
Arabidopsis has one of the most simplified plant
genomes, with only limited evidence for segmental

duplications, little repetitive DNA, and with good diploid
genetics. One of the most important observations to
emerge from genome studies, however, is that most
Arabidopsis genes are not unique. Of 100 genes found
between prolifera and GA1 on chromosome 4, for exam-
ple, 65 are members of small multigene families. Based on
these and other data emerging from the genome project, at
least two-thirds of Arabidopsis genes have one or more
closely related homologs (L. Parnell and W.R. McCombie,
pers. commun.). This is especially true of key regulatory
molecules such as transcription factors, receptor kinases,
F-box proteins and cell-cycle regulators. For example, the
MADS box gene family has at least 50 members, while
there might be more than 300 receptor kinases. What are
the implications of this widespread gene duplication?

It is possible that gene duplications have allowed each
family member to evolve a unique function, for example in
a specialized cell type. However, in many cases, family
members have overlapping expression domains and so
might effect the same process in the same cell type. With
the advent of the polymerase chain reaction, it has become
a relatively trivial matter to obtain insertional mutants in

such genes via site-selected mutagenesis. The major con-
clusion emerging from studies of this sort is surprising:
most insertional mutants have no discernible phenotype.
Sometimes, the corresponding gene might be non-func-
tional, representing a pseudogene or other evolutionary
relic. However, genetrap studies reveal that many
expressed genes, when disrupted, can still lack a detectable
phenotype2. Mutations in such genes might not be recov-
ered because they have subtle or conditional phenotypes.
Alternatively, such mutations might not be recovered
because multiple closely related genes encode that func-
tion. In such cases, double, triple and sometimes even
more redundant combinations of mutations might be
required to reveal a mutant phenotype.

What might the consequences of this redundancy be for
developmental genetics? One important ramification is in
the ordering of regulatory pathways by double-mutant
analyses. As any genetics textbook will point out, if single-
mutant phenotypes are distinct and the double mutant
resembles one of the single mutants, then the mutations
are generally interpreted to affect steps in a linear path-
way. If the double mutant shows an additive phenotype,
then the two mutations are thought to affect separate,
unrelated processes. Alternatively, the double mutant
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Copying out our ABCs
the role of gene redundancy in interpreting
genetic hierarchies

The complete sequence of the Arabidopsis genome is scheduled to be determined by the end of the year 2000.
While this goal could prove to be something of a moving target (the estimated size of the genome has grown
from 120 Mb to 130 Mb over the last year1), it is clear that the majority of genes required for higher plant
growth, reproduction and development will have been described within this time frame. Some of the
implications of this landmark achievement are already becoming clear, even though less than a half of the
genome has been sequenced.
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might display a novel, synergistic phenotype that does not
resemble either of the single mutants. In this case, the
mutations are thought to affect genes that act co-operatively
towards some final outcome (Fig. 1).

A crucial parameter in the interpretation of such 
double-mutant analyses is the nature of the alleles
involved. If null alleles of two genes in the same pathway
are combined, then the double mutant will resemble one
of the single mutants. By contrast, when weak mutant 
alleles of the same two genes are combined, their effects
are often enhanced relative to each single mutant, leading
to a novel, often more extreme, phenotype (Fig. 1). If the
nature of the alleles is not known, considerable confusion
can ensue because synergistic interactions could be due to
the effects of null alleles in parallel pathways, or to the
action of weak alleles in a single pathway3.

The discovery of high levels of gene duplication sug-
gests that many genes might encode at least partially
redundant functions. In turn, this means that the defi-
nition of many gene hierarchies that are based on the
intepretation of double-mutant analyses might have to be
revised; null alleles in one member of a redundant gene
family might result only in partial elimination of the func-
tion encoded by that family. Therefore, double-mutant
combinations involving such ‘null’ alleles might only 
represent partial losses of function and, consequently, pro-
duce a synergistic phenotype even when the corresponding
genes are in fact in the same pathway (Fig. 1).

An example of one such hierarchy that has received
considerable attention in the last few years involves the
homeotic genes that control floral development in
Arabidopsis. These have been grouped into meristem-
identity genes and organ-identity genes responsible for
specifying particular floral organs (the ABC genes).
Meristem-identity genes, such as APETALA1 (AP1) and
LEAFY (LFY) are required for the formation of a florally
determined meristem4–6. Strong mutations in each of these
genes leads to a partial loss of floral meristem identity, and
double-mutant combinations of such alleles result in an
even more-severe phenotype, suggesting that AP1 and
LFY act in parallel pathways to effect the specification of a
floral meristem5,7.

AP1 encodes a product that has similarity to the
MADS-box family of transcription factors8 and several
homologs of AP1 have now been identified in Arabidopsis
(Refs 9, 10). Loss-of-function mutations in one of these
genes, CAULIFLOWER (CAL), greatly exaggerate the
phenotype of ap1 in double-mutant combinations,
although cal mutations have no phenotype on their own6.
CAL has been postulated to positively regulate LFY,
because LFY is downregulated in ap1 cal double mutants
(although it is expressed normally in ap1 single
mutants)5,6. These and other observations suggest some-
what different roles for these two family members: CAL
appears to be involved in initially promoting the activity
of LFY, while CAL and AP1 act in concert with LFY to
effect meristem identity6. However, it is possible that AP1
and CAL actually have analogous roles in meristem iden-
tity6. AP1 might also activate LFY expression, but in ap1
mutants this function is fully complemented by CAL and
only becomes apparent in the ap1 cal double mutant.

The full spectrum of AP1 and CAL functions might be
obscured because there are other family members that are
still active in either ap1 or cal mutant backgrounds. For
instance, AGL8 shows marked sequence similarity to AP1
and CAL and is functionally redundant with AP1 and
CAL (Refs 10, 11; C. Ferrandiz, Q. Gu, R. Martienssen
and M. Yanofsky, unpublished). Although AGL8 expres-
sion does not overlap with that of AP1, in an ap1 mutant
background AGL8 expression expands into the AP1
domain and can partially compensate for loss of AP1
function. The overlapping roles of AP1, CAL, AGL8 and
potentially other, as yet undescribed family members, sug-
gest that the complete loss of AP1-family function has not
yet been described. In turn, this interpretation could pro-
vide an alternative explanation for the synergistic pheno-
type produced by lfy ap1 double mutants. If null ap1
mutants represent partial loss of function for a redundant
gene family, then double mutants with lfy can be exagger-
ated phenotypically even though they might be in the same
pathway.

Redundancy might also cloud the interpretation of how
the ABC genes act to specify organ identity. In a now clas-
sic study, analyses of double mutants led to a model in
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FIGURE 1. Interpretation of double-mutant combinations

Predicted outcomes are shown for combinations of strong and weak alleles in linear pathways, along with interpretations that assume only strong alleles. For
simplicity, all regulatory interactions are positive. Mutant alleles are shown as lower-case letters.
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There exists considerable variation in the size of introns,
both within and between species. It has been reported

that, for some mammals and birds, genes in GC-rich iso-
chores might be both shorter (in terms of total intron size
1 total exon size) and more compact (in terms of total
intron size 4 total exon size) than genes in isochores of
lower GC content1. Does this mean that the introns are
shorter in GC-rich regions and is this generally true within
the vertebrates? To address these issues we have analysed
the covariance of intron size and local GC composition in
a mammal, a bird, a fish and an amphibian.

A covariance of intron size with GC composition
would be potentially informative of some of the forces
affecting intronic dimensions because the proportional GC
content and recombination rate are known to exhibit
covariance within mammals2. Indeed, it has been hypoth-
esized that, if recombination induces deletions, introns
might be smaller in GC-rich regions owing to a mutational
bias1. However, an alternative selectionist model can also
be imagined. If longer introns are slightly deleterious then,
because selection is more efficient when the local recombi-
nation rate is high3, small deletions and insertions are
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which combinations of the ABC genes act as ‘selectors’ to
determine the identity of the floral organs12,13. In other
words, action of A-class genes is sufficient to specify sepal
identity, A and B for petal, B and C for stamen, and C for
carpel identity. At the time the ABC model was first pro-
posed, only one A-gene function had been identified,
APETALA2 (AP2), but subsequently AP1 was also char-
acterized as having A-class gene function in addition to its
meristem identity role4,6. Further complicating the issue is
the fact that AP2 also encodes a product that has similar-
ity to a large family of transcription factors, and at least
one partially redundant gene, AINTEGUMENTA (ANT),
has now been identified14–16.

The genetic evidence for the combinatorial action of the
ABC genes is largely based on the novel phenotypes dis-
played by double-mutant combinations. For instance,
plants that are doubly mutant for the A-class gene AP2
and the B-class gene PISTILLATA (PI) display a novel
phenotype that is dissimilar from that of each of the single
mutants. However, redundancy in the AP2 gene family
implies that the ap2 pi ‘novel’ double-mutant phenotype

might actually result from the disruption of a single linear
genetic pathway. Complete loss of all A-gene function
could have more dramatic effects than those predicted by
the model; support for such an idea comes from the
phenotype of ant ap2 double-mutants, which lack most
floral organs15. It is possible that there is no A function per
se, but, rather, that the action of all the ‘A-class’ genes
(including the AP2 and AP1 family members) is required
for the formation of a floral meristem, which in turn acti-
vates the C- and B-class genes via LFY. While certainly specu-
lative, this might account for a number of discrepancies
with respect to the original model.

Of course, the idea that redundancy affects our inter-
pretation of genetics is hardly new17. Similarly, the formal
interpretations of double-mutant phenotypes are well
established18. However, it is only with the analysis of
whole genomes that the extent of the redundancy problem
has become apparent genetically. If these musings reflect
reality, we might need to rewrite much, if not most, of our
favorite models in developmental genetics that rely on
mutations in gene families for their interpretation. 
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Small introns tend to occur in GC-rich
regions in some but not all vertebrates
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