
The macroevolution of organs and tissues in higher plants and 
animals may have been contingent upon the expansion of numerous 
gene families encoding interacting proteins. For example, there are 
dozens of gene families encoding actin cytoskeletal proteins that 
elaborate intercellular structures influencing development. Once 
gene family members evolve compartmentalized expression, protein 
isovariants are free to coevolve new interacting partners that may be 
incompatible with other related protein networks. Ancient classes 
of actin isovariants and actin‑binding proteins are clear examples 
of such coevolving networks. Ectopic expression and suppression 
studies were used to dissect these interactions. In higher plants, the 
ectopic expression of a reproductive actin isovariant in vegetative 
cell types causes aberrant reorganization of the F‑actin cytoskeleton 
and bizarre development of most organs and tissues. In contrast, 
overexpression of vegetative actin in vegetative cell types has 
little effect. The extreme ectopic actin expression phenotypes are 
suppressed by the coectopic expression of reproductive profilin 
or actin depolymerizing factor (ADF/cofilin) isovariants, but not 
by the overexpression of vegetative profilin or ADF. These data 
provide evidence for the coevolution of organ‑specific protein‑ 
protein interactions. Thus, understanding the contingent relation‑
ships between the evolution of organ‑specific isovariant networks 
and organ origination may be key to explaining multicellular 
development.

A macroevolutionary context can reveal the molecular mechanisms 
that underlie organ and tissue development, and this is especially 

helpful when trying to link large gene and protein networks to 
particular models of multicellular development. Research attempting 
to connect gene family evolution, organ origination, and organ 
development has been limited by the complexity of both theo-
retical and technical approaches.1-3 Within sets of interacting gene 
families, we have focused on weighing the relative importance of 
differential gene regulation and divergence of protein isovariants as 
a fundamental duality often associated with the evolution of organ 
ontogeny.4,5 In our recent article6 we have shown how the specific 
interactions of coevolved members of actin and actin binding protein 
(ABP) isovariant families are essential for multicellular development. 
We used a novel approach, suppression of ectopic expression, to 
distinguish nonfunctional interactions from functional isovariant 
interactions that support normal development. In this addendum, 
we discuss the insights these results provide on the coevolution of 
networked gene families and their importance to tissue and organ 
development.

A significant fraction of the 30,000 to 70,000 genes in most 
angiosperm and vertebrate genomes encode ancient and diverse gene 
families.7,8,9 Since their divergence from single, common ancestral 
genes in simpler organisms, these duplicated family members have 
diversified, frequently evolving organ- and tissue-specific expression 
patterns. Once gene family members have evolved restricted patterns 
of expression, the subsets of proteins they encode may, in turn, 
coevolve distinct isovariant-specific interactions that are incompat-
ible with their former networks or with concurrent but spatially 
separate networks in other organs. For example, there are many 
gene families encoding interacting proteins that comprise the actin 
cytoskeleton. In humans, there are four muscle and two cytoplasmic 
actin isovariants contributing to the cytoskeleton and cell and tissue 
development. In the model higher plant Arabidopsis thaliana, there 
are eight actin isovariants: five reproductive and three vegetative. In 
both animals and plants there are numerous gene families encoding 
differentially expressed and frequently coexpressed ABPs including 
actin depolymerizing factors (ADFs/cofilins) and profilins.6,10,11-14

Considering the role that the actin cytoskeleton plays in directing 
cellular development, it is reasonable to propose that the macro-
evolution of complex tissue and organ structures and the expansion 
and divergence of families of cytoskeletal genes and protein isovari-
ants were contingent upon one another.1,2,3,15 We are arguing, 
for example, that once duplicated actin genes had evolved muscle- 
specific expression in early deuterostome animals or leaf-specific 
expression in the earliest land plants, the proteins they encoded were 
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free to evolve novel structures distinct from their parent proteins and 
specific interactions with coexpressed ABPs.4,5 These coevolving sets 
of interacting isovariants are compartmentalized within the organs 
in which they are expressed. Misexpression of some of isovariants in 
the incorrect organ or tissue might cause dysfunctional or dominant 
negative phenotypes, as evidenced by research showing the functional 
nonequivalency of differentially expressed plant and animal actin 
isovariants.6,16,17

In vascular plants, the vegetative and reproductive classes of 
actin-based cytoskeletal systems have operated and evolved with 
relative independence for close to 400 million years,4,5 similar 
to the slightly older cytoplasmic and muscle actin systems that 
evolved independently in both deuterstomes and protistomes. 
Among the five reproductive actins in Arabidopsis, ACT1 is the most 
strongly expressed gene in mature pollen and germinating pollen 
tubes,18,19,20,21 but it is essentially undetectable in leaves or roots. 
In contrast, among the three vegetative actins, ACT2 is the most 
strongly expressed gene in leaves and roots and is not significantly 
expressed in pollen or pollen tubes. There are at least 16 gene families 

encoding ABPs in Arabidopsis22 with the profilin and ADF families 
being among the more thoroughly studied. The 5 profilins and 11 
ADFs are similarly divided into ancient vegetative or constitutive 
and reproductive gene classes. For example, constitutive profilin 
PRF1 is expressed in all vegetative tissues, ovules, and embryos, but 
not in pollen, while PRF4 is expressed in mature pollen and pollen 
tubes.10 Likewise, ADF9 expression is restricted to vegetative tissues, 
while ADF7 is expressed in mature pollen and pollen tubes.11 The 
members of many other ABP gene families are also differentially 
regulated.9,22 These expression data suggest the following hypoth-
esis: “The ancient and divergent classes of plant actin and ABP genes 
coevolved distinct patterns of regulation and specialized protein/protein 
interactions.”

We explored ectopic expression, overexpression, and suppression 
to test this hypothesis for the actin cytoskeletal systems operating 
in Arabidopsis. We find that the transgenic misexpression of the 
pollen-specific reproductive actin ACT1 (tA2P::A1) in vegetative 
tissues of wild-type or a vegetative actin mutant (act2‑1) is extremely 
toxic and produces severely dwarfed plants as shown in Figure 
1.17 Ectopic ACT1 expression causes highly altered organization 
of the F-actin cytoskeleton. Every aboveground organ in these 
plants, including rosette and cauline leaves, inflorescence stems, 
sepals, petals, anthers, and pistil, are malformed. The dwarf plants 
contained smaller cells as shown in the scanning electron microscope 
image of the leaf epidermis. In contrast, the overexpression of the 
vegetative actin ACT2 to similar levels has little effect on plant devel-
opment.17 Further evidence suggesting that the exact levels of actin 
expressed in vegetative tissues are not critical to development come 
from the fact that the act2‑1 null mutant is nearly indistinguishable 
from WILD-TYPE. The ectopic ACT1 expression phenotypes were 
suppressed by the coectopic expression of the reproductive profilin 
or ADF.6 In particular, coectopic expression of reproductive PRF4 
or ADF7 resulted in normal stature and organ development and 
restored normal F-actin cytoskeletal architecture to cells. On the 
other hand, overexpression of the vegetative ABP isovariants PRF1 or 
ADF9 did not suppress the ectopic ACT1 expression phenotypes.

We hypothesized that the high-level ectopic expression of pollen 
actin in vegetative tissues affected actin dynamics, perhaps due to 
weak and in some cases inappropriate interactions among the repro-
ductive actin and the endogenous vegetative ABPs, thus leading to 
excessive polymerization of F-actin and its mis-organization into star- 
or sheet-like structures (Fig. 1). The vegetative cytoskeletal protein 
network had coevolved new interactions that were incompatible 
with pollen actin. In support of the concept of compartmental-
ized coevolution, the coexpresssion of reproductive ABPs buffered 
the effects of ectopic ACT1 expression, allowing normal F-actin 
organization. Thus, the actins and ABPs had coevolved their own 
specific interactions in two separate developmental compartments. 
These data on the suppression of ectopic actin expression dissect 
essential class-specific interactions among the actins and ABPs and 
demonstrate that such interactions are required to properly organize 
and remodel the actin microfilament arrays necessary for normal 
development of different plant cell types and organs. It appears that 
disruption in the balance between actin and the coexpressed acces-
sory proteins leads to deleterious consequences for cell morphology 
and proliferation, resulting in aberrant plant development. In  
the context of the fundamental duality that led us to these studies, 

Figure 1. The effect of ectopic expression of reproductive ACT1 on plant 
morphology, cell size, and filamentous-actin organization. The act2‑1 null 
mutant plants expressing ACT1 in vegetative tissues under control of actin 
ACT2 regulatory sequences (tA2P::A1) are extremely dwarf in stature (right 
two plants) as compared to an untransformed plant (left). The act2‑1 null 
mutant has essentially a wild-type (WT) plant phenotype. Scanning electron 
micrographs reveal that the dwarf ACT1 expressing plants have smaller 
leaf epidermal cells. Immunolabeling of leaf cells of the dwarf plants with 
anti-actin antibodies reveal massive polymerization of actin into sheet-like 
structures (lower cell) as compared to the longitudinal arrays of fine filaments 
and bundles in WILD-TYPE. F-actin immunolabeling is shown in green and 
chloroplast autofluorescence in orange.
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both gene regulation and protein isovariant differences appear neces-
sary for normal multicellular development. Both organ-specific 
regulation and protein structure differences must be selective factors 
that maintain members of the actin, profilin, and ADF/cofilins gene 
families in plants.

The fact that, among the hundreds of ABPs, both reproductive 
profilin and ADF/cofilin suppressed the ectopic ACT1 phenotype 
supports the view that suppression resulted from a general buffering 
of ACT1’s toxic activities. If so, perhaps these results are typical of 
what will be found for many highly networked gene families with 
spatially distinct expression patterns. Ectopic expression or over-
expression of different gene family members encoding structural 
proteins, metabolic enzymes, signaling proteins, and transcription 
factors in plants and animals frequently show strong developmental 
defects, implicating the importance of both regulatory and isovariant 
differences.16,23-28 Mutant suppression studies within gene families 
are being used to test the functional roles of isovariants in multicel-
lular development. For example, in Arabidopsis, CONSTANS (CO) 
encodes a transcription factor whose activity promotes the transi-
tion to flowering: the loss of CO activity results in late flowering. 
Many of the CONSTANS‑Like COL gene family members might be 
expected to have redundant flower promoting activities. However, 
this is not the case for all COL genes. The overexpression or loss of 
COL9, for example, actually speeds up flowering time (unlike CO), 
and COL9 will not suppress CO-deficiency phenotypes.23 CO and 
COL9 have evolved distinct functions. In Drosophila, cytoplasmic 
actin isovariants cannot suppress the loss-of-flight phenotype of flies 
defective in the closely related flight muscle actin,16 demonstrating 
that small sequence differences matter in the highly networked actin 
cytoskeletal system. In parallel, complementation and suppression 
studies demonstrate that the regulatory sequences from one constitu-
tive cytoplasmic Drosophila actin gene were essential, but the protein 
sequence of the particular cytoplasmic actin isovariant expressed 
was not important.24 Such mutant suppression studies are essential 
to dissecting the roles of individual gene family members and the 
isovariants they encode.

The next level in our understanding of the role of networked 
interactions in development requires in vivo evidence for the evolu-
tionary mechanisms that have promoted gene family diversity. Testing 
suppression of ectopic expression among interacting families should 
greatly enhance our understanding of organ-specific, networked 
protein interactions that may be essential to the origination and 
maintenance of complex pathways of multicellular development. For 
example, our data on plant actin and ABP interactions reveal mecha-
nisms for the origin of leaves. Leaf-like organs appear to have evolved 
more than once from duplicated and sterile reproductive structures 
(e.g., derived from sporangia) in early land plants approximately 400 
mya.29-31 We have suggested that the macroevolutionary event in the 
angiosperm lineage that created the first leaves was contingent upon 
the divergence of vegetative and reproductive actin and ABP gene 
and protein isovariants that also occurred approximately 400 mya.4 
Genome duplication and endoredundancy is relatively common in 
plants and nonmammalian animals, and thus, it is unlikely that gene 
duplication was limiting to this process. We have shown that there 
are specialized, coevolved interactions among actins, profilins, and 
ADF/cofilins that are different between the sets of proteins expressed 
in leaves and pollen.6 These data support the idea that the evolution 
of novel gene regulation and specialized isovariant interactions in the 

aboveground meristem may have been essential to the origin and 
development of the first leaves.

In summary, networked families of interacting genes and protein 
isovariants play key roles in multicellular development. We believe 
that organ origination may have been contingent upon the coevolu-
tion of these networks and the duality of differential expression and 
isovariant diversity within gene families. Determining the relevance 
of individual interactions within protein networks will require sophis-
ticated genetic approaches. We used the suppression of ectopic 
isovariant expression to dissect sub-networks of actin-based systems 
in Arabidopsis and provided evidence for the separate coevolution of 
actin, profilin, and ADF/cofilin isovariants in vegetative and repro-
ductive organs.
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