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Basic-helix-loop-helix (bHLH) pro-
teins are a large family of eukary-

otic transcription factors. In plants, they 
have been shown to be key regulators of a 
diverse array of developmental and meta-
bolic pathways. We have recently shown 
that the diversity of bHLH proteins 
in angiosperms is ancient. Most of the 
bHLH subfamilies present in seed plants 
such as Arabidopsis thaliana and Oryza 
sativa are also present in early diverging 
groups of land plants, including mosses 
and lycophytes. In contrast, the diver-
sity of bHLH proteins is much lower in 
chlorophytes (green algae) and red algae. 
This suggests that the bHLH family 
underwent a large expansion before or 
soon after the appearance of the first land 
plants, but has subsequently remained 
relatively conserved throughout the evo-
lution of plants on land. These observa-
tions support the developing paradigm 
that land plants (and other complex mul-
ticellular organisms) have evolved largely 
through the recruitment and reorganiza-
tion of ancient gene regulatory networks.

Basic-helix-loop-helix (bHLH) proteins 
are transcriptional regulators found in 
eukaryotic organisms. They form the 
second largest family of transcription fac-
tors in plants, where they are key regula-
tors of important metabolic, physiological 
and developmental processes. Our recent 
phylogenetic study of bHLH proteins has 
showed how these proteins have evolved 
in plants.1 By analyzing bHLH coding 
sequences retrieved from the genomes of 
different algae and land plants, we were 
able to distinguish the main evolutionary 
relationships of these proteins and to infer 
the approximate timing of appearance of 
the different bHLH subfamilies.

Model angiosperm species encode over 
150 bHLH proteins in their genomes, 
which can be roughly organized in 26 
smaller subfamilies. Surprisingly, we 
found that 20 of these bHLH subfamilies 
are also present in lycophytes (an ancient 
group of vascular plants) and mosses.1 
This indicates that most of the diversity 
of plant bHLH was already in place in the 
very first land plants, before the separa-
tion of the moss and vascular plant lin-
eages that occurred over 440 million years 
ago. In contrast, only a handful of bHLH 
sequences are encoded by the genomes of 
chlorophytes or red algae. This indicates 
that the large radiation of plant bHLH 
proteins occurred sometime between the 
separation of the chlorophyte/strepto-
phyte lineages and the establishment of 
plants on land (Fig. 1).

Two different scenarios may explain 
our observation that a large bHLH diver-
sity existed in early land plants. The first 
is that the different bHLH subfamilies 
evolved during the transition of plants 
from an aquatic to a terrestrial environ-
ment. On land, plants evolved new struc-
tures and regulatory processes that allowed 
them to withstand challenging new envi-
ronmental conditions. bHLH proteins 
may have regulated the development of 
some of these adaptations. A second, and 
perhaps more attractive, scenario is that 
the diversification of bHLH subfamilies 
occurred during the evolution of multicel-
lularity in charophyte algae, long before 
the invasion of the land. Charopyhtes are 
freshwater algae and the closest relatives to 
land plants (Fig. 1). The first charophytes 
were probably unicellular,2 but a gradual 
transition towards a complex multicel-
lular body took place during charophyte 
evolution. Many modern bHLH proteins 
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these general principles will be critical for 
the sensible development of innovative 
technologies in economically important 
crop species.
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such as vasculature, leaves, seeds and flow-
ers.7 Since a similar set of developmen-
tal regulators has been continually used 
throughout land plant history, we can 
conclude that the evolution of land plants 
occurred largely through the reusing and 
recycling of very ancient gene regulatory 
networks. Interestingly, short amino acid 
domains, some of which had previously 
been shown to be involved in protein-pro-
tein interactions, are also conserved across 
land plant bHLH proteins.1 This suggests 
that many present-day bHLH interactions 
also occurred in early land plants and 
have been conserved in the major plant 
groups. Since these protein-protein inter-
actions are central to the activity of com-
plex regulatory networks, it is reasonable 
to conclude that these networks have been 
at least partially conserved during the last 
400 million years.

Today’s availability of whole genome 
sequences from different plant species 
opens many doors for understanding the 
evolution of gene regulatory networks in 
land plants. Furthermore, the discovery 
of conservation of protein diversity and 
protein interactions among land plants 
suggests that many aspects of gene regu-
latory networks are conserved. Therefore, 
the comparative analysis of regulatory 
networks in a diversity of model organ-
isms can be used to identify fundamen-
tal principles that underpin a plethora of 
processes in land plants. Once identified, 

are involved in cellular differentiation 
processes (both in plants and in animals). 
Therefore, it is reasonable to hypothesize 
that the diversification of the bHLH fam-
ily may have played an important regula-
tory role in the evolution of the increased 
cellular diversity that accompanied the 
evolution of multicellularity. Support for 
this hypothesis comes from the fact that 
the initial expansion of metazoan bHLH 
proteins occurred simultaneously with the 
evolution of multicellularity in animals.3

Interestingly, a recent phylogenetic 
study of plant homeobox proteins has 
come to similar conclusions: 14 classes of 
plant homeodomain proteins are present in 
both mosses and vascular plants, but fewer 
are present in unicellular chlorophytes or 
red algae.4 Previously, Floyd and Bowman5 
had shown that many of the gene families 
that control angiosperm development were 
also present in mosses and lycophytes. 
Similarly, Richardt et al.6 found that there 
are more transcription factor families in 
land plants than in unicellular algae. The 
high degree of conservation among the 
gene families and subfamilies that control 
development during land plant evolution 
suggests a stimulating question: how did 
the biological function of each of these 
gene families evolve? The body plan of 
plants has dramatically changed since the 
colonization of land, with the increase in 
complexity of the sporophyte generation 
and the invention of innovative structures 

Figure 1. Simplified cladogram showing the phylogenetic relationships between the major groups of plants (following Lewis and McCourt8 and Qiu 
et al.9). The grey balloons indicate the number of modern bHLH subfamilies that were present at different nodes of plant evolution. Some of the most 
important events in land plant evolution are indicated.


