role of Archaeplastida in the primary

plastid gain, there is an unrelated and minor eukaryotic line-
age that harbours a photosynthetic organelle acquired from a
different cyanobacterium. This independent primary endo-
symbiosis took place much more recently (60 to 200 million
years ago) in Paulinella, an amoeboid rhizarian protist
(Marin, Nowack & Melkonian, 2005; Nowack, Melkonian &
Glöckner, 2008). This so-called chromatophore resembles a
free-living cyanobacterium much more than the extant
Archaeplastida plastids (Lhee et al., 2019). It also retains a
larger genome derived from its prokaryotic progenitor, and
this contains the genes for tetrapyrrole biosynthesis (Cihl�ař,
Füssy &Oborník, 2019). The available transcriptome of Pau-
linella chromatophora (Nowack et al., 2016) revealed both a
chromatophore-encoded pathway and also evidence of the
mitochondrial–cytosolic pathway of the host cell. Indeed,
we found genes for ALAS, ALAD, PBGD, UROD, PPOX
and FeCH that share higher similarity with the primary het-
erotrophic eukaryotes than with the chromatophore. Thus,
P. chromatophora remains at an early stage of endosymbiotic
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integration, and while there is evidence of some EGT to the
nucleus (Nowack et al., 2016; Nowack & Weber, 2018), the
redundancy of two haem biosynthetic pathways continues.

(2) Complex endosymbioses

The constructively disruptive influences on haem biosyn-
thetic pathways of the endosymbiotic cell mergers that
resulted in mitochondria and primary plastids have contin-
ued in those eukaryotes that acquired secondary and
higher-order (complex) plastid endosymbionts (Füssy &
Oborník, 2018; Oborník, 2019). A wide range of photosyn-
thetic, as well as non-photosynthetic, plastid-containing
eukaryotes evolved one of the following three broad types
of haem pathway reconfiguration: (i) retention of both the
host and symbiont pathways; (ii) a second replacement of
the host pathway by the plastid symbiont pathway; and (iii)
further multi-location mosaics of host and symbiont steps to
haem biosynthesis (Fig. 2).

Two secondary endosymbioses of green algae occurred in
two unrelated groups resulting in photosynthetic euglenids
(Euglenozoa) and chlorarachniophytes (Rhizaria) (Rogers
et al., 2007; Archibald, 2015). In both cases, seemingly com-
plete independent pathways for haem biosynthesis have been
retained in their original locations: a C4 pathway in the host
mitochondrion, and a C5 pathway in the plastid, presumably
serving the tetrapyrrole requirements of each compartment
independently (Fig. 2) (Kořený & Oborník, 2011; Cihl�ař
et al., 2016). This redundancy is unusual and might represent
an intermediate stage in the process of the endosymbiont’s
integration with the host. Indeed, these two endosymbioses
are considered relatively recent and the chlorarachniophytes
still retain a remnant of the green algal nucleus termed the
nucleomorph. On the other hand, extensive EGT occurred
in both protist groups with the majority of algal genes being
relocated to the host nucleus and targeted back to the endo-
symbiont (Archibald, 2015). Hence, the lack of genetic inte-
gration is an unlikely explanation for this persistent
redundancy. An alternative explanation postulates that the
secondary endosymbionts are surrounded by extra mem-
branes (three and four membranes in the plastids of euglenids
and chlorarachniophytes, respectively), representing a signif-
icant barrier. The evolution of transport systems for haem
across these extra membranes might be a limiting factor to
a common haem source located to just a single compartment.
Yet again, examples of such multi-membrane haem trans-
port are described below for other systems, so they cannot
be considered an insurmountable barrier. The puzzle of a
duplicated haem pathway in these two eukaryotic groups
thus remains unsolved, but it is also possible that this is simply
a stable and advantageous novel configuration of haem
biosynthesis.

Red algal-derived secondary, tertiary and potentially even
higher-order endosymbioses are found in diatoms, kelps, hap-
tophytes, dinoflagellates, and cryptomonads (Oborník, 2018).
In these organisms, most of the original host genes for haem
biosynthesis have been lost, whereas the newly acquired

symbiont-derived genes were relocated into the host nucleus
and their products are targeted back to the plastid. This evolu-
tionary scenario is reminiscent of the one found in Archaeplas-
tida, another case of the symbiont’s haem pathway replacing
that of the host cell. Moreover, in both systems, one or few
of the host-derived enzymes (most commonly UROD) were
retained, acquired the plastid-targeting N-terminal pre-
sequences, and consequently contribute to haem synthesis in
the plastid (Fig. 2). Indeed, these ancestral genes are sometimes
retained along with the endosymbiont-derived genes, and in
some dinoflagellates, UROD from the primary symbiont (cya-
nobacterium), secondary symbiont (red algae) and host cell co-
exist (Kořený et al., 2011; Cihl�ař et al., 2016). The benefits of
such a parallel arrangement and genetic mosaicism are
unclear but must serve a purpose. The alga Guillardia theta

(Cryptophyta) has also retained a host-derived FeCH which,
however, likely retains its original mitochondrial localisation
(Cihl�ař et al., 2016).

Some dinoflagellates went through several rounds of endo-
symbioses, with the original peridinin pigment-containing
plastid being replaced by new endosymbionts of diverse algal
origin (Cihl�ař et al., 2016; Waller & Kořený, 2017). Lepidodi-
nium replaced the ancestral peridinin plastid with a
chlorophyte-derived organelle, while Karenia obtained its
new plastid from an engulfed haptophyte (Matsumoto
et al., 2011). However, unlike in other cases of a
rhodophyte-derived plastid gain, in both instances, the haem
biosynthesis genes obtained from the newly acquired endo-
symbiont have been lost and the products of the peridinin
plastid-derived genes were redirected to the new organelle
(Cihl�ař et al., 2016, 2019). Another group of dinoflagellates,
referred to as dinotoms, gained novel plastids via a tertiary
endosymbiosis with diatoms. In these cases, no protein-
targeting from the host to symbiont has been established, so
no productive EGT has occurred. The diatom symbiont
retains its plastid-located haem pathway, but so does the dino-
flagellate in a residual cryptic form of the peridinin plastid.
Since this plastid is no longer photosynthetic, it is likely that
one of its main purposes is to provide haem for the dinoflagel-
late host cell. This is the only known example of an organism
with two plastids of distinct endosymbiotic origin, both main-
taining autonomous haem biosynthesis (Hehenberger
et al., 2014; Cihl�ař et al., 2019).

In the plastid-bearing lineages, the loss of photosynthesis
and conversion to obligate heterotrophy has occurred many
times (Gawryluk et al., 2019). The secondary heterotrophic
euglenid Euglena longa simply eliminated the plastid-localised
C5 pathway for haem and chlorophyll synthesis and produces
haem solely with themitochondrial–cytosolic C4 pathway that
pre-dates the acquisition of the chloroplast. Nevertheless,
Euglena longa still possesses a (colourless) plastid, which produces
phospholipids, glycolipids, tocopherols and phylloquinone
derivates and contains a linearised Calvin–Benson pathway
that also includes RuBisCO (Füssy et al., 2020). Other eukary-
otes with complex plastids that became heterotrophic did so
after the complete or partial loss of the mitochondrial–
cytosolic pathway. Thus, many secondary heterotrophs such
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as the diatom Nitzschia sp. Nitz4, the cryptophyte Cryptomo-
nas paramecium and the dinoflagellate Crypthecodinium cohnii

now depend on their plastids for haem synthesis
(Hadariov�a et al., 2018), similarly to the heterotrophic
members of Archaeplastida mentioned earlier. In the free-
living bacterivorous dictyochophytes Pteridomonas spp.,
haem biosynthesis remains one of the last essential functions
of the plastid and the expression of the only essential gene
encoding tRNAglu (the substrate for the C5 pathway)
appears to be the sole reason for the retention of its highly
reduced genome (Kayama et al., 2020).

A conspicuous example of the transformation from photo-
trophy to heterotrophy is in the sister lineage of dinoflagel-
lates that includes Plasmodium and other apicomplexan
parasites, as well as their free-living relatives, the colpodellids
(Fig. 2). Despite their secondarily acquired heterotrophy,
these protists almost invariably retain the non-photosynthesis
plastid termed the apicoplast in this group (Janouškovec
et al., 2019; Mathur et al., 2019; Oborník, 2020). They con-
tain the ancestral mitochondrial ALAS of the host C4 path-
way, unlike their dinoflagellate relatives that use the plastid
C5 pathway (Nagaraj et al., 2009a,b, 2010a,b). However, this
difference does not seem to be driven solely by the absence or
presence of photosynthesis because their free-living photo-
synthetic relatives, chromerids (Füssy & Oborník, 2017), also
use mitochondrial ALAS, while the rest of the tetrapyrrole
pathway is predicted to take place in their plastids (Kořený
et al., 2011;Kořený,Oborník &Lukeš, 2013; Füssy, Faitov�a&
Oborník, 2019). These steps are mostly composed of the plas-
tid enzymes of endosymbiotic origin or, as for the other pri-
mary and complex plastids, UROD and CPOX variants
derived from the host and re-directed to the plastid
(Kořený et al., 2011). While this split of the pathway between
the mitochondrion and the plastid is reminiscent of Rhodelphis
(Archaeplastida, see Section IV.1), chromerids are the only
phototrophs in which the pathway starts in the mitochon-
drion and ends in the plastid where chlorophyll synthesis is
expected to drive the major demand (Fig. 2). This must have
implications for the mitochondrial metabolism as succinyl-
CoA must be diverted from the TCA cycle for chlorophyll
production. Moreover, the mechanisms regulating both
chlorophyll and haem biosynthesis must differ from other
organisms where ALA synthesis is a critical control point
(Hamza & Dailey, 2012). In green algae and plants, this
occurs at the C5 enzyme GTR controlled via a negative feed-
back loop from both branches of the tetrapyrrole synthesis in
the chloroplast (Vavilin & Vermaas, 2002; Czarnecki &
Grimm, 2012). In the primary heterotrophs, ALAS is
haem-inhibited (Fig. 4), however in chromerids another
haem control system must be in place to account for the sep-
aration of the start and end of the pathway (Kořený
et al., 2011).

In the apicomplexan parasites a further version of pathway
mosaicism is seen. Here the apicoplast imports ALA from the
mitochondrion and retains the next four steps of the haem
biosynthetic pathway, while the last two steps are again
located in the mitochondrion, preceded by the cytosolic

CPOX (Fig. 2). These enzymes share the origins of the
plastid-localised CPOX, PPOX and FeCH of Chromera velia,
suggesting they have been relocated after apicomplexans lost
photosynthesis (Kořený et al., 2011). This was likely a
response to the shift in the balance of tetrapyrrole needs,
where photosynthetic pigments and cytochromes gave way
to the needs of mitochondrial respiration of these new sec-
ondary heterotrophs. In an act of evolutionary poetry,
through two endosymbiotic events, the circuitry of haem syn-
thesis in apicomplexans returned to that resembling the orig-
inal primary heterotrophic eukaryotic state. The only
difference is that the middle part of the pathway now locates
to the apicoplast instead of the cytosol. Haem biosynthesis is
known to be essential in Toxoplasma gondii and Plasmodium

spp., although the blood stage of Plasmodium is able to scav-
enge sufficient haem from the host-derived haemoglobin
(Shanmugan et al., 2010; Yeh & DeRisi, 2011; Ke
et al., 2014; Tjhin et al., 2020). Thus, the requirement for
haem synthesis that partially localises to the apicoplast is
likely one of the key reasons why this organelle has been only
rarely lost by apicomplexans and other eukaryotes that sec-
ondarily returned to heterotrophy (Sato et al., 2004; Nagaraj
et al., 2009a; Kalanon & McFadden, 2010).
Similar to apicomplexans, many lineages of dinoflagellates

are non-photosynthetic and retain a reduced plastid which
still retains haem biosynthesis. Consequently, it has been
argued that this metabolic function contributes to the rele-
vance of this organelle even after this dramatic change of tro-
phic mode (Janouškovec et al., 2017). An unusual exception is
the parasitic dinoflagellate Hematodinium sp. that still synthe-
sises haem via the original eukaryotic pathway split between
the mitochondrion and the cytosol (Van Dooren,
Kennedy &Mcfadden, 2012). This suggests that inHematodi-
nium this pathway was yet to be lost in favour of the plastid
pathway before its photosynthetic lifestyle was abandoned.
Furthermore, Hematodinium represents one of the rare exam-
ples of plastid loss (Gornik et al., 2015) and the alternative site
for haem biosynthesis is likely one of the reasons that enabled
it. The only legacy of the plastid’s presence in this pathway is
the replacement of the cytosolic UROS by the plastid-
derived enzyme, analogous to some of the enzyme swapping
that has occurred in other plastid-containing eukaryotes
(Fig. 2), possibly pre-dating the loss of photosynthesis.

V. LOSS OF HAEM BIOSYNTHESIS IN
EUKARYOTES

Some prokaryotes seem to be devoid of cytochromes and
might even have no need for haem. Examples include certain
methanogenic Archaea, the homoacetogenic bacteria of the
class Clostridia, and some of the strict fermenters such as
the Thermotogales (Sousa et al., 2013; Ducluzeau &
Nitschke, 2016). However, these are exceptions from the rule
since most organisms require haem for a number of essential
functions, although they do not necessarily have to synthesise
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it themselves. The absence of de novo haem synthesis occurs
widely in symbiotic, pathogenic, and strictly anaerobic bac-
teria, and the strategies for haem acquisition in the bacte-
rial pathogens have been extensively studied (Choby &
Skaar, 2016).

All extant eukaryotes descended from an ancestor that
benefitted from the oxygen-dependent energy production
of its mitochondrion, as well as from other types of oxidative
metabolism facilitated by a plethora of haem-containing pro-
teins (Hamza & Dailey, 2012). However, many eukaryotes
have secondarily adapted to anaerobic conditions, and as a
consequence have lost their dependency on (many) haemo-
proteins including those operating in oxidative phosphoryla-
tion. This reduced demand for haem triggered a loss of the
pathway for its synthesis. All major eukaryotic groups except
Archaeplastida contain at least a few anaerobic members,
e.g. Cryptosporidium and Gregarina (Apicomplexa), Giardia

and Trichomonas (Metamonada), Blastocystis (Stramenopila),
Nyctotherus (Ciliata), Entamoeba (Amoebozoa), Nosema

(Microsporidia) and many other fungi as well as a number
of metazoans (Stairs, Leger & Roger, 2015).

Despite the reduced need for haem in the absence of oxy-
gen, eukaryotic anaerobes typically possess some haemopro-
teins (Kořený et al., 2013; Pyrih et al., 2014; Rafferty &
Dayer, 2015). So why is it that the adaptation to anoxic envi-
ronments typically results in the loss of haem synthesis? One
possible reason is that the eukaryotic PPD pathway uses
oxygen-dependent enzymatic steps, namely HemF as CPOX
and HemY as PPOX. Although the oxygen-independent
enzymes for the same reactions exist and are widespread in
bacteria, they are not common among eukaryotes
(Heinemann, Jahn & Jahn, 2008). Moreover, in species
where the genes for these enzymes are found, their involve-
ment in haem biosynthesis has not been demonstrated. For
example, a homolog of the anaerobic CPOX (HemN) has
been studied in vertebrates, including humans. Biochemical
and genetic experiments revealed that this enzyme does not
retain CPOX activity and is instead proposed to function as
a chaperone facilitating the insertion of haem into cyto-
chromes (Hunt, 2006; Haskamp et al., 2018). Furthermore,
we are not aware of any eukaryote with genes for both
oxygen-independent enzymes, HemN and HemG. While
the anaerobic protists could potentially have acquired these
genes from bacteria as reported for other genes for anaerobic
metabolism (Stairs et al., 2015), the fact that none have done
this for the above enzymes suggests that there is not a strong
selection pressure to do so.

Given the wide incidence of haem synthesis loss, options
for scavenging haem from external sources must occur. For
parasites, this might be relatively straightforward given their
access to host metabolites. Indeed, even some aerobic para-
sites with high haem requirements for mitochondrial respira-
tion have lost the capacity to synthesise haem de novo (Tripodi,
Menendez Bravo & Cricco, 2011). For example, the African
parasite Trypanosoma brucei lives in vertebrate blood and
uptakes the host’s haemoglobin via a specific receptor
HpHbR (Vanhollebeke et al., 2008). Paradoxically, the

‘blood stage’ of this parasite requires very little if any haem
as it generates the majority of its ATP by glycolysis, andmany
haemoproteins including the respiratory cytochromes are
silenced or downregulated (Zíkov�a et al., 2017). However, try-
panosomes need the haemoproteins in the insect vector
where their mitochondria are fully functional and employ a
dedicated haem transporter, HRG (heme response gene)
(Merli et al., 2016; Hor�akov�a et al., 2017). The tick Boophilus
microplus also acquires high quantities of haemoglobin with
its blood meal diet and lost the genes for haem synthesis.
Haem auxotrophy in ticks and some other animals also
requires trafficking from the site of uptake into all tissues
and cells, so cell-to-cell transport of haem must occur (Lara
et al., 2005; Perally et al., 2008; Perner et al., 2016, 2019).

For other eukaryotes that lost the capacity to synthesise
haem the only other source is their bacterial prey, as is the
case in the free-living kinetoplastid flagellate Bodo saltans

and the nematode Caenorhabditis elegans (Rao et al., 2005).
Alternatively, some eukaryotes harbour endosymbiotic bac-
teria that may supply them with haem or its precursors. This
was convincingly demonstrated in several trypanosomatids
that can be cultured in vitro without haem. However, if their
β-proteobacterial endosymbionts are killed by antibiotics,
haem must be supplemented in the media for the growth to
continue (de Souza & Motta, 1999). The α-proteobacterial
symbionts of the genusWolbachia are also suggested to supply
their host, the parasitic nematode Brugia malayi, with haem
(Foster et al., 2005). The amoeboflagellateNaegleria gruberi har-
bours a diverse bacterial fauna (Michel et al., 2000; Fritz-
Laylin et al., 2010), however, as this protist also feeds on bac-
teria, it remains to be established from where it takes haem.

While many parasites and endosymbiont-bearing eukary-
otes cannot synthesise haem de novo, they often retain genes
for either the last one or three steps of haem synthesis. This
suggests that the intermediates of this pathway might be uti-
lised instead of haem. The trypanosomatid parasites Herpeto-
monas roitmani and Phytomonas spp., as well as the nematode
Brugia malayi and the tick Ixodes ricinus all possess only FeCH
(Alves et al., 2011; Wu et al., 2013), while the parasitic Leish-
mania spp. and N. gruberi possess genes for the last three steps.
Thus, for some of the haem auxotrophs it might be easier to
access the later intermediates of the synthesis rather than its
final product. The location of haem intermediates might
drive this, as for example, the intracellular Leishmania

might extract the cytosolic CPIII from its vertebrate host’s
macrophage more easily than the mitochondrial haem
(Fig. 4) (Kořený et al., 2010, 2013; Laranjeira-Silva, Hamza &
Pérez-Victoria, 2020). Furthermore, Leishmania can be culti-
vated with PPIX in place of haem. However, since FeCH
was shown to be non-essential in Leishmania this parasite can
also apparently access host haem directly (Sah et al., 2002; Aki-
lov et al., 2007; Orrego et al., 2019). In this human parasite,
haem uptake has been proposed to be driven by a newly iden-
tifiedmembrane transporter, which is a homolog of the animal
plasma membrane haem importer FLVCR2 (Cabello-
Donayre et al., 2020). Finally, further evidence of parasites’
flexible ability to utilise haem pathway intermediates comes
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from secondary acquisitions of these terminal enzymes via

HGTs from γ-proteobacteria, as is the case in Leishmania and
Angomonas (Kořený et al., 2010; Alves et al., 2011).

The widespread persistence of FeCH as the only enzyme
of the pathway in haem auxotrophs might also have alterna-
tive explanations. The free-living nematode C. elegans pos-
sesses a homolog that lacks the canonical FeCH activity,
and it was suggested that this orphaned enzyme plays a role
in membrane transport (Sinclair & Hamza, 2015). Porphy-
rins likely cross the outer mitochondrial membrane via the
ABCB6 transporter (Krishnamurthy et al., 2006) (Fig. 4),
but it is unknown how they pass the inner membrane. In
haem autotrophs, FeCHwas proposed to facilitate porphyrin
or haem import (Khan & Quigley, 2011). Furthermore,
FeCH has been shown to form a complex with mitoferrin,
as well as with two different ATP-dependent transporters,
ABCB10 and ABCB7 (Chen et al., 2009; Chen, Dailey &
Paw, 2010; Maio et al., 2019) (Fig. 4), and may have a role
in modulating the stability and function of these transporters.
The function of ABCB10 is not clear, but it has been sug-
gested to be involved in exporting ALA or haem from the
mitochondrion (Shirihai et al., 2000; Chen et al., 2010;
Khan & Quigley, 2011; Bayeva et al., 2013). While the mole-
cule transported by ABCB7 is also yet to be identified, this
transporter is essential for cytosolic Fe–S cluster synthesis
(Lill, 2009; Hor�akov�a et al., 2015). Mitoferrins deliver iron
for both Fe–S cluster assembly and the final step of haem syn-
thesis. Thus, FeCH is possibly bridging both iron pathways
(Chen et al., 2010) and these interactions might represent reg-
ulatory processes for iron-compound molecular transport
that have been retained even after haem biosynthesis has
been lost. These eukaryotes that cannot synthesise haem de

novo yet possess the final enzyme(s) of the pathway might serve
as useful experimental models for elucidating the potential
additional functions of these proteins.

VI. EUKARYOTIC LIFE WITHOUT HAEM

Until quite recently, eukaryotic life without haem was not
known. Some anaerobic protists possess only a handful of
haemoproteins of currently unknown function. The potential
non-essentiality of these proteins would render such organ-
isms haem-independent. Where these organisms can be cul-
tured, however, they require a medium with animal serum
present so might yet be utilising exogenous haem. Moreover,
the best-studied anaerobic species are obligatory parasites
that may scavenge haem from their hosts (Kořený
et al., 2013). One of the most haemoprotein-reduced eukary-
otes is the intracellular parasite Encephalitozoon intestinalis

(Microsporidia) that has a highly reduced metabolism that
relies on host nutrients and metabolites (Corradi
et al., 2010). It possesses a reduced respiratory chain lacking
haem-containing cytochromes (Williams et al., 2010) and is
incapable of sterol synthesis, typically executed by haem-
containing enzymes (Katinka et al., 2001). Only a single

known haemoprotein is encoded in their genomes, namely
a member of the cytochrome b5 family, yet its function is
unknown (Kořený et al., 2013). Cytochromes b5 are ubiqui-
tous haemoproteins that contribute to various redox
enzymes, such as nitrate reductase, sulphite oxidase, or fatty
acid desaturases (Schenkman & Jansson, 2003). It cannot be
currently excluded that E. intestinalis still requires haem for
this single protein.
The only eukaryote that was shown to thrive in the total

absence of haem is the kinetoplastid parasite of plants Phyto-
monas serpens (Kořený et al., 2012). While this is surprising
for an organism in an aerobic environment, similar to the
‘blood form’ of African trypanosomes it lives in a sugar-rich
environment and generates sufficient ATP by glycolysis
(Sanchez-Moreno et al., 1992). The final electron acceptor
in the rudimentary mitochondrial electron transport chain
is still oxygen, but the respiration generates no energy. Not
even trace amounts of haem have been detected in cellular
extracts of P. serpens, excluding the possibility of cryptic endo-
symbionts supplying the host cell with haem. Analysis of the
draft genomes of three Phytomonas species also revealed
the lack of most haemoproteins and the enzymes for haem
biosynthesis (Porcel et al., 2014). Moreover, biochemical
experiments confirmed that haem plays no role in the mito-
chondrial respiratory chain, oxidative stress defence, or desa-
turation of fatty acids (Kořený et al., 2012). This implies some
unique metabolic adaptations that have allowed this rare
bypass of all requirements for haem.
Phytomonas’s haem independence demonstrates that haem

is not necessarily indispensable in eukaryotes. Indeed, many
processes in which haem typically partakes can be substituted
with non-haem analogues. For example, many peroxidases are
haemoproteins, but there are also non-haem peroxidases which
use other cofactors (Bonifacio et al., 2011).While eukaryotes gen-
erally require cytochrome b5 for the desaturation of fatty acids,
some bacteria and plants use ferredoxin as an electron carrier
(Domergue et al., 2003).Haem is a critical component of the elec-
tron transport chains of mitochondria and plastids, however,
many anaerobic as well as some aerobic eukaryotes generate
ATP primarily through glycolysis and hence do not need oxida-
tive phosphorylation.
The only process that depends entirely on haem and is pre-

sent in most eukaryotes is the demethylation of lanosterol
during the synthesis of sterols. This reaction is catalysed by
lanosterol 14α-demethylase, a member of the cytochrome
P450 family, and there are no documented substitutions with
an analogous non-haem enzyme (Lepesheva &
Waterman, 2007). Sterols such as cholesterol in animals,
ergosterol in fungi and some protists, or the plant sterols,
are fundamental structural compounds of eukaryotic mem-
branes. They are all produced by biosynthetic pathways that,
while differing slightly, always involve the 14α-demethylation
step (Desmond & Gribaldo, 2009). Inhibition of this activity
usually results in cell death, and hence this enzyme is a pop-
ular target for anti-fungicides and antiparasitic drugs (Lamb
et al., 2001; Lepesheva et al., 2007). The only trypanosomatid
parasite shown to be resistant to these drugs was one
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Leishmania species, which could incorporate lanosterol, the
precursor of this enzymatic step, into its membranes
(Rangel et al., 1996). Similarly, studies on Saccharomyces cerevi-

siae showed that under certain circumstances, including
lanosterol 14α-demethylase inhibition and decreased haem
synthesis, lanosterol can function as the main membrane
sterol (Gachotte et al., 1997). In P. serpens cultured axenically
without haem, lanosterol fully substitutes ergosterol in
building the cellular membranes (Kořený et al., 2012). Thus,
for a eukaryote to uncouple its metabolism from haem a rel-
atively complex series of adaptations are required including
changes to energy dependencies, alternative enzymes, and
ultimately a fundamental shift in the composition of its
membranes.

VII. CONCLUSIONS

(1) The utility of haem and related tetrapyrroles has been
instrumental in the development of cellular life. The need
for haem for energy and redox metabolisms, as well as the
importance of derivatives of its synthesis for ubiquitous coen-
zymes and photosynthetic pigments drove dynamic evolution
of haem pathways in both prokaryotic and eukaryotic
domains.

(2) The diversification of eukaryotes through multiple cel-
lular symbioses, first between prokaryotes and later including
mergers with each other, has seen ongoing reconfiguring of
the originally prokaryotic pathways in an astonishing num-
ber of ways.

(3) The mitochondrion linked haem synthesis to carbon
metabolism through the TCA cycle. The demands for haem
in this organelle for energy metabolism drove the start, finish
and regulation of its synthesis into this compartment.

(4) The gain of plastids as a second energetic compartment
established a tension within the increasingly complex com-
partmentalisation of the eukaryotic cell with the plastid typi-
cally favoured as the new site for haem synthesis. Multiple
independent gains of plastids have repeatedly tested the
haem power-sharing arrangements of the cell, and a wide
range of interim and stable solutions for haem control are
found across eukaryotic diversity.

(5) The tensions of haem control remain evident as the sec-
ondary loss of photosynthesis often leads to the reversion to
the mitochondrion-centric states.

(6) Serial endosymbioses also add to the genetic diversity of
the pathway via gene replacement through EGT and/or
HGT, further testimony to the adaptability of this pathway.

(7) Where eukaryotes can source haem or its intermediates
from external sources they are frequently seen to lose most or
all of its pathway for synthesis. In very rare examples a need
for haem can even be nearly or completely eliminated.

(8) By broadly surveying taxonomic diversity it is clear that
haem’s history is highly convoluted and dynamic, and
that negotiations for the control and influence of this keymol-
ecule have been at the centre of the evolution of cellular life.
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(2020). Phylogenomics provides robust support for a two-domains tree of life.
Nature Ecology & Evolution 4, 138–147.

Woodson, J. D., Perez-Ruiz, J. M. & Chory, J. (2011). Heme synthesis by plastid
ferrochelatase I regulates nuclear gene expression in plants. Current Biology 21,
897–903.

Wu, B., Novelli, J., Jiang, D., Dailey, H. A., Landmann, F., Ford, L.,
Taylor, M. J., Carlow, C. K., Kumar, S., Foster, J. M. & Slatko, B. E.

(2013). Interdomain lateral gene transfer of an essential ferrochelatase gene in
human parasitic nematodes. Proceedings of the National Academy of Sciences of the

United States of America 110, 7748–7753.

Wu, G. Z. & Bock, R. (2021). GUN control in retrograde signaling: how GENOMES
UNCOUPLED proteins adjust nuclear gene expression to plastid biogenesis. Plant
Cell 33, 457–474.

Yamauchi, K., Hayashi, N. & Kikuchi, G. (1980). Translocation of delta-
aminolevulinate synthase from the cytosol to the mitochondria and its regulation
by hemin in the rat liver. The Journal of Biological Chemistry 255, 1746–1751.

Yao, N., Eisfelder, B. J., Marvin, J. & Greenberg, J. T. (2004). The
mitochondrion - an organelle commonly involved in programmed cell death in
Arabidopsis thaliana. The Plant Journal 40, 596–610.

Yao, N. & Greenberg, J. T. (2006). Arabidopsis accelerated cell death2 modulates
programmed cell death. The Plant Cell 18, 397–411.

Yeh, E. & DeRisi, J. L. (2011). Chemical rescue of malaria parasites lacking an
apicoplast defines organelle function in blood-stage Plasmodium falciparum. PLoS

Biology 9, e1001138.
Yoon, T. & Cowan, J. A. (2004). Frataxin-mediated iron delivery to ferrochelatase in
the final step of heme biosynthesis. The Journal of Biological Chemistry 279, 25943–25946.

Zhang, Y.,Ma,A.,Liu,W.,Bai, Z.,Zhuang,X.&Zhuang,G. (2018). The occurrence
of putative nitric oxide dismutase (NOD) in an alpine wetland with a new dominant
subcluster and the potential ability for a methane sink. Archaea 2018, 6201541.

Zheng, K.,Ngo, P. D.,Owens, V. L., Yang, X. P. &Mansoorabadi, S. O. (2016).
The biosynthetic pathway of coenzyme F430 in methanogenic and methanotrophic
archaea. Science 354, 339–342.

Zı́kov�a, A., Verner, Z., Nenarokova, A., Michels, P. & Lukeš, J. (2017). A
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