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The function of genomes in bioenergetic organelles

John F. Allen

Plant Biochemistry, Center for Chemistry and Chemical Engineering, Lund University, Box 124, SE-221 00 Lund, Sweden

( john.allen@plantbio.lu.se)

Mitochondria and chloroplasts are energy-transducing organelles of the cytoplasm of eukaryotic cells.

They originated as bacterial symbionts whose host cells acquired respiration from the precursor of the

mitochondrion, and oxygenic photosynthesis from the precursor of the chloroplast. The host cells also

acquired genetic information from their symbionts, eventually incorporating much of it into their own

genomes. Genes of the eukaryotic cell nucleus now encode most mitochondrial and chloroplast proteins.

Genes are copied and moved between cellular compartments with relative ease, and there is no obvious

obstacle to successful import of any protein precursor from the cytosol. So why are any genes at all

retained in cytoplasmic organelles? One proposal is that these small but functional genomes provide a

location for genes that is close to, and in the same compartment as, their gene products. This co-location

facilitates rapid and direct regulatory coupling. Redox control of synthesis de novo is put forward as the

common property of those proteins that must be encoded and synthesized within mitochondria and

chloroplasts. This testable hypothesis is termed CORR, for co-location for redox regulation. Principles,

predictions and consequences of CORR are examined in the context of competing hypotheses and cur-

rent evidence.
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1. INTRODUCTION

Mitochondria and chloroplasts are cytoplasmic organelles

of eukaryotic cells. Their primary function is energy trans-

duction. Mitochondria carry out respiration, where energy

is provided by differences in chemical redox potential,

whereas chloroplasts carry out photosynthesis, where the

source of energy is light. Both processes couple vectorial

electron transfer (redox chemistry) to ATP synthesis, by

means of a transmembrane proton motive force. The

primary steps in energy transduction are intrinsic to

internal membranes—mitochondrial inner membranes

and chloroplast thylakoids—that are homologous with

energy-transducing, cytoplasmic membranes of bacteria.

Mitochondria and chloroplasts also contain, respectively,

associated metabolic cycles of carbon dioxide production

(the oxidative tricarboxylic acid pathway) and assimilation

(the reductive pentose phosphate pathway). These cycles

are coupled tightly to energy transduction but involve sol-

uble intermediates and are catalysed by soluble enzymes.

They take place in internal aqueous phases—the mito-

chondrial matrix and chloroplast stroma—that are hom-

ologous with the bacterial cytoplasm.

A prominent feature of mitochondria and chloroplasts

is, at first sight, apparently unrelated to their primary func-

tion: their internal, aqueous phases also contain discrete,

quasi-autonomous, genetic systems. Each organelle’s gen-

etic system contains DNA, RNA and all the components

necessary both for DNA replication and for synthesis of

the proteins encoded therein. Nuclearly encoded compo-

One contribution of 21 to a Discussion Meeting Issue ‘Chloroplasts and

mitochondria: functional genomics and evolution’.

Phil. Trans. R. Soc. Lond. B (2003) 358, 19–38 19 Ó 2002 The Royal Society

DOI 10.1098/rstb.2002.1191

nents are always required for the operation of an organel-

lar genetic system, but mitochondria and chloroplasts may

nevertheless be described as ‘quasi-autonomous’: they

arise only from pre-existing mitochondria and chloro-

plasts, and they are capable of performing synthesis of

some of their own components, even, transiently, after iso-

lation in vitro. The proteins synthesized that are not part

of the genetic system are a subset of proteins with related

functions in electron transport and closely related events

in photosynthesis and respiration. A central core of this

subset of proteins contains proteins that are universally

organelle-encoded. These include membrane-spanning

subunits that are central to protein complexes of electron

transfer and proton translocation.

Figure 1 is a schematic diagram of generalized animal

mitochondrial inner membrane. Figure 2 is the corre-

sponding diagram of part of a generalized chloroplast from

a green plant. In both diagrams, protein subunits are

presented as cartoon shapes that are coloured in such as

way as to indicate the location of the genes encoding them.

Inventories of mitochondrial (Lang et al. 1999) and chlor-

oplast (Stoebe et al. 1998; Martin et al. 2002) genes are

available and the list of organisms from which they come

is growing rapidly (Korab-Laskowska et al. 1998). Table

1 presents a summary of the functions of chloroplast genes

retained from cyanobacteria.

The retention of protein-coding genes in organelle

DNA must be the result of an evolutionary process. The

evolutionary mechanisms at work, and the selection press-

ures for loss and retention of genes, are open and contro-

versial questions. A broad spectrum of contrasting views

can be found in the literature and some of these are con-

sidered in § 4.
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Figure 1. Elements of energy transduction in respiration and oxidative phosphorylation in mitochondria. The mitochondrial

inner membrane is shown in yellow. The principal complexes involved in energy transduction are complex I (NADH

dehydrogenase), complex II (succinate dehydrogenase), complex III (the cytochrome b–c1 complex), complex IV (cytochrome c

oxidase), and the coupling ATPase. Vectorial electron transfer is depicted as thin, dark-blue arrows. Proton (hydrogen ion;

H1) translocation is depicted as thin, red arrows. Other chemical conversions are given as black arrows. The major, variable

environmental input is oxygen (O2), shown in blue. Subunits of protein complexes are coloured according to the location of

the genes encoding them. Mitochondria are usually pink or reddish-brown, the colour of cytochromes and iron–sulphur

proteins, so reddish-brown subunits have genes in the mitochondrion and are synthesized in the mitochondrial matrix; light

brown subunits have genes in the nucleus, and are imported from the cytosol as precursors. The depiction of sites of synthesis

is schematic only and corresponds roughly to the arrangement in vertebrates. Adapted from Ozawa (1995).

ATP

ADP

H+

NADP+

NADPH

CH2O

ATP

ADPNADP+

NADPH
H2O O2

H+

H+ H+

H+O2

H2O
H+ H+

CO2

RUBISCO

H+

photosystem II Cyt b6
_f photosystem I ATPase

thylakoid lumen
P-phase

N-phase
chloroplast stroma

light light

light

Figure 2. Elements of energy transduction in photosynthesis in chloroplasts. The chloroplast thylakoid membrane is shown in

yellow. The principal complexes involved in energy transduction are photosystem II, the cytochrome b6–f complex (Cyt b6–f ),

photosystem I, the coupling ATPase, and RUBISCO. Vectorial electron transfer is depicted as thin, dark-blue arrows. Proton

(hydrogen ion; H1) translocation is depicted as thin, red arrows. Other chemical conversions are given as black arrows. The

major, variable environmental inputs are light (orange arrows) and carbon dioxide (blue). Subunits of protein complexes are

coloured according to the location of the genes encoding them. Chloroplasts are usually green, so green subunits have genes in

the chloroplast and are synthesized in the chloroplast stroma; light brown subunits have genes in the nucleus, and are

imported from the cytosol as precursors. Biochemically, green suggests chlorophyll, and the colouring is then counterintuitive:

only the reaction centre subunits of photosystems I and II are both chlorophyll-binding and synthesized in the chloroplast.

The depiction of sites of synthesis is schematic only and corresponds roughly to the arrangement in land plants. Adapted from

Martin & Herrmann (1998) and Race et al. (1999).
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Table 1. Retention of cyanobacterial genes in chloroplast DNA.

(Protein-coding genes are sorted into the functional categories assigned by Kaneko et al. (1996a,b). The genes are named, and

their distribution recorded in 16 completely sequenced chloroplast genomes to date, in Martin et al. (2002), from which the data

are taken. Electronic Appendix A (available on The Royal Society’s Publications Web site) lists the genes, sorted into the functional

categories of their gene products. GPC, genes per functional category. The number of genes present, in each category, in the

cyanobacterium Synechocystis PCC 6803 (Syn) and in any chloroplast genome completely sequenced (cp). Cat Ret, category

retention. The number of times that a Synechocystis functional category is represented by a gene in cpDNA, divided by the number

of genes in that category in Synechocystis itself. Cat Ret = cp/Syn. For example, Synechocystis has 84 genes for amino-acid biosynth-

esis, 10 of which are still present in at least one of 16 sequenced plastid genomes. Hence, Cat Ret = 10/84 = 11.9% for amino-

acid biosynthesis. Deg Ret, degree of retention. The number of genes present in 16 chloroplast genomes, divided by 16, and

multiplied by the number of times that the functional category is represented in chloroplast DNA. For example, in the 16 genomes

analysed, there are 10 different amino-acid biosynthetic genes that occur in at least one cpDNA. But of the 160 elements of the

resulting matrix that could be positive, only 27 are. Hence, Deg Ret = 27/(16 ´ 10) = 16.9% for amino-acid biosynthesis. F(ret),

fraction of retention. The number of genes present in 16 chloroplast genomes, divided by 16, and multiplied by the number of

times that the functional category is represented in Synechocystis. For example, in the 16 genomes sequenced, 27 different amino-

acid biosynthetic genes occur in cpDNA. Synechocystis has 84 genes for amino-acid biosynthesis that can be assumed to have

been present in the common ancestor of these 16 plastid genomes. Hence, for amino-acid biosynthesis,

F(ret) = 27/(16 ´ 84) = 2.0%. The genes analysed here correspond to those tabulated by Martin et al. (2002). Only genes with

known homologues in cyanobacterial genomes were included in the analysis. Values were calculated from the supplementary

material of Martin et al. (2002), which was downloaded from http://www.pnas.org/cgi/content/full/182432999/DCI at the PNAS

Web site.)

no. of GPC

Syn cp Cat Ret (%) Deg Ret (%) F(ret) (%)

amino-acid biosynthesis 84 10 11.9 16.9 2.0

cofactor/prosthetic group biosynthesis 108 21 19.4 20.2 3.9

cell envelope 64 7 10.9 25.0 2.7

cellular processes 68 19 27.9 21.0 5.9

central metabolism 31 1 3.2 6.3 0.2

energy metabolism 86 3 3.5 12.5 0.4

fatty-acid biosynthesis 35 8 22.9 17.2 3.9

photosynthesis and respiration 139 74 53.2 60.3 32.1

photosystem I 12 11 91.7 62.5 57.3

photosystem II 25 20 80.0 80.6 64.5

purine and pyrimidine biosynthesis 39 1 2.6 6.3 0.2

regulatory functions 136 7 5.1 17.8 0.9

DNA replication 49 2 4.1 15.6 0.6

transcription 23 4 17.4 100.0 13.0

translation 144 56 38.9 53.1 20.7

transport 158 2 1.3 6.3 0.1

other plus hypothetical 587 43 7.3 20.2 1.5

(a) The bacterial nature of mitochondria and

chloroplasts

It is generally accepted that organellar genetic systems

are evidence for the evolutionary origin of mitochondria

and chloroplasts as free-living eubacteria, or a-proteobac-

teria, which entered into close inter-dependency with a

host cell (Douglas 1998; Delwiche 1999; Lang et al. 1999;

McFadden 1999, 2001; Roger 1999; Hackstein et al.

2001; Stoebe & Maier 2002). The genetic systems

retained by organelles have many distinctively bacterial

features, and heterologous systems for gene expression can

be reconstituted in vitro from organellar and bacterial

components. By sharp contrast, the genetic systems of the

eukaryotic cell nucleus and cytosol are only distantly

related to those of bacteria and to those of their own cyto-

plasmic organelles. Instead, nucleo-cytoplasmic genetic

systems more closely resemble the genetic systems of

archaea (also known as archaebacteria). It is has been sug-

gested that eukaryotic cells are an archaeal system of infor-

mation storage, replication, transcription and translation

that is powered by a eubacterial system of energy trans-

Phil. Trans. R. Soc. Lond. B (2003)

duction (Martin & Russell 2003). The genetic systems of

mitochondria and chloroplasts can then be viewed as

eukaryotic cells’ residual, bacterial systems of information

storage and transmission. Eukaryotic cells’ residual,

archaeal systems of energy transduction might then

include direct vectorial ion pumps such as P- and V-ATP-

ases, and seven-helix transporters now associated prim-

arily with information and signalling. However, the central

processes of energy transduction, respiration and photo-

synthesis, are clearly bacterial in origin.

(b) Currencies of symbiosis

One hypothesis for the origin of mitochondria states

that the nucleo-cytoplasmic system of eukaryotes is

derived from that of an archaeal, methanogenic chemo-

autotroph that came to rely on the precursor of mitochon-

dria for its supply of molecular hydrogen (Martin &

Muller 1998). This ‘hydrogen hypothesis for the first

eukaryote’ resolves a long-held but paradoxical feature of

the endosymbiont hypothesis: how could a heterotrophic

host cell have been able to supply abundant organic sub-

http://www.pnas.org/cgi/content/full/182432999/DCI
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strates that the bacterial precursor of mitochondria could

not already obtain for itself? Furthermore, a second para-

dox is resolved, or at a least avoided: export of ATP from

the bacterial partner was not an immediate requirement

for the symbiosis to become established and could have

evolved subsequently. Thus, it is not necessary to postu-

late a suicidal bacterium that excretes ATP, nor a deferred

selective advantage to the partnership, implying foresight,

or an assurance of eventual contract fulfilment.

The hydrogen hypothesis (Martin & Muller 1998) seeks

to provide an explanation of the origin of mitochondria

that accounts for the immediate benefit of the primordial

symbiosis to each partner, but the implications of the

hydrogen hypothesis for the origin of chloroplasts seem

not to have been considered in detail. ‘What was in it for

the proto-chloroplast?’ may be an even more acute ques-

tion than ‘what was in it for the proto-mitochondrion?’,

as, speaking metabolically and energetically, cyanobacteria

can do almost anything.

Eukaryotes, whether autotrophic or heterotrophic, have

now mostly adopted the aerobic part of the energy metab-

olism of their original, bacterial constituents, though inter-

esting exceptions are known. Respiration and

photosynthesis are antiparallel hydrogen transfer (redox)

reactions.

respiration

light, photosynthesis

CH2O + A2 + H2O 2H2A + CO2

As in the Van Niel equation for photosynthesis, A may

be an organic moiety, for example giving H2A as succi-

nate; an inorganic element such as sulphur; or even

‘nothing’, so that H2A becomes H2. When A is O

(oxygen), it becomes obvious that O2 in photosynthesis

comes from H2O, not CO2, and the equation simplifies to:

respiration

light, photosynthesis

CH2O + O2 H2O + CO2

Phosphate group transfer and electron-transfer-linked

ATP synthesis are intermediates in all cases. In respir-

ation, CO2 is produced from stepwise oxidative decar-

boxylations of pyruvate dehydrogenase and reactions of

the tricarboxylic acid cycle. In most forms of photosyn-

thesis CO2 is assimilated to form, initially, sugar phos-

phates.

The mitochondrion exports ATP and CO2, and imports

ADP, inorganic phosphate, an electron acceptor, and

pyruvate. Energetically, the preferred electron acceptor is

molecular oxygen. Oxygen comes from the environment:

cells and cell membranes are freely permeable to oxygen.

The primary metabolic division of labour between the

chloroplast and the plant cytosol is that the chloroplast

exports oxygen and reduced sugar phosphates (triose

phosphate), and imports CO2, less reduced sugars (3-

phosphoglycerate), and inorganic phosphate. The light

Phil. Trans. R. Soc. Lond. B (2003)

comes directly from the external environment, and, in this

respect, the chloroplast thylakoid is the external boundary

of the plant cell, where light, both as energy and infor-

mation, is first received. The CO2 is also an environmental

input, though its supply may be regulated locally by CO2-

or HCO2
3 -concentrating mechanisms.

At the cellular level, the mitochondrial inner membrane

is the first place where altered O2 supply exerts its pro-

found metabolic effects. Even granted specialized photore-

ceptors, the chloroplast thylakoid membrane is first place

where changes in light quality and intensity affect a plant’s

primary input of energy. Temperature changes selectively

affect diffusion-limited metabolism involving soluble

intermediates. In both locations, abiotic environmental

changes therefore have immediate and very far-reaching

effects on electron transfer and redox chemistry. The

internal membranes of mitochondria and chloroplasts

stand at the energetic interface of the cell with the physical

environment, and are likely to be first to know about, and

respond to, its changes.

2. THE PROBLEM OF CYTOPLASMIC GENETIC

SYSTEMS

Given that the genomes of mitochondria and chloro-

plasts are derived from those of once free-living bacteria,

it is clear that most of the bacterial genes that have sur-

vived in any form have now been removed to the cell

nucleus. If most genes can be moved to the nucleus, then

why not any gene? And if any gene can be moved, why

not all? Why have mitochondria and chloroplasts retained

functional genomes at all? What do the genes of mitochon-

dria and chloroplasts have in common that has resulted

in their retention?

Alberts et al. (1994, p. 400) succinctly describe the

problem posed by the persistence of cytoplasmic genetic

systems, as follows:

Why do mitochondria and chloroplasts require their own

separate genetic systems when other organelles that

share the same cytoplasm, such as peroxisomes and lyso-

somes, do not?… The reason for such a costly arrange-

ment is not clear, and the hope that the nucleotide

sequences of mitochondrial and chloroplast genomes

would provide the answer has proved unfounded. We

cannot think of compelling reasons why the proteins

made in mitochondria and chloroplasts should be made

there rather than in the cytosol.

3. CORR: CO-LOCATION OF GENES AND GENE

PRODUCTS FOR REDOX REGULATION OF GENE

EXPRESSION

This hypothesis states that mitochondria and chloro-

plasts contain genes whose expression is required to be

under the direct regulatory control of the redox state of

their gene products, or of electron carriers with which

their gene products interact. These genes comprise a core,

or primary subset, of organellar genes. The requirement

for redox control of each gene in the primary subset then

confers a selective advantage upon location of that gene

within the organelle instead of in the cell nucleus. Chloro-

plast and mitochondrial genomes also contain genes for
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components of the chloroplast and mitochondrial genetic

systems themselves. These genes comprise a secondary

subset of organellar genes; genetic system genes. There is

generally no requirement for redox control of expression

of genes in this secondary subset, though retention of

redox control of genetic system genes may, in some cases,

allow amplification of redox signals acting upon genes in

the primary subset. Retention of genes of the secondary

subset (genetic system genes) is necessary for the oper-

ation of redox control of expression of genes in the primary

subset (bioenergetic genes). Without genes in the primary

subset, the function of genes in the secondary subset is

eventually lost, and organelles lose their genomes.

This hypothesis of co-location for redox regulation of

gene expression, CORR, was first outlined in a review

(Allen 1992). The hypothesis was then systematically put

forward in two articles (Allen 1993a,b), developed

(Allen & Raven 1996), and has been independently

reviewed (Race et al. 1999). Some of its predictions have

been tested experimentally, as described later.

Figure 3 illustrates the general idea of redox regulatory

control operating on mitochondrial genes to give the dis-

tribution of sites of protein synthesis seen in figure 1. Fig-

ure 4 shows the corresponding, predicted pattern of

chloroplast redox regulatory control giving rise to the dis-

tribution of sites of protein synthesis seen in figure 2.

Table 1 shows a functional classification of cyanobacterial

genes retained in 16 completely sequenced chloroplast

genomes. This analysis (table 1) reveals a strong selective

retention of genes for subunits of complexes involved in

respiration and photosynthesis, and especially in chloro-

plast photosystems I and II. The pattern (table 1) seems

to be broadly consistent with CORR (figure 4) and incon-

sistent with alternative hypotheses (see § 4). It is reason-

able to view photosynthesis as a process where precise,

rapid and coordinated redox regulatory control of gene

expression repays the cost of maintaining a chloroplast

genetic system.

The CORR hypothesis is based on several propositions,

assumptions or principles, 10 of which are stated explicitly

and listed below. Some of the principles are already generally

accepted; some are shared with competing hypotheses;

and some make direct experimental predictions. However,

other underlying principles of CORR are themselves general

principles, or subsidiary hypotheses, for which no direct

proof is available, but for which predictions are made and

potentially falsifying observations or results can be imagined.

The 10 principles that form the basis of the CORR

hypothesis follow, and each will be critically discussed in

the light of available evidence.

(a) The principle of endosymbiotic origin

As now generally agreed, bioenergetic organelles have

evolved from free-living bacteria.

Although once controversial (Mahler & Raff 1975), this

principle will be taken as an axiom and not considered

further here. The reader is referred to Gray & Doolittle

(1982); Gray (1992); Martin (1999); Martin et al. (2001),

to § 1, and to accompanying articles in this journal issue.

(b) The principle of unselective gene transfer

Gene transfer between the symbiont or organelle and the cell

nucleus may occur in either direction and is not selective for

particular genes.

Phil. Trans. R. Soc. Lond. B (2003)

This principle takes the form of a testable assertion that

seems to be consistent with current knowledge. Nothing

certain seems to be known about the mechanism of intra-

cellular gene relocation (Palmer 1997; Martin & Herrm-

ann 1998; Martin et al. 1998; Adams et al. 2000; Henze &

Martin 2001; Millen et al. 2001; Rujan & Martin 2001;

Daley et al. 2002). Plausible scenarios can be imagined on

the basis of the classical genetical phenomena of trans-

formation, transduction and transfection. However, as

there is no agreed mechanism, there is no basis for

asserting a mechanistic argument for selectivity. Gene

transfer between the organelle and nucleus seems to be a

special case of lateral, or horizontal, gene transfer

(Doolittle 1999), and no mechanistic basis seems to be

currently available for selectivity in what may be trans-

ferred. It should also be pointed out that lateral gene

transfer between the organelle and nucleus does not have

to occur within a single cell, nor within a multicellular

individual (although here any vertically transmitted gene

must be incorporated into the germ line), for the outcome

of copying genes to novel compartments to be secured.

Thus, any plausible mechanism for heterologous recombi-

nation may apply equally to gene transfer between com-

partments. Mitochondrial departures from the ‘universal’

genetic code and biased codon usage in chloroplasts (see

later) may be of selective value in that a barrier is thereby

put in place to expression of genes in the ‘wrong’ compart-

ment. This barrier is unlikely to be insuperable, especially

if the ‘wrong’ compartment turns out actually to be a bet-

ter location. Impeded relocation might confer stability

without being a primary reason for the existence of cyto-

plasmic genomes.

(c) The principle of unselective protein import

There is no barrier to the successful import of any precursor

protein, nor to its processing and assembly into a functional,

mature form.

As with § 3b, this principle takes the form of a testable

assertion that seems to be consistent with current knowl-

edge. The principle is discussed in more detail in § 4,

because its negation (some proteins cannot be imported)

has previously been put forward, in itself, as a reason for

the retention of cytoplasmic genomes. Good hypotheses

are easily falsified, and they therefore forbid certain obser-

vations. The principle of unselective protein import for-

bids the existence of a protein, even a synthetic one, that

cannot be imported by some means, as a precursor.

(d) The principle of continuity of redox control

Direct redox control of expression of certain genes was present

in the bacterial progenitors of chloroplasts and mitochondria,

and was vital for selectively advantageous cell function before,

during and after the transition from bacterium to organelle. The

mechanisms of this control have been conserved.

This principle has been tested experimentally in the past

few years and seems to be corroborated by an emerging

picture of redox signalling in bacteria and organelles.

Experiments carried out in vitro on the products of protein

synthesis (Allen et al. 1995; Galvis et al. 1998) or RNA

synthesis (Pearson et al. 1993; Konstantinov et al. 1995;

Wilson et al. 1996b) are consistent with a general phenom-

enon of redox dependency of gene expression in bioener-

getic organelles. Redox control of chloroplast transcription



24 J. F. Allen Genomes in mitochondria and chloroplasts
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H2O
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mitochondrial matrix

Figure 3. Gene expression and principal pathways of biosynthesis of subunits of protein complexes involved in respiration and

oxidative phosphorylation in animal mitochondria. As in figure 1, reddish-brown DNA, RNA and protein subunits are located

and synthesized in the mitochondrial matrix; light brown protein subunits have genes (also light brown) in the nucleus, and

are imported from the cytosol as precursors. White genes and ribosomal and protein subunits are nuclear–cytoplasmic and of

archaebacterial origin. Reddish-brown and light-brown genes and ribosomal and protein subunits are of bacterial origin. The

major, variable environmental input is oxygen (blue). The essence of the CORR hypothesis is that it is beyond the ability of

the nuclear–cytoplasmic system to respond rapidly and directly to changes in oxygen concentration or partial pressure, and so

redox regulation of gene expression (red arrows), has been retained from the ancestral endosymbiont. This redox regulation

requires co-location of certain genes, with their gene products, within the mitochondrion.

nucleus cytosol

CH2O

CO2

redox regulation

N-phase
chloroplast stroma

light light

Figure 4. Gene expression and principal pathways of biosynthesis of subunits of protein complexes involved in

photosynthesis in chloroplasts. As in figure 2, green DNA, RNA and protein subunits are located and synthesized in the

chloroplast; light brown protein subunits have genes (also light brown) in the nucleus, and are imported from the cytosol

as precursors. White genes and ribosomal and protein subunits are nuclear–cytoplasmic and of archaebacterial origin.

Green and light-brown genes and ribosomal and protein subunits are of bacterial origin. The major environmental inputs

are light (orange arrows) and carbon dioxide (blue). The essence of the CORR hypothesis is that it is beyond the ability

of the nuclear–cytoplasmic system to respond rapidly and directly to changes in light and carbon dioxide, and so redox

regulation of gene expression (red arrows), has been retained from the ancestral endosymbiont. This redox regulation

requires co-location of certain genes, with their gene products, within the chloroplast.

Phil. Trans. R. Soc. Lond. B (2003)
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has been demonstrated (Pfannschmidt et al. 1999a,b;

Allen & Pfannschmidt 2000; Tullberg et al. 2000) and was

prompted by this principle.

The level of redox control of chloroplast transcription

established unequivocally so far is that of plastoquinone,

an electron and hydrogen atom carrier located strategically

between photosystems I and II of photosynthesis. The

directions in which the effects are exerted are functionally

intelligible: reduction of plastoquinone increases photosy-

stem I transcription and decreases photosystem II

transcription; oxidation of plastoquinone decreases photo-

system I transcription and increases photosystem II tran-

scription. Plastoquinone, in normal photosynthesis, is

reduced by the action of photosystem II and oxidized by

that of photosystem I. Therefore redox control of chloro-

plast gene expression provides a compensatory response

(Pfannschmidt et al. 1999a), and adds a previously mis-

sing part of an explanation for the ability of plants and

algae to adjust the ratio of the two photosystems in

response to changes in light quality (Chow et al. 1990).

By the same argument, a functionally equivalent post-

translational mechanism of redox control of light-

harvesting function by photosystems I and II may have

been conserved during the transition from prokaryotes to

eukaryotes (Allen 1992, 1995; Allen & Nilsson 1997;

Allen & Race 2002).

The precedent of chloroplast redox control of transcrip-

tion (Pfannschmidt et al. 1999a,b), taken together with the

principle in § 3d, predicts plastoquinone redox control of

cyanobacterial reaction centre gene transcription, and this

is borne out by experiment (El Bissati & Kirilovsky

2001). This complementary, self-adjusting transcriptional

response (Fujita 1997; Murakami et al. 1997; El Bissati &

Kirilovsky 2001), indicates strongly that redox control of

photosynthetic reaction centre gene transcription was

present in the proto-chloroplast. Thus, the mechanism of

regulation is likely to have been conserved throughout the

evolutionary transition from bacterial symbiont to cyto-

plasmic organelle. A conserved mechanism of redox regu-

lation of transcription in photosynthetic prokaryotes

(Unden & Bongaerts 1997; Bauer et al. 1999) and chloro-

plasts (Allen 1993c; Pfannschmidt et al. 1999b), is pre-

dicted if evolutionary continuity of the process has been

maintained.

Thus, apart from being consistent with experimental

data, the principle of continuity of redox control has been

of heuristic value in pointing to the underlying bacterial

character, previously unsuspected, in the control of gene

expression, especially of transcription, in chloroplasts of

higher plants. Other possible precedents for redox signal-

ling components of cytoplasmic organelles include the prr

(Eraso & Kaplan 2000, 2002; Oh & Kaplan 2000) and

reg (Bauer et al. 1999) redox regulatory systems of purple

non-sulphur bacteria. The TspO ‘oxygen sensor’ of Rho-

dobacter sphaeroides is present in mammalian mitochondria

as a protein known there as a benzodiazepine receptor,

and each protein will complement loss of the other

(Yeliseev & Kaplan 2000). As outlined in § 3j, genes for

such components are to be expected primarily in nuclear

genomes. This independent evolutionary hypothesis (§ 3d)

would be strengthened still further by a demonstration of

one or more decisive redox regulatory links shared by pho-

tosynthetic prokaryotes and all eukaryotes with mitochon-
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dria and, where present, with chloroplasts (Bauer et al.

2003).

(e) The principle of the selective value of redox

control

For each gene under redox control (§ 3d), it is selectively

advantageous for that gene to be retained and expressed only

within the organelle.

The twin selective advantages of redox control are likely

to be energetic efficiency and the suppression of the harm-

ful side effects of electron transport operating on the

wrong substrates. No direct experimental support for this

principle is available, and, equally, there is no evidence

against it. Allotopic mutants, in which genes have been

experimentally relocated from organelles to the nucleus,

have been produced in yeast, higher plants (Kanevski &

Maliga 1994) and human cells (Manfredi et al. 2002) and

are predicted by CORR to be poor adapters to environ-

mental change. Some authors believe there is potential

therapeutic value in allotopic transformation, moving

mitochondrial genomes to the nucleus (Kanevski &

Maliga 1994; de Grey 2000), and predict the possibility

of r2 human cell lines in the foreseeable future (de Grey

2000). This principle also has implications for ageing and

the evolution of separate sexes (Allen 1996) and possible

consequences for development (Blackstone 1999, 2000,

2001; Harvey et al. 2002) and somatic cloning in animals

(Allen & Allen 1999).

(f ) The principle of the selective value of nuclear

location for genes not under redox control

For each bacterial gene that survives and is not under redox

control, it is selectively advantageous for that gene to be located

in the nucleus and expressed only in the nucleus and cytosol.

If the mature gene product functions in chloroplasts or mito-

chondria, the gene is first expressed in the form of a precursor

for import.

There are several possible reasons for the selective

advantage of nuclear location of genes for organellar pro-

teins. One is the decreased probability of mutation arising

from free radical by-products of ‘incorrect’ electron trans-

fers (Raven et al. 1994a,b; Allen & Raven 1996). There

would seem to be obvious economies in resource use, and

advantages in coordination of gene expression, if genes are

kept in one compartment. One might say that the bipartite

or tripartite genetic system of eukaryotic cells is untidy

and inefficient.

Another suggestion is that organellar genes do not

undergo recombination, and are present in relatively small

copy numbers, so that disadvantageous mutations will

spread relatively quickly through a clonal population of

organelles. Incorporation of functional gene copies,

instead, into the nuclear genome may then be an irrevers-

ible step analogous to the click of a ratchet (Saccone et al.

2000). There are examples of genes shared between all

three compartments (Stern & Lonsdale 1982; Lonsdale et

al. 1983).

The cost of retaining an organellar genetic system is not

increased appreciably when additional genes are retained

in organelles: if just one gene is retained, then the cost of

a cytoplasmic genetic system is incurred, and there may be

relatively little extra cost for each additional gene retained

(Allen & Raven 1996). For a functional explanation of the
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existence of chloroplast and mitochondrial genomes, the

focus of attention should therefore be on the relatively

constant, primary subset of bioenergetic genes (§ 3e).

(g) The principle of contemporary operation of

selection on gene location

For any species, the distribution of genes between organelle

(by the principle in § 3e) and nucleus (by the principle in § 3f)

is the result of selective forces that continue to operate.

This principle is essentially a statement contradicting

both the ‘frozen accident’ hypothesis and the hypothesis

that gene relocation is progressive, predictable, and still

incomplete (§ 4). In support of this principle, it is becom-

ing increasingly clear that mitochondria that lose their

function in aerobic respiration also lose their genomes, as

seen in the relict mitochondria of microsporidia

(Embley & Martin 1998; Van der Giezen et al. 2002) and

the ‘mitosome’ of Entamoeba histolytica (Tovar et al.

1999). In chloroplasts, loss of photosynthesis results in

loss of photosynthetic genes. The examples of Epifagus (a

parasitic higher plant) (Ems et al. 1995; Wolfe et al. 1992)

and the residual apicomplexan plastids of Plasmodium

(Wilson et al. 1996a) and Toxoplasma, where some plas-

tidic genetic system is retained, mean that some of their

gene products must be subject to redox regulation of gene

expression if this principle is correct. Experimental test of

this principle is possible, using allotopic mutants, as for

the predictions of the principle in § 3f. The evidence that

the apicoplast (Wilson et al. 1996a) is a plastid is largely

genetic: the residual genome resembles that of photosyn-

thetic plastids (chloroplasts) in gene organization rather

than in content. A plastid that has completely lost its gen-

ome, by virtue of having lost photosynthesis and all other

processes requiring redox regulation, might be difficult to

distinguish from an organelle derived in a similar way from

a mitochondrion. The persistence of targeted, imported

chaperones Hsp70 (Tovar et al. 1999; Williams et al.

2002) and cp60 (Roger et al. 1998) in residual organelles

might not distinguish a plastid ancestry from a mitochon-

drial one.

(h) The principle of primary involvement in

energy transduction

Those genes for which redox control is always vital to cell

function have gene products involved in, or closely connected

with, primary electron transfer. These genes are always con-

tained within the organelle.

This principle would be violated, and the CORR

hypothesis refuted, if any photosynthetic reaction centre

core subunit or respiratory chain subunit currently

organelle-encoded is found that functions in primary, vec-

torial electron transport and is nevertheless encoded in the

nucleus and synthesized cytosolically as a precursor for

import, all without any selective cost to the individual.

From the chloroplast transcriptional experiments of

Pfannschmidt et al. (1999a,b), the chloroplast genes

whose transcription is regulated by the plastoquinone

redox state include psaAB (for photosystem I reaction

centre core polypeptides); psbA (for the photosystem II

polypeptide, D1); and rbcL (for the large subunit of RUB-

ISCO, interestingly following the same pattern of redox

control—upregulated by oxidized plastoquinone—as

psbA). Transcription of the chloroplast genes petA

Phil. Trans. R. Soc. Lond. B (2003)

(cytochrome f ); trnG (glycine tRNA) and rpoB (RNA

polymerase) did not respond to plastoquinone redox state.

petA for cytochrome f is predicted by this principle to be

regulated at a different level of redox control, or, if at plas-

toquinone, at a different stage in gene expression. This

prediction might also apply to trnG and rpoB, though these

qualify as members of the secondary subset, that of genetic

system genes, to which the principle in § 3i applies.

(i) The principle of secondary involvement in

energy transduction

Genes whose products contribute to the organelle genetic sys-

tem itself, or whose products are associated with secondary

events in energy transduction, may be contained in the

organelle in one group of organisms, but not in another,

depending on the physiology and biochemistry of photosynthesis

and respiration in the species concerned.

Even phylogenetically moderately related species

(within kingdoms) show differences in the location of

some genes, for example the ATP synthase subunits of

Neurospora and Saccharomyces (Attardi & Schatz 1988).

The CORR hypothesis also does not explicitly account for

the wide disparities in the distribution of genetic system

genes, for example the almost complete import of tRNAs

in Chlamydomonas (GoldschmidtClermont 1998). Trans-

port of nucleic acids across membranes is uncommon, and

why some RNAs should be organelle-encoded in some

species but nuclearly encoded in others is not currently

understood. The only suggestion that can be made along

the lines of CORR is that in some genetic systems genes

may need to be under the control of a regulatory system

that responds to a signal arising within the organelle itself.

This signal could be the primary signal of altered redox

state, or some secondary signal. Among the latter might be

found signals that themselves report on the current state

of gene expression, another piece of information that the

nucleus might not have at its immediate disposal. Such

secondary signals could result, at least in part, from

CORR, though other developmental and environmental

inputs may be imagined and would not detract from

CORR unless it could be shown that they provided a suf-

ficient reason for the retention of the genetic system as

a whole.

(j) The principle of the nuclear encoding of redox

signalling components

Components of the redox-signalling pathways upon which

CORR depends are themselves not involved in primary electron

transfer, and so their genes have been relocated to the nucleus,

in accordance with § 3f.

This principle states that the redox signalling pathways

that are required for CORR should not themselves be

expected to utilize components whose biosynthesis must

be under direct redox control. Such components should

therefore fall into the major category of organellar pro-

teins, and be imported as precursors from the cytosol, in

line with the principle in § 3f. However, the principle

above might be need to be modified in cases where ampli-

fication of the redox signal is useful to the cell. In the

bacterial ntr system, which was a precedent for CORR

(Harrison et al. 1990; Allen 1992), the histidine kinase

ntrB and aspartate response regulator ntrC form part of

the gln operon whose transcription they control. Odontella
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and Porphyra have plastids that encode more proteins than

those of most chlorophytes (Stoebe et al. 1998; Turmel et

al. 1999), and these proteins include two-component sig-

nal transduction proteins prr and ycf27 (Stoebe et al.

1998). Extreme, or extremely rapid, environmental fluctu-

ations might be catered for by amplification of signals that

are transmitted by signalling pathways whose components

are under their own control. It is not known whether ycf27

and prr are in operons whose promoters their gene pro-

ducts control. It is also uncertain whether ycf27 is a redox

signalling component, and its distribution, at least in its

plastidic location, seems to be correlated with the presence

of a phycobilin-based light-harvesting system, as found in

red algae and cyanobacteria (Ashby & Mullineaux

1999a,b; Ashby et al. 2002). The best guess of the original

statement of the CORR hypothesis (Allen 1992, 1993a,c)

was that bacterial two-component systems (Iuchi & Lin

1992; Allen 1993c; Grebe & Stock 1999) provide a plaus-

ible means of exerting redox regulatory control over mito-

chondrial and chloroplast gene expression, and

subsequent research confirms the presence of two-compo-

nent genes in genomes of Arabidopsis and yeast. Several

Arabidopsis two-component genes are predicted to be tar-

geted to mitochondria and chloroplasts (Forsberg et al.

2001). These must be considered as prime candidates for

components involved in redox regulation of chloroplast

transcription seen in the experiments of Pfannschmidt et

al. (1999a, 2001a). The presumably homologous regulat-

ory process serving to control photosystem stoichiometry

in cyanobacteria, the prr system (Li & Sherman 2000), is

now characterized as a two-component system involving

a redox sensor and redox response regulator as originally

defined (Allen 1992, 1993a,c).

4. CONTRASTING HYPOTHESES CONCERNING

THE RETENTION OF CYTOPLASMIC GENOMES

CORR is a recent addition to explanations that have

been put forward to account for the persistence of gen-

omes in organelles. These models and their underlying

mechanisms are now discussed and compared.

(a) There is no reason: that is just how it is

One reaction to the problem of cytoplasmic genetic sys-

tems (§ 2) is that there is no problem, and no particular

reason for their retention. However, there is a very wide

phylogenetic distribution of a common core, or primary

subset, of organellar-encoded genes, and one which has

withstood considerable genomic reorganization over evol-

utionary time. This constancy is seen, for example, in the

same genes being present in the chloroplasts of land

plants, with multiple copies of a single, circular chloroplast

chromosome, and in dinoflagellate chloroplasts, with a

collection of different DNA minicircles, each with essen-

tially one gene (Zhang et al. 1999, 2001; Barbrook et al.

2001). Another suggested explanation of the retention of

mitochondrial and chloroplast genomes is simply to

restate the endosymbiont hypothesis, and to point out that

chloroplast and mitochondrial genes ‘came in’ with the

bacterial endosymbiont. This suggestion, however, does

not address the question of why some genes were retained

whereas others were not. It is also now clear that most

genes that came in and still survive have nuclear and cyto-
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solic gene products, whereas many chloroplast and mito-

chondria proteins had a eukaryotic origin (Salzberg et al.

2001; Martin & Russell 2003). The odds against a con-

served pattern in gene location (e.g. table 1) arising by

chance must be astronomical. Thus there is a reason for

the retention of organellar genomes, and a reason for the

retention of the same primary subset of genes. Because

evolution proceeds by natural selection of chance vari-

ation, ‘reason’ in this context requires identification of the

function of the location of a gene, that is, the selective

value of the phenotype produced by that location. Evol-

ution sometimes retains apparently functionless relics of

previously useful features, but not for long, especially if

there is a cost.

(b) The lock-in hypothesis

The ‘lock-in’ hypothesis of Bogorad (1975) was pro-

posed independently of the endosymbiont hypothesis, and

does not depend upon it. According to the lock-in hypoth-

esis, core components of multi-subunit complexes must be

synthesized, de novo, in the correct cellular compartment,

otherwise photosystems or respiratory chain complexes,

for example, might assemble in the plasma membrane,

vacuolar membrane or endoplasmic reticulum. The lock-

in hypothesis made no clear prediction about the conti-

nuity of cytoplasmic genetic systems, even though cyto-

plasmic, uniparental, non-Mendelian inheritance for both

mitochondria (Roodyn & Wilkie 1968) and plastids

(Kirk & Tilney-Bassett 1978) made it likely that organellar

DNA, the chondriome and the plastome, replicated inde-

pendently of nuclear DNA (Whitehouse 1969).

Mechanisms of protein import and targeting (Schatz

1998; Koehler et al. 1999; Leuenberger et al. 1999; Gab-

riel et al. 2001; Jarvis & Soll 2001; Pfanner & Geissler

2001; Duby & Boutry 2002; Pfanner & Wiedemann 2002)

now effectively answer the problem of specifying the cor-

rect locations for membrane protein complexes for which

the lock-in hypothesis was proposed as a solution. How-

ever, regulation of synthesis of an entire, functional, multi-

subunit complex by control of synthesis of individual sub-

units is still an important principle. This seems to be a

feature of the ‘CES’ model (control by epistasy of

synthesis) of Wollman (Wollman et al. 1999; Eberhard et

al. 2002), which envisages nuclear control as all-embracing,

with organellar genetic systems doing, as it were, what

they are told. In the hypothesis of CORR propounded

here, CES is equally important, but the essence of CORR

is that the organellar genetic system alone knows what are

the immediate and most important signals of environmen-

tal change. The organelle may keep the nucleus informed,

but this is a lower priority than initiating an appropriate

response. CES and CORR agree that assembly of multi-

subunit complexes is a complex business, and requires

coordinated control, in which no step is rate-limiting but

many may be obligatory.

(c) Going, going, gone: the evolutionary process of

transfer of genes from organelles to the

nucleus is still underway, but incomplete

This hypothesis envisages that, for most eukaryotes, we

are now witnessing the last stages in a slow evolutionary

transfer of genes to the nucleus, and this transfer may be

expected to proceed to completion in what is, in evol-
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utionary terms, the near future (Palmer 1997; Gray 1999,

2000; Gray et al. 1999; Adams et al. 2000; Daley et al.

2002). A clear and compelling statement of this widely

held position is that of Herrmann & Westhoff (2001, p.

10):

…the transfer of genes…tells that the partite plant gen-

ome is not in a phylogenetic equilibrium. All available

data suggest that the ultimate aim of genome restructur-

ing in the plant cell, as in the eukaryotic cell in general,

is the elimination of genome compartmentation while

retaining physiological compartmentation.

One serious problem with this hypothesis is the dis-

tinctly non-random sample of genes that remain to be

transferred. A relatively constant subset of genes is found

in bioenergetically functional mitochondria from fungi to

mammals and angiosperms, as in photosynthetic plastids

(chloroplasts) from unicellular algae to angiosperms. This

hypothesis therefore requires an additional, ad hoc

assumption that some gene transfers are inherently more

probable than others (this too is widely supposed, see

later), and thus that gene transfer events proceed in the

same sequence in quite independent lineages. There

seems to be no evidence for this, and the order of gene

loss from mitochondria and chloroplasts has been used to

infer phylogeny (Martin et al. 1998; Adams et al. 2000;

Millen et al. 2001). ‘Going, going, gone’ (Palmer 1997)

is difficult to refute categorically, but it does not seem to

be consistent with recent evidence. For example, chromo-

some two of Arabidopsis thaliana (Lin et al. 1999) has a

single insertion encompassing, with about 99% sequence

similarity, the complete Arabidopsis mitochondrial genome

(Unseld et al. 1997; Marienfeld et al. 1999; Stupar et al.

2001). Unless this single transfer is a freak occurrence,

this finding strongly indicates that gene transfer occurs

with relative ease (Adams et al. 2000; Henze & Martin

2001; Rujan & Martin 2001; Salzberg et al. 2001). In

addition, there is experimental evidence that randomly

generated polypeptides are mitochondrially imported at

high frequency (Lemire et al. 1989). The hypothesis that

we now see the same few stragglers in diverse organellar

genomes is not impossible, but should be regarded as a

last resort, perhaps applicable only in extreme cases such

as the greatly reduced apicomplexan plastomes and chon-

driomes. Even there, the hypothesis carries with it an obli-

gation to explain why organisms with few organellar genes

have ‘evolved’ faster than those with many.

(d ) The frozen accident

What may be described as ‘the frozen accident hypoth-

esis’ states that the evolutionary process of gene transfer

from organelle to nucleus was underway when something

happened that stopped it. One example of the frozen acci-

dent is a scenario (Von Heijne 1986) in which import into

mitochondria of the precursor proteins arising from newly

translocated genes proceeded for long enough, after the

primordial endosymbiosis, for most of the symbiont-

derived genes to be moved to the cell nucleus. The ‘acci-

dent’ that halted the process was the evolutionary origin

of exocytosis and protein secretion, after which it became

impossible for precursors properly destined for mitochon-

drial import to be distinguished from those destined for

export from the cell. As with the ‘lock-in’ hypothesis, the
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‘frozen accident’ seems incompatible with the remarkable

precision and specificity of protein targeting (Schatz 1998;

Koehler et al. 1999; Leuenberger et al. 1999; Gabriel et

al. 2001; Jarvis & Soll 2001; Pfanner & Geissler 2001;

Duby & Boutry 2002; Pfanner & Wiedemann 2002). Pro-

tein sorting mechanisms do not seem to forbid controlled

import into any cellular compartment. Another ‘accident’

that may have impeded subsequent gene transfer in the

case of mitochondria is their departure from what is other-

wise a universal genetic code. Genetic code differences are

discussed later in the context of whether some genes can-

not be moved.

(e) Some proteins (with cofactors) cannot be

imported

We may describe as the ‘unimportability hypothesis’ the

proposal that some proteins are inherently unimportable

and must therefore be synthesized de novo in the correct

compartment within the cell. The unimportability hypoth-

esis is most often proposed as its special case, the hydro-

phobicity hypothesis, with hydrophobicity being the

reason for unimportability.

(i) Hydrophobicity

A commonly entertained notion is that proteins that are

encoded and synthesized within organelles comprise a pri-

mary subset characterized by shared hydrophobicity: all

are intrinsic membrane proteins (Von Heijne 1986;

Popot & de Vitry 1990; Claros et al. 1995). As with the

CORR hypothesis favoured here, the primary subset then

requires a secondary subset of genetic system components,

the latter not themselves being hydrophobic, but being

required for synthesis of the others. Certainly the mito-

chondrial inner membrane contains some intrinsic protein

complexes whose subunits broadly satisfy the criterion of

hydrophobicity. However, the core subunits that are mito-

chondrially encoded are also explained by the CORR

hypothesis. This would make hydrophobicity a require-

ment for their function in vectorial electron and proton

transfer, and not a reason, in itself, for retention of their

genes in the cytoplasm.

The hydrophobicity hypothesis has some very clear

counter-examples in chloroplasts, and cannot therefore

stand if one wishes for a single principle that embraces

both types of bioenergetic organelle. One clear counter-

example is the large (L) subunit of the enzyme RUBISCO,

an abundant but entirely membrane-extrinsic protein of

ca. 55 kDa molecular mass. The RUBISCO large subunit

is generally chloroplast-encoded, with the exception of the

nuclearly encoded, bacterial-type L subunit of L2 RUBI-

SCO in peridinin-containing dinoflagellates (Morse et al.

1995). In most photosynthetic eukaryotes RUBISCO has

a chloroplast encoded large subunit and a nuclearly enco-

ded small (S) subunit (Ellis 1984; Gatenby & Ellis 1990),

giving an L8S8 holoenzyme, and this RUBISCO is widely

taken as a paradigm for the need for coordination of

nuclear and chloroplast gene expression (Rodermel 2001).

By complete contrast to the RUBISCO large subunit,

which is a chloroplast-encoded and water-soluble protein,

a second major violation of the hydrophobicity hypothesis

is the existence of the universally nuclearly encoded but

always hydrophobic subunits of the chloroplast LHC II

and LHC I (Chitnis & Thornber 1988). These apopro-
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teins of ca. 27–30 kDa are quite water-insoluble, and are

usually fully extracted only in chloroform–methanol or in

the presence of detergents. The Lhc gene family is diverse

(Green & Kuhlbrandt 1995), but most gene products

or Lhcp (light-harvesting chlorophyll protein) polypeptides

have three membrane-spanning, hydrophobic a-helices

(Kühlbrandt 1994). It is interesting that three-helix Lhc

proteins seem to be absent from extant cyanobacteria and

chloroxybacteria (Green & Kuhlbrandt 1995).

(ii) The five-helix rule

Perhaps with the three-helix model of LHC II in mind,

a variation of the hydrophobicity hypothesis is the empiri-

cal ‘five-helix rule’ (Popot & de Vitry 1990; Claros et al.

1995; Wollman et al. 1999), which states that no intrinsic

membrane protein with five or more membrane-spanning

helices can be encoded in the nucleus. Five is a good guess

for a threshold number of helices demanding organellar-

encoding in the context of photosynthetic reaction centres

(Heathcote et al. 2002), where the earliest known struc-

ture, that of type II centres (Deisenhofer et al. 1985), as

in photosystem II (Zouni et al. 2001), shows exactly five

helices, with type I centres containing 11 (Jordan et al.

2001). There are, however, many nuclearly encoded sub-

units in both mitochondria and chloroplasts that have

fewer than five membrane helices, so the five-helix rule

can only describe a sufficient condition, and not a neces-

sary condition, for nuclear encoding.

It should also be noted that ADP–ATP carriers (AACs)

are encoded in the nucleus. AACs of the mitochondrial

inner membrane have six transmembrane helices (van der

Giezen et al. 2002) while the those of the chloroplast inner

envelope (Winkler & Neuhaus 1999) have 12 (Tjaden et

al. 1998).

With the counter-examples of nuclearly encoded AACs

with six or 12 membrane-spanning helices, many intrinsic

membrane proteins with fewer than five helices, some

nuclearly encoded and some not, and with the RUBISCO

large subunit as a major product of chloroplast gene

expression with no membrane domain at all, the five-helix

rule begins to seem rather like a case of special pleading.

Even if there are indeed special mitigating circumstances

for AACs (this argument is outlined later), the five-helix

rule, as with the hydrophobicity hypothesis of which it is

a special case, will disappear if it can be shown that pos-

session of five or more membrane helices is required for

some other function, such as that of CORR, that deter-

mines the organellar location of the gene concerned.

Hydrophobicity is, in some cases, a feature of proteins that

are encoded in organelles, but it is not, in itself, the issue.

For chloroplasts, the hydrophobicity hypothesis predicts

retention of cyanobacterial genes in functional categories

associated with the chloroplast envelope and with trans-

port, just as much as with photosynthesis. Table 1 shows

that this is not the case.

A mechanism for the unimportability of hydrophobic

proteins is rarely stated explicitly, and it is rather left to

the imagination whether hydrophobic proteins might, as

it were, get stuck halfway through the chloroplast envelope

or mitochondrial outer membrane; whether transport can-

not get started on a precursor protein that has already

spontaneously inserted into the membrane; or whether

hydrophobic proteins will be unable to make the journey
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through the cytosol without precipitating there. In the

cytosol, co-translational transport or membrane insertion

would, in principle, address the latter point, but it seems

to be generally true that chloroplast and mitochondrial

proteins are post-translationally inserted into the organel-

lar outer membrane. So the obvious ancillary question

about unimportability is ‘why then cannot hydrophobic

proteins be co-translationally imported into organelles?’

There is evidence in yeast for co-translational transport

into mitochondria of proteins thought to be derived from

the original endosymbiont (Marc et al. 2002). If there is

any truth in hydrophobicity as a barrier to protein import,

the CORR principle of unselective import (§ 3c) should

be easily refuted, for example by a demonstration that no

known targeting presequence is capable of importing poly-

phenylalanine encoded by polyU for in vitro import stud-

ies.

An additional proposal intended to account for the

unimportability of some hydrophobic proteins, and for

importability of others, is suggested by A. de Grey

(personal communication), who argues that bacterially

derived protein precursors imported into mitochondria

cross the mitochondrial inner membrane completely

before insertion into that membrane from the mitochon-

drial matrix (the N-phase). This is held to be an obstacle

to successful import of membrane-intrinsic proteins that

might, en route, discharge the proton motive force. By con-

trast, eukaryotically derived proteins can be inserted into

the mitochondrial inner membrane from the inter-mem-

brane space (the P-phase), and then there is, for some

reason, no similar uncoupling effect. Thus adenylate

transporters or AACs can be nuclearly encoded whereas

cytochrome oxidase subunits, for example, cannot. It is

not obvious why bacterially derived subunits, such as

those of cytochrome oxidase, did not acquire eukaryotic

insertion mechanisms. Perhaps this acquisition is forbid-

den by the need to conserve pre-existing routes of

assembly into multi-subunit complexes, or perhaps the

need for insertion from the inside reflects a need to incor-

porate a cofactor, for example haem or iron–sulphur clus-

ters, along the way.

(iii) Unimportability of three dimensional structures and

cofactors

Accumulating evidence on protein transport mech-

anisms seems to make a specific obstacle to successful

transport of certain sorts of protein less and less plausible,

especially given the observation that precursors with N-

terminal targeting sequences, not mature, functional poly-

peptides themselves, traverse membranes during biosynth-

esis.

Protein folding inside the living cell is invariably assisted

by molecular chaperones (Gatenby & Ellis 1990; Azem et

al. 1997; Komiya et al. 1997, 1990; Jackson-Constan et al.

2001), proteins that impede the formation of ‘improper’

structural interactions that will otherwise produce aggre-

gation or other non-functional interactions. Protein

import mechanisms appear mostly to rely on specific mol-

ecular chaperones for guided unfolding, before membrane

insertion, and refolding after translocation of the polypep-

tide into its destined compartment (Gatenby & Ellis 1990;

Azem et al. 1997; Komiya et al. 1997; Jackson-Constan

et al. 2001). Because polypeptides are mostly ‘threaded’
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through membranes, no special constraint on transport

should be expected to arise from 3D structure or surface

properties of a protein.

An exception to this unfolding rule may be provided

by holoproteins containing cofactors that are transported

along with the apoprotein, presumably with a largely intact

3D structure. The ‘TAT’ (twin-arginine translocase) sys-

tem (Bogsch et al. 1998; Dalbey & Robinson 1999; Berks

et al. 2000a,b; Robinson 2000; Robinson & Bolhuis 2001;

Sargent et al. 2002) works broadly along these lines,

though its mechanism is unresolved. TAT is relevant here

because it adds transport of essentially complete holopro-

teins to the cell’s repertoire of transport mechanisms, and

even proteins that may not be allowed to unfold, perhaps

because of the toxicity of the free cofactor, are not thereby

made candidates for an unimportability rule. One variant

of the unimportability hypothesis is that transport can

work only by unfolding, and dissociated cofactors may be

toxic to the cell. The bacterially derived TAT system

(Bogsch et al. 1998; Dalbey & Robinson 1999; Berks et

al. 2000a,b; Sargent et al. 2002) overcomes this argument,

as would examples of cofactor-free polypeptides, such as

(C)Fo subunit c, which are nevertheless generally encoded

in organelles.

The presence of a vesicular transport system in chloro-

plasts (Westphal et al. 2001) counts against the unim-

portability hypothesis. Vesicular transport between the

chloroplast envelope and the thylakoid membrane should,

in principle, allow any protein to be ferried across the

chloroplast stroma. Vesicles might allow transport, in

particular, of membrane proteins that would discharge the

proton motive force if allowed to connect, transiently, the

N and P aqueous phases on each side of a coupling mem-

brane.

Another observation that seems to count against unim-

portability is the increased number of membrane barriers

in plastids derived from secondary, tertiary or higher-order

endosymbioses. These plastids seem to have retained, if

anything, fewer genes rather than more, as unimportability

predicts. The nucleomorph, the residual nucleus of the

primary host, retains many genes for molecular chap-

erones (Archibald et al. 2001; Cavalier-Smith 2002), in

agreement with the conclusion that protein import pro-

ceeds by conserved and specialized mechanisms. If each

new import added to gain a higher-order endosymbiosis

requires additional, targeting presequences, then perhaps

there is an advantage in components of an import machin-

ery not being imported themselves.

It seems that unimportability is less easy an assumption

to make today than in previous years, and the onus may

now be on its proponents to cite specific examples of pro-

teins that can never be imported into chloroplasts or mito-

chondria.

(f ) Some genes cannot be moved

(i) Differences in the mitochondrial genetic code

The genetic code is the specific relation between ribon-

ucleotide triplets of codons and tRNAs that recognize

them, and which thus determine which individual amino

acids, if any, will be incorporated into the growing poly-

peptide chain. Mitochondria show small departures from

the otherwise universal genetic code (Attardi & Schatz

1988; Alberts et al. 1994). UGA is a ‘stop’ codon in the

Phil. Trans. R. Soc. Lond. B (2003)

universal code and in plant mitochondria, but is the codon

for tryptophan in mitochondria of animals and fungi;

CUA means leucine everywhere except fungal mitochon-

dria, where it means threonine; and AGA and AGU code

for arginine in the ‘universal’ code, but serine in insect

mitochondria and ‘stop’ in mammalian ones. The signifi-

cance of this heterogeneity in coding is most unlikely to

rest in the early origin of mitochondria, as the ‘universal’

code is employed by bacteria and protists. Furthermore,

the diversity of departures from the ‘universal’ code

among mitochondria of different eukaryotic lineages indi-

cates they had independent origins. A general rule for

mitochondrial genetic codes is that reliance on the third,

‘wobble’ position is decreased, which allows all 20 protein

amino acids to be specified by fewer tRNAs (22 in animal

mitochondria instead of 31 in the cytosol). This in turn

means that mtDNA can specify more proteins for a given

length of DNA, or, conversely, that the mitochondrial

genome can be condensed or ‘streamlined’. Although this

arrangement does not explain the retention of mitochon-

drial genomes, and may be a secondary event in mitochon-

drial evolution, it almost certainly places an extra barrier

in place of gene relocation. As discussed previously, how-

ever, there seems to be no single barrier that can explain

the retention of a relatively constant subset of mitochon-

drial genes.

There has clearly been a contraction of mitochondrial

DNA, especially in animals. Animal mitochondrial DNA

has few, if any, non-coding sequences, and animal mito-

chondrial genetic codes require fewer tRNAs than the sin-

gle code operating in the cytosol (Gray 1999; Gray et al.

1999; Selosse et al. 2001). These may be devices to

decrease the total frequency of mutations per mitochon-

drial genome, assuming a constant frequency per unit

length of mitochondrial DNA. It has been proposed that

a gene’s removal to the nucleus decreases its susceptibility

to free radical mutagenesis (Raven et al. 1994a,b; Allen &

Raven 1996). If this is the case, then the non-standard

code may be a further indication of an overriding need to

maintain certain genes within the mitochondrion. What-

ever the reason for the retention of genes in organelles it

had better be a good one: bioenergetic organelles are

clearly the wrong place to keep genetic information, and

go to extraordinary lengths to offset the consequences of

it being there.

(ii) Molecular refugees

A phenomenon related to differences in the genetic code

is seen in chloroplasts. This is a bias in codon usage. The

‘molecular refugees’ hypothesis (Howe et al. 2000) sug-

gests that nuclear copies of what were once chloroplast

genes escape constraints on codon usage, and thus that

what distinguishes chloroplast-encoded proteins is that

their amino-acid composition is unusual enough for the

bias in codon usage not to apply. It is difficult to see what

physico-chemical properties might be uniquely shared by

the amino acids of chloroplast-encoded proteins, and, in

addition, there seem to be no ‘forbidden’ amino-acid resi-

due in chloroplasts. As with the departure from the univer-

sal genetic code in mitochondria, is seems likely that a

bias in codon usage reflects some secondary property of

chloroplast genomes and is not the primary reason for

their retention. In any case, any restriction on gene move-
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ment will act in the wrong direction to explain why chloro-

plasts have retained genomes at all, provided there is no

resulting obstacle to a chloroplast protein being success-

fully encoded, as a precursor, in the nucleus.

(iii) Genes are copied and replicated, not relocated in one

step

If complete relocation is envisaged as proceeding by the

simultaneous appearance of a gene in one compartment

and its deletion from another, then it is possible to imagine

that, whatever the vector is, there may be selectivity in

gene transfer (Henze & Martin 2001). For example, if

viral incorporation, replication and recombination in both

organelle and nucleus were the mechanism of relocation,

then successful gene transfer might depend on the ability

of the virus to complete the process in one step. This in

turn might depend on some property of the gene, or of

the protein it encodes if expression occurs at any stage in

the process of relocation. An assumption of the CORR

hypothesis favoured here is that genes are not moved

physically, but merely copied, after which either the copy

in the original location or the copy in the new location

may be lost as a result of selection. A useful analogy may

be the action of copying files between computer storage

volumes. In this analogy the copy is identical to the orig-

inal, and either may subsequently be deleted without loss

of information.

Because any gene that is not usefully expressed will

undergo no selection to maintain a functional allele, the

prevailing location will be the one in which the functional

copy of the gene resides. The problem of which gene sur-

vives is then subsumed into the problem of which is the

selectively advantageous location for it. It seems reason-

able to assume that there was—and is—an interim period

in which homologous genes in different compartments are

essentially in competition to see which functions best. As

outlined above, there is no obvious obstacle for copying

DNA sequences within the cell. The physico-chemical

properties of DNA are fairly uniform and not directly

dependent on nucleotide sequence, though organelles, like

intra-cellular parasites, seem to prefer A and T to G and

C. The answer to the question ‘which gene location func-

tions best?’ may have nothing to do with the gene itself,

nor, directly, with the structure and function of its gene

product. Instead, the answer may have everything to do

with the required regulatory interaction between the gene

product and expression of the gene that produces it.

(g) CORR

This hypothesis has been propounded earlier (§ 3) and

will be summarized as follows. Vectorial electron and pro-

ton transfer exerts regulatory control over expression of

genes encoding proteins directly involved in, or affecting,

redox poise. This regulatory coupling is indispensable for

adaptation to environmental changes in chemical activities

of oxygen, light and CO2, and requires co-location of these

genes with their gene products. Organelles ‘make their

own decisions’ on the basis of environmental changes

affecting redox state. The hypothesis is abbreviated

CORR for co-location for redox regulation or, more com-

pletely, ‘co-location (of gene and gene product) for

(evolutionary) continuity of redox regulation of gene

expression’.
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5. SUMMARY OF THE CURRENT STATUS OF THE

HYPOTHESIS OF CORR

Q. Why do mitochondria and chloroplasts have their

own genetic systems?

A. CORR: co-location of genes and gene products per-

mits direct and autonomous redox regulation of gene

expression.

(a) Objections to CORR

(i) There is no regulation of gene expression in chloroplasts

and mitochondria

This is still commonly stated but incorrect. See the prin-

ciple in § 3d.

(ii) There is no regulation of gene expression in chloroplasts

and mitochondria at the level of transcription

For chloroplasts there is now clear evidence for a func-

tionally intelligible redox control of transcription

(Pfannschmidt et al. 1999a). This invalidates the previous,

widely held assumption that all control of chloroplast gene

expression is post-transcriptional (Gruissem & Tonkyn

1993; GoldschmidtClermont 1998). The evidence for

mitochondria is less clear, but redox control of transcrip-

tion certainly cannot be ruled out, and there are indi-

cations that it may occur (Pearson et al. 1993;

Konstantinov et al. 1995; Wilson et al. 1996b). It must

also be restated that transcriptional control is not neces-

sary for CORR, but serves as a compelling example of a

conserved, typically bacterial, mode of response that oper-

ates still in eukaryotic, cytoplasmic organelles, thus illus-

trating the principle of continuity of redox control (§ 3d).

Post-transcriptional redox regulation (Danon & Mayfield

1994; Kim & Mayfield 1997; Brown et al. 2001; Treb-

itsh & Danon 2001) is consistent with CORR and there

is nothing to forbid it being a primary mechanism that

satisfies most, or indeed all, of the formal requirements of

the hypothesis in particular cases.

(iii) There are no redox signalling components encoded in

chloroplast or mitochondrial DNA

This is what CORR predicts. See the principle in § 3j.

(iv) There is redox control of nuclear gene expression

This is correct and many examples are now known,

especially for chloroplasts (Escoubas et al. 1995; Kovacs et

al. 2000; Pfannschmidt et al. 2001a,b; Surpin et al. 2002).

Redox signals from photosynthetic or respiratory electron

transport chains are not at all prohibited by CORR. The

essence of CORR is that there is a subset of organellar

proteins for which there is an overriding requirement for

a redox regulatory control that is initiated within the

organelle and whose effects are exerted by the simplest

and most direct route. This redox signalling is envisaged

to take place without a requirement for prior consultation

and coordination with what may be regarded as a nucleo-

cytoplasmic bureaucracy.

(v) Nuclear genes can be expressed as rapidly as chloroplast

and mitochondrial genes

Zerges (2002), for example, cites the equal times taken

for complete expression of nuclear and chloroplast genes

in Chlamydomonas as evidence against the CORR hypoth-
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esis. However, the question is not one of the time taken

to express a gene, but the time taken to alter the rate of

its expression in response to a (redox) signal originating

within the organelle. An equally important, additional fac-

tor may be the autonomy of the signalling pathway, that

is, its independence from other inputs as described in the

previous paragraph. One might say that mitochondria and

chloroplasts require a free hand.

(vi) There is no evidence to support this hypothesis

The hypothesis is rich in predictions (§§ 3 and 6), and

those that have been tested stringently are in agreement

with experimental results. None of the predictions of the

hypothesis has been found to be incorrect, and none of the

underlying principles (§ 3) has been disproved. Further

predictions will be the subject of future experiments.

(b) Evidence for CORR

(i) Chloroplasts have selectively retained cyanobacterial genes

for primary events in photosynthesis

See table 1.

(ii) There is regulation of gene expression in chloroplasts

There is transcriptional regulation of gene expression

in chloroplasts (§ 3d). The case for mitochondria is not

yet proven.

(iii) There is redox regulation of gene expression in

chloroplasts

There is transcriptional redox regulation of gene

expression in chloroplasts (§ 3d). The case for mitochon-

dria is not yet proven, though see (Allen et al. 1995; Kon-

stantinov et al. 1995; Galvis et al. 1998).

(iv) There are no redox signalling components encoded in

chloroplast or mitochondrial DNA

Correct, but with possible exceptions discussed in § 3j.

(v) There are ‘bacterial’ redox signalling components in

eukaryotes

See § 3j.

(vi) Further predictions: DNA-array results and phenotypes

of allotopic mutants

A systematic test of CORR might be to make an oxid-

ized-minus-reduced gene expression profile of the ‘tran-

scriptome’ of a cyanobacterium to see if the set of genes

whose transcription is under most rapid and direct redox

control corresponds to the genes of the chloroplast gen-

ome. Laboratories with this experimental capability do not

seem to have addressed this possibility (Hihara et al. 2002;

Ikeuchi 2002). Likewise, if a putative modern representa-

tive of the proto-mitochondrion can be found and agreed,

e.g. Rhodospirillum rubrum or Paracoccus denitrificans, then

a similar experiment should reveal a subset of genes corre-

sponding to mitochondrial genomes. DNA-microarrays

also present the possibility of testing the relative rate of

redox response, and dependency on other signalling

inputs, of transcription of eukaryotic genes. To date

organellar genes have not been included in such investi-

gations (Ferea et al. 1999). A further experimental possi-

bility is to examine the redox regulatory phenotypes of

existing allotopic mutants, as outlined in § 3e.
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6. CONCLUSION AND FUTURE PROSPECTS

The CORR hypothesis states that the function of mito-

chondrial and chloroplast genomes is to provide co-

location (of gene and gene product) for (evolutionary)

continuity of redox regulation of gene expression. This

hypothesis is neither self-contradictory nor devoid of test-

able predictions. It is also consistent with available evi-

dence, and, in principle, makes sense of the otherwise

puzzling distribution of genes between compartments in

eukaryotic cells. The explanation that CORR offers

applies equally to mitochondria and chloroplasts, and

identifies selective forces that still operate to determine the

location of genes. No selective barriers need be assumed

to gene transfer, protein import, nor membrane insertion.

Nor do we need to invoke a ‘frozen accident’: that some-

thing happened to stop gene transfer, for some reason, at

some time in the remote and inaccessible past. CORR also

explains the absence of genomes from organelles that have

lost their primary bioenergetic functions. CORR may act

as a stimulus to a search for residual bioenergetic function

in those organelles that have lost aerobic respiration and

photosynthesis but where residual genomes remain.

CORR also predicts regulatory properties of known

components of chloroplasts and mitochondria that in turn

indicate important but as yet uncharacterized flexibility in

energy transduction. These components include the RUB-

ISCO large subunit, and the CFo and Fo subunits of coup-

ling ATPase in both chloroplasts and mitochondria.

Redox regulation of the relative stoichiometry of compo-

nents, as seen in regulation of chloroplast photosystem

stoichiometry (Pfannschmidt et al. 1999a), may extend to

(C)Fo-(C)F1-ATPase, indicating that the function of

retention of genes for one or more of these components

is flexibility in the stoichiometries of H1 to e2 and H1 to

ATP in chemiosmotic coupling (Schemidt et al. 1998;

Stock et al. 2000; Allen 2002).

So far, explicit tests of CORR have largely been con-

fined to chloroplasts, and to some extent mitochondria of

higher plants, but this merely reflects the expertise and

interests of the investigators. Further attempted disproof

of CORR is welcomed and encouraged. Novel experi-

mental tests can be devised, as well as attempted refu-

tation through analysis of existing data. It is hoped that

explicit attention will be given to the CORR hypothesis in

laboratories already suitably equipped, and that resources

can be allocated for this purpose in laboratories where

there is the interest but not, currently, the technology or

expertise.

The heuristic value of the hypothesis, already seen in

the role of redox-regulated transcription of photosynthetic

reaction centre genes in chloroplasts, may be its most use-

ful property. The central proposal is that mitochondria

and chloroplasts contain genes for proteins whose function

in electron transfer demands rapid, direct, and uncon-

ditional redox regulatory control of their biosynthesis. The

full implications of this hypothesis are very broad and only

just beginning to be explored.
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Discussion

D. S. Horner (Dipartimento di Fisiologia e Biochimica

Generali, University of Milan, Milan, Italy). Given that

there are components of these membrane-bound energy-

transduction pathways that are consistently nuclear enco-

ded, not the key ones you pointed out but others, do you

expect perhaps a slower, perhaps a more crude, but yet a

redox communication between the organelle and

expression of nuclear-encoded genes?

J. F. Allen. There is, and there is no question about it.

I think that Bogorad’s lock-in hypothesis has something

to say here, and there are other people who say it is all to

do with assembling multi-subunit complexes. If you have

control over the initial construction of the core around

which the whole complex is eventually built, then redox

control, or some sort of control over synthesis of that core

will control construction of the whole thing eventually,

and I think that may well be largely correct. I think it is

possible in principle for nuclear genes to make precursors

according to redox instructions, but it is not really so

important that those precursors are here and now present

in exactly the right quantities, because the precursors can

to a limited extent hang around and wait. Actually there

is proteolytic degradation of unattached precursors and so

on, but I think the fact that these chloroplast and mito-

chondrially DNA-encoded subunits are at the core of

these energy-transducing complexes is the crucial issue.

T. Cavalier-Smith (Department of Zoology, University of

Oxford, Oxford, UK ). In the case of mitochondria the sub-

set of genes that remains is much more variable than you

implied. It runs from three proteins in the minimal cases

up to, I think, over 90. That is a big difference, and many

of the genes in different lineages of protists that remain

have nothing to do with redox control; they are things like

ribosomal proteins and so on. So I think that even though

what you say about redox control of certain genes may

actually be an important thing, it is not the fundamental,

overall reason why the genomes are maintained. It may be

part of the explanation for why certain genes are always

included in that subset, but even in mitochondria I think

that cytochrome b is the only one that is always present.

So I think that both this great diversity of what has been

retained in different lineages and the nucleomorph case

indicate that evolution was able to do one thing in one

lineage 500 million years ago and never got around to

doing it for 500 million years in another lineage, so there

is a lot more haphazardness, and evolutionary accidents

and contingency than a straight functional interpretation;

Phil. Trans. R. Soc. Lond. B (2003)

there is a lot of just, sheer ‘happened–or–didn’t–happen’,

or carryover.

J. F. Allen. I was not implying anything about the range

of mitochondrial genomes. I have a limited amount of

time, so I just talked about what I could talk about within

that limit. Of course there will be a range and this will

depend upon the physiology and bioenergetics of the

particular organism. But what I am trying to do is to see

what the common properties of the irreducible core are,

of components that are always encoded in the organelles,

and cytochrome b is a perfect example because that really

is the thing that binds these two all-important quinones,

without which there is no Q cycle, without which there is

no proton pumping and bioenergetics, and in Plasmodium,

where the mitochondrion is reduced to this bare mini-

mum, there is still a mitochondrial gene for cytochrome

b. Now my argument about the ribosomal proteins, and

all the rest of it, is that in order to be able to exert this

all-important redox control over gene expression of certain

core components, you need an in situ genetic system, and

this can vary in composition for reasons that I cannot

describe. Maybe you need RNA polymerase, or maybe

you can import RNA polymerase. In plastids, you have

both of these options. You are going to need ribosomes,

transfer RNAs and the rest of the apparatus of gene

expression, and that needs to be in situ, but we are still

left with the question, why does there have to be any gen-

etic system at all? The mature tobacco or spinach chloro-

plast seems to have an entire genetic system just to make

one protein, D1, which is all it ever needs to resynthesize.

I think that this is a clue. It is worth having this very unec-

onomical, crazy system because there is an overriding

requirement to connect electron transfer with gene

expression directly and unambiguously—without recourse

to a bureaucracy, if you like, which is what I think the

nucleus is.

K. Willison (Institute of Cancer Research, Chester Beatty

Laboratories, London, UK ). These photosynthetic reaction

complexes are a sort of baroque mixture of polypeptide

chains and cofactors, and my understanding is that some

of them in high photon flux can turn over within, say, 30

minutes, so I am wondering if there is a correlation

between gene retention and the turnover rates of some of

the components and the complexes; it seems to me that

that could really be a limiting factor and the reason that

the proteins had to be encoded locally in order to get the

complexes to be assembled rapidly.

J. F. Allen. I think that is right. You can only alter the

steady-state concentration of a protein complex by affect-

ing the synthesis and breakdown, and therefore turnover.

There is an extreme example, the D1 protein encoded by

the psbA gene of chloroplasts, which is always in the chlor-

oplast genome, without exception. High light will tend to

degrade this protein, and when the high light goes away

there is an absolute need very quickly to bring it back up

again. I think that is a very good example. Whether this

argument applies to genes such as cytochrome oxidase I

do not know.

C. J. Leaver (Department of Plant Sciences, University of

Oxford, Oxford, UK ). Your experiments tend to relate

mainly to the gene expression side. What about protein,

RNA turnover, the whole concept of redox control of

that—do we know anything?
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J. F. Allen. Well, quite a lot is known about chloro-

plasts. There is redox control of messenger RNA stability

for this same D1 protein, which has been described by

Stephen Mayfield and his co-workers. The evidence is that

the site of redox control is ferredoxin via thioredoxin, and

the implication is that thioredoxin tells whether non-cyclic

electron transport is working at all. When it is working

there is a signal that says ‘OK, now continue with all the

protein synthesis’. It is not particularly specific, but more

of a global effect. I think this is what Mayfield argues, but

of course this is not inconsistent with my argument. I have

concentrated on quinone pools and medium-potential

redox regulatory control because that is where I can see

signals about the dangerous consequences of getting it

wrong, but there is control of other levels of gene

expression. In mitochondria, I am not so sure. I would

bounce the question back to you on that one.

W. Martin (Institute of Botany III, Heinrich-Heine Univ-

ersität, Düsseldorf, Düsseldorf, Germany). The nucleomorph

genome was cited as evidence in conflict with your model,

but is that true? The nucleomorph genome is not in a

bioenergetic organelle in that sense. It resides in the cyto-

sol, so does the size of the nucleomorph genome work

against your model? Is it really evidence against your

model?

J. F. Allen. I do not know; why should it be evidence?

I cannot explain why the nucleomorph has a genome.

That is why I clutched at the straw, that it is storage for

nucleic acid precursors.

Phil. Trans. R. Soc. Lond. B (2003)

T. Cavalier-Smith. The reason I introduced the nucleo-

morph is not to say it is direct evidence against your

hypothesis, but to show that there probably was no single

functional reason for the retention of every gene in every

organelle. It may be that there are specific physiological

reasons for the retention of certain genes, and therefore

you might be right about a subset of genes, but I very

much doubt if there are specific physiological reasons for

the retention of every single gene that is retained differen-

tially, because odd things happen in evolution. Some

things are easy and sometimes things are difficult. Evol-

ution is history.

J. F. Allen. Of course I agree with that. I do not think

I can explain everything, but I do think I can explain

something. If I have done that, then I am content.

GLOSSARY

AAC: ADP–ATP carrier

CES: control by epistasy of synthesis

CORR: co-location for redox regulation

LHC: light-harvesting complex

PCC: Pasteur culture collection

ORF: open reading frame

RUBISCO: ribulose-1,5-bisphosphate carboxylase–oxygenase

TAT: twin-arginine translocase
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