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Abstract

With the completion of the sequence of the first bacterial genomes, scientists have been able to address the question: How many
genes are required for cell viability? In attempting to reply to this question, the concept of the minimal gene set was developed and
validated by systematic gene disruption. In a similar manner, whole genome comparisons and systematic Knock—Out have been
performed in eukaryotes and have led to the identification to date of the set of essential genes in yeast and C. elegans. In the plant
kingdom, the sequence of the Arabidopsis genome together with large-scale functional genomics programs now allow us to address
the question of essentiality in Arabidopsis. These concerted efforts have resulted in the identification to date of up to 219 genes
essential for seed development (EMBRYO-DEFECTIVE, EMB, genes). With this basic knowledge, we can start a valid comparison
of essentiality in Arabidopsis and in other eukaryotes based on functional categories and orthologous relationships. Furthermore,
the function of the EMB genes in the particular context of eukaryote evolution driven by whole genome duplications and selective
gene loss will be discussed. To cite this article: M. Devic, C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Essentialité des genes chez les plantes : le cas des génes embryonnaires létaux d’Arabidopsis. Avec ’achévement de la
séquence des premiers génomes bactériens, les scientifiques furent en mesure de répondre a la question : combien de génes sont
nécessaires pour conditionner la viabilité cellulaire ? En essayant de répondre a cette question, la notion de 1’existence d’un jeu
minimal de genes fut élaborée et validée par inactivation systématique de genes. De la méme maniere, des études analogues
conduites chez les eucaryotes ont abouti a I’identification de I’ensemble des genes essentiels chez la levure et C. elegans. Dans le
regne végétal, le séquencage du génome d’ Arabidopsis et la mise en place de programmes de génomique fonctionnelle a haut débit
permettent aujourd’hui d’aborder la question de 1’essentialité des genes chez cette plante modele. Ces efforts concertés ont abouti
a I’identification a ce jour de 219 genes qui sont essentiels au développement des graines (geénes EMB). Grace a ces connaissances,
nous pouvons initier une analyse critique de I’essentialité des génes chez Arabidopsis et chez d’autres eucaryotes sur la base de
catégories fonctionnelles et de relations d’orthologie entre genes. En outre, nous discutons dans la présente revue la fonction des
génes EMB, dans le contexte particulier de I’évolution des génomes eucaryotes gouvernée par les duplications génomiques et la
perte sélective de genes. Pour citer cet article : M. Devic, C. R. Biologies 331 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Abbreviations: COG, Cluster of orthologous group; EMB, embryo-defective; HGT, horizontal gene transfer; KOG, eukaryotic orthologous
group; LSE, lineage specific expansion; T-DNA, transfer DNA from the TI plasmid of Agrobacterium tumefaciens.
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1. Embryogenesis: a complex developmental
process

Embryogenesis is a critical step in the life cycle
of the plant during which a multicellular organism is
formed from a single cell by division, growth and dif-
ferentiation [1,2]. Most of the essential developmental
processes are initiated within the embryo and will be
reiterated throughout the life of the plant. This com-
plex process of seed development can be conceptually
divided into three main steps. The first step will es-
tablish the pattern of the embryo by rapid cell divi-
sion. The second step is characterized by cell expan-
sion and massive synthesis and accumulation of re-
serves [3,4]. Ultimately, the seed will desiccate, ar-
rest its development and enter into dormancy [5]. In
addition, the development of the three components of
the seed, namely the maternal integuments, the triploid
endosperm and the diploid embryo, has to be coor-
dinated to produce a viable seed. It is not surpris-
ing therefore that the expression of a large number of
genes is required for seed development, as revealed
by genetic analyses. Following mutagenesis, a substan-
tial proportion of plants do not produce a normal seed
set and as a consequence, homozygous plants cannot
be obtained. Typically, the presence of 1/4 of aborted
seeds in the siliques represents the principal character-
istic of most emb mutations. The fertilized ovule is the
first homozygous diploid stage of a mutation and the
disruption of any gene associated with essential cel-
lular functions will lead to seed abortion. Hence, in
addition to the expected (and initially desired) seed-
specific functions associated with the three phases of
embryogenesis, seed mutants also represent the main
source for the identification of essential genes in Ara-
bidopsis (Arabidopsis thaliana). The group of David
Meinke [6] has collectively named the seed mutations
as embryo-defective (emb) and the corresponding genes
as EMB, whose functions are essential for seed viabil-
ity. Based on the number of emb mutations resulting
from mutagenesis in relation to the size of the Ara-
bidopsis genome, the average size of a gene and genetic
mapping of these mutations, the number of essential
genes has been estimated to be in the range of 500 to
1000 [7].

2. Essentiality and embryogenesis: identification of
genes essential for seed development

To obtain information concerning the genes gov-
erning this complex developmental process several ap-
proaches have been used to identify the defective genes
in embryonic mutants. The first EMB genes were iden-
tified by chromosome walking in mutant lines created
by chemical/physical mutagenesis [8,9]. With the pro-
duction of large-scale insertional mutant collections and
the optimization of the methodologies to determine the
sites of T-DNA insertion [10-13], the number of EMB
genes that have been characterized by forward and re-
verse genetics has dramatically increased in the recent
years. Large-scale screens for seed mutants have been
performed by several laboratories [12,14-16]. The re-
sults of this international effort have been compiled in
a common database called SeedGenes database (http:
/lwww.seedgenes.org), of which Dr. David Meinke is
the curator. The SeedGenes database contains molecu-
lar and phenotypic information on essential Arabidopsis
genes giving a seed phenotype when disrupted by mu-
tation [17]. The work of my group has focused on the
genetic analysis of the emb lines from the Arabidopsis
T-DNA insertion lines of the INRA-Versailles collec-
tion. The emb lines identified among 16,000 T1 plants
fell into five major classes named according to the mor-
phology of the embryo: preglobular (14%), globular
(34%), heart-transition (23%), torpedo-cotyledon (27%)
and disorganized embryo morphology (2%) (Fig. 1).
The two critical steps in early development (preglobu-
lar) are the resumption of cell division following fer-
tilization [18,19] and the formation of the protoderm
(embryonic epidermis) by periclinal division [20]. Ar-
rest of the embryo at the globular stage represents the
most frequent phenotype of emb mutants and the screen-
ing of independent mutant collections has also identified
this stage as being the most sensitive step of embryo
development [12,21]. The globular-to-heart transition is
rich in developmental and metabolic events. Here, the
embryo will acquire a bilateral symmetry by emergence
of the cotyledons, a relative metabolic autonomy and a
photosynthetic capacity associated with the differenti-
ation of proplastids into chloroplasts. The first step of
differentiation of the proplastids occurs during embryo-
genesis at the globular-to-heart transition phase [22].
The emb phenotypes in the heart and torpedo classes
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Fig. 1. Phenotypes of the various classes of embryo-defective mutants. Schematic representation of the main steps of embryo development occurring
during preglobular, globular and heart-transition stages. Longitudinal sections of seeds stained with toluidine blue. Wild type embryos: at early
embryogenesis (A) 1 cell, (D) octant or 8-cell and (E) dermatogen or 16-cell stages; at the (I) early-globular, (J) mid-globular and (K) late globular
stages; at mid-embryogenesis, (O) triangular and (Q) heart. Mutant embryos: preglobular (B) zeus! mutant arrested at the zygote stage, (C) cyclopsl
arrested at 1 cell stage, (F) quatre-quartl and (G) embryo without protoderm; globular mutants (L-N); heart mutants (P) arrested at triangular stage
and (R) arrested at heart stage; Aberrant pattern mutant (H). Cleared seeds viewed by Nomarski optic (S-T). Wild-type embryos at torpedo (S)
stages of development and two examples of forpedo mutants (T-U). E, embryo; ES, endosperm; S, suspensor; P, protoderm; H, hypophysis; Ca,
catechins; C, cotyledon; HP, hypocotyl; SAM, shoot apical meristem; RM, root meristem. Red color, protoderm; White, ground tissue; Blue,

provascular tissue.

may be more related to seed-specific functions involved
in seed maturation and desiccation. At the time of writ-
ing this review (July 2008), there were 219 confirmed
EMB genes in the SeedGenes database corresponding
to 27.5% of preglobular, 26.1% of globular, 11.4% of
heart-transition and 35.1% of torpedo-cotyledon mu-
tants. The enrichment in the molecular characterization

of EMB genes in the torpedo-cotyledon class reflects a
greater interest of plant biologists for the later stages of
seed development, which are associated with potentially
important agronomic traits. This enrichment is mainly
to the detriment of the globular mutants, which belong
to the class characterized by the less informative phe-
notype. Furthermore, the more recent use of reverse
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genetics allowed the rapid characterization of multiple
alleles of an EMB gene, showing that in some cases the
phenotypic class is correlated to the severity of the al-
lele.

3. Can the minimal gene set concept be applied to
eukaryotic unicellular and multicelullar organisms?

A previous release of the SeedGenes database al-
lowed the classification of the function of genes re-
quired for seed development and a preliminary com-
parison with essential genes in other organisms [23].
Essential genes are defined as genes being indispensable
to support cellular life. They constitute a minimal gene
set required for a living cell and can be considered as the
foundation of life itself. In addition, proteins encoded
by such genes constitute excellent targets for antibacte-
rial agents, for the development of novel drugs against
pathogens and of herbicides together with the develop-
ment of an “antidote” provided to the crop plants but not
to the weeds. Therefore, an identification of the essen-
tial gene set in plants is of considerable interest not only
to answer fundamental questions but also for therapeu-
tic and agronomic uses.

Curiously, the description of a minimal gene set does
not necessarily require systematic functional genomics
(for a review, [24]). Instead, this detection rather ben-
efited from large-scale comparative genomic studies.
Several theoretical studies have endeavored to derive the
minimal set of genes that are necessary and sufficient to
sustain a functional cell under ideal conditions. A com-
parison of the first two complete bacterial genomes,
Haemophilus influenza and Mycoplasma genitalium, re-
sulted in a catalogue of the minimal gene set consisting
of 256 genes. Similar estimates have been obtained by
analyzing viable gene knockouts in Haemophilus in-
fluenza, Bacillus subtillis and M. genitalium [25-28].
However, the gene knockout approach revealed that ab-
solute evolutionary conservation does not necessarily
equate with gene essentiality. To rigorously assess the
gene essentiality in M. genitalium, both individually
and in network, the complete chemical synthesis and
assembly of the M. genitalium genome has been per-
formed [29]. Although this work represents a consid-
erable technical achievement, the authors have yet to
demonstrate that their synthesized genomes will support
the life of a bacterium. Information on the basic func-
tions of these genes can be found in the Database of Es-
sential Genes (DEG [30]: http://tubic.tju.edu.cn/deg/).
This minimal synthetic organism will possess the com-
plete system for translation, transcription and replica-
tion but with other systems such as the repair machinery,

the metabolic pathways, the signal transduction appa-
ratus, and the molecular chaperones reduced to a bare
minimum. Only 35% of the bacterial minimal gene set
could be identified in yeast, as assessed by COGs (Clus-
ter of Orthologous Group). The COG approach is based
on the concept that any group of at least three pro-
teins from distant genomes that are more similar to each
other than to any other protein within the same genomes
most probably belongs to a family of orthologs. This
indicates that even among unicellular organisms, the
composition of the COGs in the minimal gene set will
be divergent between prokaryotes and eukaryotes. This
may be due to selective gene loss from clades and
horizontal gene transfer (HGT) occurring in prokary-
otic evolution whereas HGT is insignificant/implausible
in the evolution of eukaryotes. Although the essential
house-keeping functions for a prokaryotic or a eukary-
otic cell are probably similar, an identification of the
genes encoding these functions requires different com-
parative and functional genomics. Furthermore, defin-
ing the minimal gene set without specifying the condi-
tions under which the minimal organism is supposed to
survive makes no sense.

The precepts of the minimum gene set in prokary-
otes and those of COGs, together with the comparison
of eukaryotic genomes, have been applied to the anal-
ysis of the Arabidopsis EMB genes. The list of the
219 confirmed EMB genes present in the SeedGenes
database has been used in the present analysis. Although
the minimal gene set concept may be intuitive for sim-
ple and unicellular organisms, the paradigm requires
a reappraisal for multicellular organisms. Similarly to
the bacterial functional niches, different plant cell types
may have different sets of minimal genes. Due to the
low complexity of the Arabidopsis embryo composed
of few tissues and cell types, most of these genes will
not be identified in screens of seeds arrested in develop-
ment. The first step of seed development involves cell
division probably using some products stored in the egg
cell and some that are newly synthesised [2]. The sec-
ond phase requires the de novo production of proteins
by transcription and translation. Therefore, we would
expect to find among the functions controlled by the
Arabidopsis essential genes many common to the es-
sential functions of a prokaryotic cell (described above)
with the important caveat that gene duplications have
occurred during eukaryotic genome evolution. This im-
plies that the description of the minimal Arabidopsis
gene set cannot be solely based on the identification
of the EMB genes but requires a combined approach
of functional and comparative genomics. However, the
molecular characterization of the EMB genes provides
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Fig. 2. Essential genes in Arabidopsis in relation to functional categories of KOGs. The KOGs determined for the 219 confirmed EMB genes have
been grouped by function (Table 1). The repartitions of functional categories have been drawn for the 219 mutants and for each of the four main

classes of emb mutants. (For colors see the web version of the article.)

the possibility to address the important question of the
essentiality of a gene and to establish the criteria on
which it is based.

The Arabidopsis genes have been classified in KOGs
(euKaryotic Orthologous Group, http://www.ncbi.nlm.
nih.gov/COG/grace/shokog.cgi/; [31]), as established
by a comparison between seven complete eukaryotic
genomes (namely, the genomes of three animals: Homo
sapiens, Drosophila melanogaster, Caenorahabditis el-
egans, of the green plant Arabidopsis thaliana, of two
fungi: Saccharomyces cerevisiae and Schizosaccha-
romyces pombe and of the microsporidian Encephalito-
zoon cuniculi). We interrogated this KOG database with
the list of the 219 Arabidopsis EMB genes. A signif-
icant proportion of these genes could not be assigned

to any KOGs, a probable consequence of Arabidop-
sis being the only representative of the photosynthetic
eukaryotes. However, there remained 860 KOGs com-
mon to the seven eukaryotes. Among these ubiquitous
KOGs, 131 are represented by a single orthologous
gene. Using this KOG nomenclature, the data pre-
sented in Fig. 2 and Table 1 show that the majority
of KOGs are involved in translation and transcription
machineries, cell division processes, similar to the es-
sential prokaryotic functions. Furthermore, genes in-
volved in metabolism account for a substantial pro-
portion of EMB genes. The same data set was classi-
fied according to phenotype, showing strong bias such
as predominance of KOGs in translation/transcription
processes (J and A) for globular arrested seeds and
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Table 1
EMB genes and functional classification by KOGs

Information storage and processing

J: Translation, ribosome structure and biogenesis

A: RNA processing and modification

K: Transcription

L: Replication, recombination and repair

B: Chromatin structure and dynamics

Cellular processes and signaling

D: Cell cycle control, cell division, chromosome partitioning
Y: Nuclear structure

V: Defense mechanisms

T: Signal transduction mechanisms

M: Cell wall/membrane/envelope biogenesis

N: Cell mobility

Z: Cytoskeleton

W: Extracellular structures

U: Intracellular trafficking, secretion, vesicle transport

O: Posttranslational modification, protein turnover, chaperones
Metabolism

C: Energy production and conversion

G: Carbohydrate transport and metabolism

E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

H: Coenzyme transport and metabolism

I: Lipid transport and metabolism

P: Inorganic transport and metabolism

Q: Secondary metabolite biosynthesis, transport and metabolism
Poorly characterized

R: General function prediction only

S: Unknown function

No KOGs

Total number of Arabidopsis KOGs

KOGs represented by one ortholog in seven eukaryotic genomes

Number of EMB genes*
14

15

6

9+ 1KR + 1KI
2+42BD + 1BDL

34 IDK + 1DL
1 (YU)
0

N O = W

0
5+ 1UO0+ 1UR + 1UZ
19 + 10PR + 10T

3
5

8+ 1EO

3

4

5+ 1IQ+ 1IR + IIT
1

3

18

2

71

3285

4/131 (expected 8-9 KOG)

* Total number of confirmed EMB: 219 as to May 2008.

of KOGs in cellular processes (O) in heart-transition
mutants. The torpedo/cotyledon mutants exhibited the
highest proportion of EMB genes that do not fall in
KOGs (Fig. 2, no KOGs). This may indicate that these
genes are involved in seed-specific functions, which are
not represented in other eukaryotes. The existence of
a correlation between ubiquitous KOGs and essential-
ity was tested and compared to the results obtained
in yeast and C. elegans (Fig. 3). Disruption of genes
in ubiquitous KOGs has a greater chance to lead to
lethality than in other genes. Upon analysis of the
131 ubiquitous KOGs containing only a single orthol-
ogous gene, no enrichment in essential genes was ob-
served (Table 1). This observation is somewhat similar
to that documented in prokaryotes showing that gene
conservation does not imply essentiality. In the case
of Arabidopsis, it suggests that most genes belong to
ubiquitous KOGs containing several homologous genes
within the same genome but with non-redundant func-
tions.

4. How has “essentiality’’ evolved in the context of
whole genome duplication in eukaryotes?

The eukaryotic genomes have evolved by whole
genome duplication and subsequent divergence of genes
leading to new genes (neofunctionalization) and clade-
specific gene losses [32-34]. Orthologs are defined as
homologous genes that evolved via vertical descent
from a single ancestral gene in the last common ances-
tor of the compared species. Paralogs are homologous
genes that evolved by duplication of an ancestral gene.
In addition, the eukaryotic genomes evolved by lineage
specific expansion (LSE) [35]. There are 1458 LSEs in
the Arabidopsis genome, a number similar to that of hu-
man genome (1373), but much higher than that of yeast
genome (134). Among the major clusters of Arabidop-
sis LSEs are the plant-specific kinases, the plant-specific
F-box containing proteins and the PPR proteins [36].
LSEs constitute one of the principal sources of organi-
zational and regulatory diversity. The presence of sev-
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Fig. 3. Essential genes and conservation of KOGs among eukaryotes. Non-essential genes (N) and essential genes (E) in Arabidopsis, worm and
yeast respective to KOGs. KOGs common to seven eukaryotic genomes (green) and other KOGs (blue). (For colors see the web version of the

article.)

eral PPR genes among the EMB genes is in agreement
with specialization occurring after gene multiplication
rather than redundancy [37].

Paleoploidy or whole genome duplication is wide-
spread in flowering plants and is believed to play an
important role in the evolution and diversification of
species [38,39]. The Arabidopsis genome has also been
subjected to several rounds of polyploidy [34,40-42].
Therefore, the question arises as to what extent have
gene divergence and gene loss been imposed on the
duplication of the ancestral essential genes. Maintain-
ing duplicates of essential genes may be an advantage
and now we have to distinguish the concepts of “es-
sential function” and “essential gene” since knock-out
of one orthologous gene will no longer lead to lethal-
ity while the function still remain essential. Alterna-
tively, duplication may affect gene dosage and gene
expression and has a consequence on gene function.
Blanc and Wolfe [43] studied the evolutionary effects
of polyploidy on plant gene function in Arabidopsis
and suggested that gene loss is the most likely out-
come. However, these authors found evidence for a non-
random pattern of elimination of duplicated genes. It ap-
pears that the duplicates of genes associated with tran-
scriptional function have been preferentially retained,
whereas duplicates of genes associated with DNA re-
pair have been preferentially lost. In addition, more

than one half of the gene pairs showed significant vari-
ation in the pattern of gene expression indicating the
possibility of a divergence of function. This observa-
tion has been confirmed by a recent work of Ganko et
al. [44]. Therefore, one consequence of polyploidy is
neo-subfunctionalization. The list of the confirmed Ara-
bidopsis EMB genes has been presently analyzed using
the web site at http://wolfe.gen.tcd.ie/athal/dup to iden-
tify those genes retaining a paralog in the Arabidopsis
genome and those that are now unique. This information
was correlated to the function encoded by the genes.
Of the 219 EMB genes, 21 (9.6%) have retained a par-
alog in the Arabidopsis genome. On the whole Ara-
bidopsis genome, less than 27% of the genes are du-
plicated between the sister genomic regions. Such low
values suggest that duplicated EMB genes have been
more susceptible to gene loss than any other genes. Al-
though there are some striking examples of duplicated
EMB genes such as the two genes encoding the cat-
alytic subunit of DNA polymerase epsilon [19,45] and
the three genes encoding the ribosomal protein L8/L2
(EMB2296, Meinke/SeedGenes), there seems to be an
advantage for the functionality of an EMB protein to be
encoded by a single gene.

Studies in yeast revealed that highly “connected”
proteins are encoded by few duplicated genes and that
deletion of these genes tends to result in lethality. In
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agreement with this, the proportion of essential genes is
significantly higher among singletons [46]. One aspect
of “connectivity” of proteins with essential functions
has already been hypothesized in eukaryotes sharing
the 131 KOGs [31]. Indeed, nearly all of these func-
tionally characterized KOGs consist of proteins that are
subunits of multiprotein complexes. The most promi-
nent of these complexes are those involved in rRNA
processing and ribosome assembly together with the
pre-40S subunit, as well as the spliceosome and vari-
ous complexes involved in transcription [31]. The pre-
ponderance of multiprotein complex formation among
the single gene KOGs is fully compatible with the
balance hypothesis [47]. Accordingly, among the list
of confirmed Arabidopsis EMB genes, several encode
proteins participating in the formation of large macro-
molecular complexes as subunits of the RNA process-
ing complex (SIGS [48], AtPARN [49], PRPS splicing
factor, PRP4 [50], RNA helicase [51]), of the protea-
somes (CULI [52], CUL3a and b [53], RPN1 [54]), of
ribosomes/translational apparatus (RPL3 and RPL8A,
Meinke, Seedgenes, AML1 = RPS5 [55], aminoacyl-
tRNA synthetase [56]) and of molecular chaperones
(SLP [57], HSP90, Meinke, Seedgenes). In yeast, a cor-
relation has been established between protein connec-
tivity, essentiality and gene uniqueness. Surprisingly,
gene essentiality and gene duplication are not correlated
in mammals [58]. The difference seems to be due to
the fact that in yeast, singleton-encoded proteins tend to
have more interacting partners than in mammals, sug-
gesting that they are more intrinsically essential for the
organism [59]. In mammals duplicated genes have a
higher connectivity than do singletons suggesting that
intrinsically they are more essential. In Arabidopsis,
some of the EMB genes participating in large functional
complexes still possess their paralogs. They are particu-
lar examples of gene diversification of expression or of
function following duplication with high connectivity.

5. What about plant—specific essential genes?

The characterization of genes essential for seed de-
velopment in Arabidopsis constitutes a foundation for
further studies such as genome evolution in relation to
functional genomics in photosynthetic organisms. The
completion of the list of the Arabidopsis essential genes
would considerably benefit from a comparison of ap-
propriate genomes [60]. At present, our understanding
is limited by the number of species whose genome
has been completely sequenced and for which system-
atic knockouts have been characterized. As a conse-
quence, a large proportion of the Arabidopsis proteins

are not found in KOGs and thus comparisons are limited
to prokaryotes and eukaryotes in the non-plant king-
doms. Although we can learn important features dealing
with the basic cellular house-keeping functions com-
mon to all eukaryotes, we presently have great diffi-
culties in determining the minimal gene set for a plant
cell. However, with the increasing number of available
genome sequences of photosynthetic organisms (e.g.,
prokaryotes, algae [61,62], and lower [63] and higher
plants [64]) combined with functional genomics (such
as in rice [65,66]), the description of the minimal gene
set for a photosynthetic cell will become a realistic goal.
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