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REVIEW: CO0MPARATIVE GENOMCS \ 

Plants Compared to Animals: The Broadest 

Comparative Study of Development 
Elliot M. Meyerowitz 

If the last common ancestor of plants and animals was unicellular, comparison of the 
developmental mechanisms of plants and animals would show that development was 
independently invented in each lineage. And if this is the case, comparison of plant 
and animal developmental processes would give us a truly comparative study of 
development, which comparisons merely among animals, or merely among plants, do 
not-because in each of these lineages, the fundamental mechanisms are similar by 
descent. Evidence from studies of developmental mechanisms in both kingdoms, and 
data from genome-sequencing projects, indicate that development evolved indepen- 
dently in the lineages leading to plants and to animals. 

The Origin of Plants and Animals 
We can trace the general course of eukaryotic 
evolution before and after the existence of the 
last common ancestor of plants and animals, 
but only in the crudest terms (Fig. 1). The 
earliest signs of life on Earth date to 3.8 
billion years before the present (Ga) (1). Eu- 
karyotic cells appeared before 2.7 Ga, as 
indicated by hydrocarbon biomarkers (2); but 
the earliest fossil evidence for multicellular 
eukaryotes is 0.6 Ga (3). The last common 
ancestor of plants and animals appears to 
have existed around 1.6 Ga, based on rough 
molecular clock calculations (4)-long after 
the initial appearance of eukaryotes, and long 
before a clear fossil record of multicellular 
eukaryotes. If the fossil record were com- 
plete, we could conclude that the last com- 
mon ancestor of plants and animals was uni- 
cellular. But it is far from complete. 

Analysis of organelle genomes adds some 
details, because the endosymbiotic events 
that established mitochondria and chloro- 
plasts bracket the time of the last common 
plant/animal ancestor. Sometime after the ap- 
pearance of the first eukaryotes, but before 
the last common ancestor of plants and ani- 
mals, the uptake of the alpha proteobacterium 
that led to mitochondria occurred; the evi- 
dence for this timing is the clear homology of 
the mitochondrial genomes in plants and an- 
imals (5). After the last common ancestor of 
plants and animals, another endosymbiotic 
event, the uptake of a cyanobacterium to form 
the precursor of chloroplasts, occurred only 
in the plant lineage (6). Therefore, the last 
common ancestor of plants and animals lived 
after the alpha-proteobacterial uptake, and 
before the cyanobacterial-but we do not 
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have dates for these events, nor any knowl- 
edge of what sort of eukaryote was involved 
in either symbiosis. It is simplest to imagine 
that both uptake events occurred in unicellu- 
lar eukaryotes, but this is hardly proof that the 
last common ancestor of the plant and animal 
lineages was in fact unicellular. 

The sequencing of the entire genome of 
the flowering plant Arabidopsis thaliana (7) 
and of two animals (Drosophila melano- 
gaster and Caenorhabditis elegans) (8, 9) as 
well as the impending completion of the se- 
quencing of the human genome (10), along 
with our knowledge of the function of some 
of the genes found in these genomes, points 
strongly to a unicellular (or colonial) last 
common ancestor. The basic mechanisms of 
pattern formation and of cell-cell communi- 
cation in development appear to be indepen- 
dently derived in plants and animals. None- 
theless, there are some surprising similarities 
in the overall logic of development in the two 
lineages. 

Evidence from Pattern Formation 
Pattem formation is one area for comparison 
between plant and animal development. In 
Drosophila, as an example of animals, seg- 
mental identity is established by the spatially 
specific transcriptional activation of an over- 
lapping series of master regulatory genes, the 
HOX homeobox genes. Cognate processes of 
activation of homologous genes establish the 
rostral-caudal axis in developing vertebrate 
brains, and the proximal-distal axis in verte- 
brate limbs (11). A similar process occurs in 
the specification of the radial pattern of floral 
organs in Arabidopsis and other flowering 
plants. A set of master regulatory genes are 
transcriptionally activated in a radial pattem 
of overlapping domains, and the master reg- 
ulators then specify organ identity in the de- 
veloping flower (Fig. 2) (12, 13). In both 

plants and animals, an initial spatially specif- 
ic pattem of gene transcription is activated 
and then refined, with the eventual pattern 
combinatorially specifying segment or organ 
identity. The plant master regulatory genes 
identified to date are not, however, members 
of the homeobox family. Most are members 
of the MADS box family of transcription 
factors (14). The homeobox and MADS box 
transcription factor genes are not homolo- 
gous: There is no detectable similarity in their 
amino acid sequences, and the protein struc- 
tures share no resemblance (15-17). Further- 
more, both MADS box and homeobox family 
members are found in plants and in animals, 
and therefore each family traces its origin 
to before the last common ancestor (18). 
Despite the similar use of transcription fac- 
tors as master regulators of developmental 
pattern, the plant and animal processes are 
nonhomologous. 

It can be asked whether comparison of 
animal segment formation and flower devel- 
opment is an appropriate basis on which to 
consider the evolution of pattern formation in 
general-that is, it may be that there are 
pattern-formation processes in plants that use 
homeodomain proteins just as they are used 
in animals, and pattem formation processes 
in animals that rely upon MADS box genes. 
Studies to date have not implicated the few 
animal MADS domain proteins as master 
regulators of pattern formation-there are 
only two family members each in Drosophila 
and in Caenorhabditis (19). One of the Dro- 
sophila MADS box family members, MEF2, 
is primarily involved in muscle differentia- 
tion (as are its homologs in mammals) (20, 
21); the other is involved in wing vein and 
tracheal development (22). No experiments 
have shown that mutations in plant ho- 
meobox genes have homeotic phenotypes (al- 
though many are yet to be studied, and two 
have been implicated as potential receptors in 
a signaling process that establishes the upper 
to lower axis of leaves; see below). Thus, it 
seems that plants and animals independently 
evolved the master regulatory processes that 
serve their logically similar mechanisms of 
spatial pattern formation, starting with tran- 
scription factor families present in the last 
common ancestor. 

Another pair of examples is dorsal-ventral 
specification in animal embryos, and the 
specification of the adaxial-abaxial axis iII 
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leaves. Again, there is surprisingly parallel 
logic, and in this case, most of the proteins 
used in animals have no homologs in plants, 
and vice versa-thereby clearly demonstrat- 
ing that the processes evolved within each 
kingdom. 

In Drosophila, the dorsal-ventral axis of 
the embryo is established by a relay of signals 
between the embryo and its surrounding fol- 
licle cells, with ligands traveling through the 
perivitelline space. Development of the axis 
appears to begin when the dorsal anterior 
portion of the embryo produces a transform- 
ing growth factor--a (TGF-o4--related protein 
called Gurken. Gurken acts as a ligand for a 
receptor of the epidermal growth factor 
(EGF) type, a receptor tyrosine kinase, in the 
follicle. Activation of this cascade via Ras 
activation represses expression of the Pipe 
protein, a sulfotransferase whose exact fimc- 
tion is unknown, on the dorsal side of the 
embryo, leading to its ventral expression. 
Ventral Pipe activates production of a protein 
ligand (Spatzle) for the Toll receptor; activa- 
tion of Toll leads to proteolysis of Cactus and 
release of Dorsal from a Cactus-Dorsal com- 
plex. This allows Dorsal to enter the nuclei of 
ventrally located cells in a ventral-dorsal gra- 
dient. High nuclear Dorsal activates Twist in 
the most ventrally located cells; modest lev- 
els of nuclear Dorsal activate Short Gastrula- 
tion-encoding genes in more dorsally located 
(lateral) cells, and Twist and Short Gastrula- 
tion activity then lead to subsequent differen- 
tiative events (23, 24). 

The Arabidopsis genome has no relatives of 
Gurken, no receptor tyrosine kinase homologs 
or Ras protein, and no genes encoding proteins 
similar to Pipe. Cactus (homologous with I- 
kappa B of mammals) has no convincing rela- 
fives in the Arabidopsis genome other than the 
many proteins that share with it ankyrin repeats. 
Dorsal is a member of the Rel (nuclear factor- 
kappa B, NF-KB) family of animal transcription 
factors, with no relatives in Arabidopsis (19); 
Twist is a basic helix-loop-helix (bHLH) tran- 
scription factor family member that shares only 
weak similarity to the bHLH domain (and no 
other part of the protein) with Arabidopsis pro- 
teins, whereas it shares substantial similarity 
with proteins from many different animal 
species. Short Gastrulation -is a membrane 
protein related to Xenopus Chordin, but un- 
related to any protein encoded in the Arabi- 
dopsis genome. 

Toll is a different and interesting story. It 
acts not only in dorsal-ventral specification in 
flies, but also in the activation of innate im- 
munity (25). Although there appears to be no 
plant cognate of Toll acting in pattern forma- 
tion, there are proteins that act in the plant 
pathogen response that share with Toll its 
leucine-rich repeats and its TIR domain (25, 
26). These plant proteins apparently do not 
act via a NF-KB-type of downstream mech- 

anism, at least as far as is known. Thus, it 
may be that the last common ancestor of 
plants and animals used some relative of Toll 
in the pathogen response (a response expect- 
ed of unicellular as well as multicellular or- 
ganisms), and that this same system, exten- 
sively evolved in the animal lineage for re- 
sistance, was also adopted for an animal pat- 
tern-formation process. 

Adaxial-abaxial axes of leaves in Arabi- 
dopsis provide an additional example of pat- 
tern formation in plants. The present model 
for this process begins with the shoot apical 
meristem at the tip of a growing shoot. Pri- 
mordia of leaves originate on the flanks of the 
meristem, and therefore begin with an asym- 
metric relation to the rest of the plant, with 
the future adaxial leaf surface adjacent to the 
meristem, and the abaxial surface distant 
from it. An unknown signal from the meris- 
tem appears to activate members of the 
REVOLUTA/PHABULOSA/PHAVOLUTA 
protein family, the 
RNAs for which are 
initially uniformly ex- 
pressed in the leaf pri- 
mordium. This activa- 
tion feeds back upon 
the expression of the 
genes such that their 
RNAs are expressed 
preferentially in the 
adaxial surface of the 
primordium; the en- 
coded proteins then 
specify adaxial fate 
(27). The REV/ 
PHAB/PHAV family 
is a plant-specific sub- 
family of homeobox 
proteins that also con- 
tains a b-zip and a 
START lipid-binding 
domain. Because mu- 
tations in the START 
domain create domi- 
nantly active versions 
of the proteins, it is 
thought that they may 
be activated by a lipid 
ligand. The activated form of PHAB or 
PHAV is thought to act in part by repressing 
RNA accumulation from the genes KANADII 
and KANADI2 in adaxial regions; their con- 
tinued abaxial expression represses PHAB 
and PHA V, in turn (28). The KANADI genes 
(encoding proteins of the GARP family of 
transcription factors) then activate members 
of the YABBY family of transcription factors 
on the side of the primordia away from the 
meristem, which leads to abaxial fate (29, 
30). Animal genomes as known to date en- 
code no proteins related to members of the 
GARP family or to those of the YABBY 
family. 

Thus, again we find similar processes 
controlled by nonhomologous genes, indeed 
by animal genes that for the most part are not 
found in plants, and plant genes without de- 
tectable relatives in animals. 

Chromatin 
In both plants and animals the establishment and 
maintenance of the spatial patterns of expression 
of master regulatory transcription factors in- 
volves chromatin. Chromatin processes seem to 
be conserved between plants and animals. A 
striking example of conservation of develop- 
mental processes at the level of chromatin is 
maintenance of the pattern of expression of 
homeotic genes. In Drosophila, after establish- 
ment of the pattern of activation of the Hox 
genes that establish segmental pattern by tran- 
sient activators and repressors, their state of 
expression is maintained by cell-heritable chro- 
matin states of activation and repression (31, 
32). For example, the protein coded by Enhanc- 

er of zeste [E(z)], a 
Polycomb group pro- 
tein, maintains re- 
pression of Hox 
genes such as Ultra- 
bithorax (33). Muta- 
tions in E(z) cause 
ectopic expression of 
the Hox genes, and 
consequent homeotic 
phenotypes. 

A homologous 
pathway appears to 
regulate floral ho- 
meotic genes in 
plants. Mutants of 
the Arabidopsis 
gene CURLY LEAF 
(CLF) show ectopic 
expression of the 
floral-pattern gene 
AGAMOUS, which 
acts in the specifica- 
tion of stamen and 
carpel identity, and 
also misregulation 
of APETALA3, a 
master regulator of 

petal and stamen identity. The CLF gene 
codes for an E(z) homolog (34). Thus, flies 
and plants both appear to use Polycomb class 
gene products to maintain decisions estab- 
lished by homeotic genes, except that the 
homeotic genes acted upon by E(z) in flies 
are homeobox genes, and those acted upon by 
CLF in Arabidopsis are MADS box genes. 

Other chromatin-mediated processes also 
appear to be conserved between plants and 
animals. A survey of the Arabidopsis genome 
shows genes coding for homologs of the typ- 
ical animal chromatin-regulatory proteins, 
such as histones, histone-modifying proteins, 
SWI/SNF2-like chromatin remodeling aden- 

Prokaryotes Plants Animals _~~~~~~~~ F Present 

0.6 Ga 
Multicellular 
eukaryotic 
fossils 

-_1.6 Ga 
Plant-animal 
common 
ancestor 

2.7 Ga 
- Eukaryotic 

trace 
fossils 

-3.8 Ga 
-Evidence 

for life 

Fig. 1. A simplified diagram of the evolution of 
plants and animals, showing the two bacterial- 
uptake events that established mitochondria 
and chloroplasts. 
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osine triphosphatases, Trithorax group pro- 
teins, and additional Polycomb group pro- 
teins (7, 35, 36). Indeed, discovery of the 
striking similarity between pea and cow his- 
tones was the first result of plant and animal 
protein sequence comparisons (37). 

Cell-Cell Signaling 
Cell-cell signaling represents a different but 
equally fimdamental developmental process. 
The general picture is that most aspects of 
cellular signaling have evolved independent- 
ly in plants and animals, although there are 
some common features. An example is cell- 
cell signaling in the shoot apical meristem 
(SAM), a collection of undifferentiated cells 
that act as a reservoir of stem cells for the 
growth of each shoot. The SAM is divided 
into a set of zones, each with cells character- 
ized by different division behaviors, and ex- 
pression of different genes. Communication 
between two of the zones (the apical central 
zone and the underlying rib meristem) is 
mediated by production of a small protein 

ligand (CLAVATA3) in the central zone that 
activates a transmembrane receptor kinase 
(CLAVATAl) in the rib meristem cells, 
thereby causing a reduced rate of cell division 
relative to differentiation of cells at the bot- 
tom face of the rib meristem (38, 39). De- 
scribed at this level, the process seems little 
different from animal signaling with protein 
ligands [for example, Boss in R8 cells of 
Drosophila eyes (40), or Gurken in oocytes] 
to transmembrane receptor kinases [such as 
Sevenless in R7 cells (16, 41), or the EGF 
receptor Gurken receptor]. However, Seven- 
less and the Gurken receptor are receptor 
tyrosine kinases, and there are no members of 
this receptor family in Arabidopsis. Both 
work via activation of Ras, for which there 
are no Arabidopsis homologs (7). 
CLAVATAl is a transmembrane receptor 
serine/threonine kinase (42). Animals, too, 
have receptor serine/threonine kinases, the 

TGF-1 receptors, but these do not resemble 
CLAVATA1, and in addition, the TGF-1 re- 
ceptors signal through cellular SMADS pro- 
teins, which have not been found in the Ara- 
bidopsis genome. The CLAVATAI protein 
has protein domains familiar in animals-an 
extracellular domain of leucine-rich repeats, 
and a cytoplasmic serine/threonine kinase do- 
main. But these domains are not found at- 
tached to each other (so far, at least) in 
animals. Thus, the protein domains found in 
this plant system are presumably from the 
plant/animal ancestor, but they have been 
assembled in a novel fashion to provide a 
communication process in plants. 

A genomewide survey indicates that this 
scenario is general. The Arabidopsis genome 
contains over 150 genes that code for leucine 
rich-repeat transmembrane receptor kinases, 
and over 400 genes-nearly 2% of all Ara- 
bidopsis genes-that code for members of the 
transmembrane receptor serine/threonine ki- 
nase family with various putative extracellu- 
lar domains. The closest genes to these in 

animals are cytoplasmic serine/threonine pro- 
tein kinases, such as Drosophila Pelle and 
human IRAK1 (43). Animals have numerous 
receptors for extracellular information-for 
example, the receptors for the various hedge- 
hog-related ligands (Smo and Ptc relatives) 
(44); Notch (45); nuclear hormone receptors 
(such as the animal steroid receptors) (46); 
and as mentioned above, receptor tyrosine 
kinases and TGF-3-type receptors. None of 
these have been found in the Arabidopsis 
genome (7). An additional example of the 
contrast between plants and animals is the 
use of steroids as signaling molecules, 
which is found in both kingdoms. However, 
the Arabidopsis steroid receptor is a mem- 
ber of the leucine rich-repeat receptor ki- 
nase family, (47, 48)-whereas the known 
animal steroid receptors are members of the 
nuclear hormone receptor family. This im- 
plies a separate evolution of steroid signal- 

ing in the two lineages-although apparent- 
ly based on an ancestral ability to synthe- 
size steroids (49). 

Horizontal Transfer 
One family of plant receptors fails to resem- 
ble anything found in animals, and the evo- 
lutionary history in this case is particularly 
clear-most members of the family came to 
the plant kingdom by horizontal transfer from 
cyanobacteria, whereas no similar transfer 
occurred in the animal kingdom. It is the 
two-component family, related to the bacte- 
rial two-component histidine kinase recep- 
tors. These proteins are used in plants for at 
least four different receptor fimctions: per- 
ception of red and far-red light; receptors for 
the plant hormone ethylene; receptors for the 
plant hormone cytokinin; and as osmosensors 
(50). 

There are five genes that code for five 
related ethylene receptors in the Arabidop- 
sis genome. The receptors act in a curious, 
negative way, in that loss-of-function mu- 

tations lead to a consti- 
tutive ethylene re- 
sponse (51). The recep- 
tors act in air lacking 
ethylene to repress the 
normal responses to the 
hormone (which in- 
clude effects on seed- 
ling growth and on se- 
nescence, as well as in- 
duction of genes 
thought to be involved 
in the pathogen re- 
sponse). When ethyl- 
ene-bound, the recep- 
tors are inactivated, 
and the ethylene re- 
sponse ensues. All five 
gene products resemble 
bacterial two-compo- 

nent receptors, and at least one of the en- 
coded proteins, ETRI, has been shown in 
vitro to be a histidine kinase, as have the 
bacterial proteins (52). The only domains in 
the sequence databases related to the NH2- 
terminal ethylene-binding domain of the 
ethylene receptors are other putative plant 
ethylene receptors and proteins (of un- 
known organismal function) encoded in 
cyanobacterial genomes (53). Thus, it ap- 
pears that plants obtained the ethylene re- 
ceptor genes at the time of the uptake of the 
protochloroplast and, like most genes from 
the endosymbiont, they have been trans- 
ferred to the nucleus. The ethylene recep- 
tors function, at least in part, by. interaction 
with a plant Raf (mitogen-activated protein 
kinase kinase kinase) homolog, a typically 
eukaryotic signal transduction protein (54). 
Thus, these receptors would appear to have 
entered the eukaryotic genome from the 

A I~~~~~~~~~~~~~~~~~~~~~~ 

Fig. 2. Homeotic mutants of Arabidopsis. (A) Wild-type flower, with four whorls of organs: (from periphery to center) 
sepals, petals, stamens, and carpels. (B) apetala2 mutant, with carpels, stamens, stamens, and carpels. The mutated gene 
is a member of the AP2-EREBP plant-specific transcription factor family (19). (C) pistillata mutant, lacking activity of a 
MADS box transcription factor and thus having sepals, sepals, carpels, and carpels. (D) agamous mutant, lacking activity 
of a MADS box family member, with a repeating sepal, petal, petal structure. Photos courtesy of J. L. Riechmann [panels 
(A) and (D) from (60), with permission]. 
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cyanobacterium, but became the upstream 
portion of a typically eukaryotic signal 
transduction cascade. 

Sequence analysis of the phytochromes 
tells a similar story. Phytochromes are red 
and far-red light receptors with a tetrapyrrole 
chromophore, related to two-component re- 
ceptors, that constitute one of the several 
classes of plant photoreceptors. There are five 
phytochrome genes in the Arabidopsis ge- 
nome (7). These genes, like the ethylene 
receptors, have homologs in cyanobacteria as 
well as in plants; the cyanobacterial genes 
encode light receptors (55). Once again it 
appears that the bacterial receptors became 
adapted to a eukaryotic signal transduction 
pathway, because the downstream compo- 
nents of the signal transduction pathway, as 
far as they are known, are not found encoded 
in bacterial genomes (56). Indeed, it has been 
shown that the plant phytochromes, despite 
their homology to cyanobacterial histidine 
kinases, act as serine/threonine kinases-and 
therefore, that part of the process of adapta- 
tion to a eukaryotic signaling process in- 
volved evolution to a new enzymatic speci- 
ficity (57). 

A more general look at the Arabidopsis 
genome implies that these examples are not 
unique. Several estimates of the number of 
Arabidopsis nuclear genes that derive from 
the cyanobacterial symbiont have been made, 
based on a variety of different assumptions, 
and the numbers range up to 2200 (7, 58, 59). 
Around 650 to 900 code for proteins found in 
chloroplasts (58), indicating that as many as 
1550 nuclear genes of Arabidopsis, or 6%, 
may have been derived from the protochlo- 
roplast and have been, like ethylene receptors 
and phytochromes, put to some use outside 
the chloroplast. 

In summary, whole-genome sequencing 
studies and the evidence of experiments in 
developmental genetics indicate that plants 

and animals have evolved development inde- 
pendently. Although the logic underlying 
many developmental processes is similar, the 
molecules that carry out the logical plan are 
unrelated, or represent novel arrangements of 
ancient protein domains. Plants therefore rep- 
resent the proper comparison to animals in 
any truly comparative study of development. 
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