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Calcium-dependent protein kinases (CDPKs) are multi-
functional proteins that combine calcium-binding and
signaling capabilities within a single gene product. This
unique versatility enables multiple plant biological pro-
cesses to be controlled, including developmental pro-
grams and stress responses. The genome of flowering
plants typically encodes around 30 CDPK homologs that
cluster in four conserved clades. In this review, we take
advantage of the recent availability of genome sequences
from green algae and early land plants to examine how
well the previously described CDPK family from angio-
sperms compares to the broader evolutionary states
associated with early diverging green plant lineages.
Our analysis suggests that the current architecture of
the CDPK family was shaped during the colonization of
the land by plants, whereas CDPKs from ancestor green
algae have continued to evolve independently.

Signaling through plant calcium sensors
The calcium (Ca®*) ion has long been recognized as a
versatile secondary messenger that induces signaling in
all eukaryotes. Plants, for instance, use Ca®* signaling to
regulate development, as well as responses to biotic and
abiotic challenges [1]. Following perception of stimuli,
plant cells initiate various signaling pathways that relay
information to specific primary targets, including Ca®*
channels and transporters [2]. Transport from major
Ca®" stores (i.e., apoplasts and organelles) results in local
Ca®" fluxes at the plasma membrane or phospholipidic
membrane of intracellular organelles. This phenomenon,
conceptually referred to as the alteration of Ca®* signa-
tures, is constantly monitored by several sensor proteins,
which convert upstream Ca®* signals into appropriate
downstream cellular responses [3,4].

Plants possess several types of Ca®" sensors, many of
which have the EF-hand motif. This helix—loop—helix
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structural domain coordinates a single Ca®* ion, providing
direct Ca®*-binding activity to the sensor and resulting in
Ca**-dependent conformational changes that promote sig-
naling. The Ca®* sensing apparatus from plants comprises
complex protein families that are represented by the cal-
modulin (CaM) and calmodulin-like (CML) families [5,6],
the family of calcineurin B-like (CBL) proteins [7-9], and
the CDPKs [10-12].

Among plant Ca®* sensors, CDPKs are unique because
they unite Ca®*-binding and signaling capabilities within a
single gene product. This combination probably arose fol-
lowing the early fusion of an upstream protein kinase (PK)
gene and a downstream CaM gene [13] to enable immedi-
ate and efficient translation of input Ca®* signals into
appropriate output phosphorylation events. The aim of
this review is to trace the evolution of the CDPK family
within species that represent key milestones in the evolu-
tion of green plants (Box 1; and see Table S1 in the
supplementary material online). We first provide a brief
description of the various structural features found in
higher-plant CDPKs and then assess the conservation of
these features in CDPK homologs from descendants of
ancestral green plant lineages.

Structure and activation of prototypical CDPKs

Consistent with their function as Ca®* sensors, CDPKs
harbor a C-terminal calmodulin-like domain (CLD) that
typically comprises four EF-hand motifs (Figure 1). Struc-
tural analyses indicate that EF-hands function in pairs,
creating two lobes characterized by differential Ca®*-bind-
ing affinities [14,15]. The C-terminal lobe has high Ca®*
affinity and binds to the ion despite the low concentration
that prevails under basal conditions. Within this state, the
C-terminal lobe works as a stabilizing structure by pro-
moting intramolecular bonding between the autoinhibi-
tory region (AIR) and the Ser/Thr protein kinase domain
(PKD) (Figure 1). As its designation suggests, the AIR
keeps the whole enzyme in an inactive mode by acting
as a pseudosubstrate that restricts access to the kinase
catalytic center [16,17]. Following the perception of a
stimulus, the intracellular concentration of Ca®* increases
and EF-hand motifs from the N-terminal lobe (Figure 1)
bind to the ion despite low Ca®* affinity [18]. The whole
protein then undergoes conformational changes that re-
lease auto-inhibition and promote phosphorylation of
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Box 1. Evolution of green plants
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Chloroplastida (also known as green plants) is one of the three
lineages derived from the single primary endosymbiosis of a
cyanobacterium and a eukaryotic host cell [72,73]. Relying on their
outstanding plasticity with respect to biochemistry, cell architecture,
morphology, and general lifestyle, green plants have gradually
managed to conquer almost every ecosystem on Earth. The
Chloroplastida comprises all species of green algae, as well as
embryophytes (also known as land plants) [73]. Despite their
diversity, these organisms form a monophyletic group divided into
two divisions: the Chlorophyta and the Charophyta, which includes
the Streptophyta [65,73-76]. The Chlorophyta comprise a large array
of marine and freshwater green algae [65,66,73], including the
Prasinophytae (e.g., Ostreococcus and Micromonas), the Treboux-
iophyceae (Coccomyxa and Chlorella), and the Chlorophyceae
(Chlamydomonas and Volvox) (see Figure | and Table S1 in the
supplementary material online). About 725 million years ago (Mya)-
1200 Mya, a green alga species diverged from the Chlorophyta to
become the first in the Streptophyta lineage [77-80]. Descendants
from the first Streptophyta species nowadays constitute a small but
diverse group of freshwater green algae known as the streptophyte

Land plants (Embryophytes)

Angiosperms
(flowering plants)

(or charophycean) algae. The Chlorophyta-Streptophyta split was
crucial because ancient streptophyte algae evolved new characters
that eventually facilitated colonization of terrestrial habitats around
450-500 Mya [81-83]. The first land plants did not possess vascular
tissues, and descendants of these ancient lineages today consist of
the liverworts, hornworts, and mosses (collectively referred to as the
bryophytes or non-vascular plants) (Figure ). Ancient bryophytes
progressively colonized drier habitats, a trend that promoted
differentiation of water-conducting tissues known as the phloem
and xylem. Land plants with vascular tissues are referred to as higher
plants, and the pteridophytes correspond to the most ancestral
lineage within this group (Figure 1). Bryophytes and pteridophytes
both rely on spores for reproduction, and the differentiation of seeds
by spermatophytes (seed plants) was another key breakthrough that
accelerated land plant dispersal. Nowadays, spermatophytes com-
prise five distinct groups, including the gymnosperms and the
angiosperms (Figure |). Expansion of embryophytes was one of the
most important steps for the evolution of life because these
organisms forever changed the atmospheric oxygen concentration
and contributed significantly to the shaping of terrestrial habitats.
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Figure . Relationships among green plant lineages used to study the evolution of calcium-dependent protein kinases (CDPKs). Histones are among the most highly
conserved genes and were therefore used to reflect the evolutionary path of green plant lineages used in this study. The genome assembly of each of the indicated
species was searched using the predicted amino acid sequence of the Arabidopsis histone H4 gene (AT1G07660) as a query. Full-length coding sequence (CDS) of
histone H4 homologs were next aligned with ClustalW using the following alignment parameters: for pairwise alignment, gap opening 10.0 and gap extension 0.1; and
for multiple alignment, gap opening 10.0 and gap extension 0.20. Resulting alignments were submitted to the Molecular Evolutionary Genetics Analysis 4 (MEGA4)
software to generate a neighbor-joining tree derived from 5000 replicates. Because the tree only depicts topology among the various taxa, branch size is not
proportional to the extent of primary sequence divergence. The blue section comprises species of the Chlorophyta division, a taxonomically diverse group of green
algae from which Streptophyta diverged 725-1200 Mya. Streptophyta includes a number of green algae collectively known as the streptophyte algae (not shown here),
as well as embryophytes (also referred to as land plants). The green section comprises various species of land plants that represent some of the most important
evolutionary milestones characterizing the evolution of terrestrial plants: colonization of the land by bryophytes; differentiation of vascular tissues in pteridophytes; and

seeds enclosed in fruits for protection in angiosperms.

downstream substrates, including metabolic enzymes, ion
channels, and transcription factors [11,19,20].

At the N terminus, CDPK proteins also contain the
variable N-terminal domain (VNTD) (Figure 1), which
varies in amino acid sequence and length [21]. Although
only limited information is available about the function of
the VNTD, recent studies suggest that this region is
involved in specificity of substrate recognition [22,23].
The VNTD of most angiosperm CDPKs also comprises
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predicted N-myristoylation and S-palmitoylation sites,
two features that promote protein targeting to lipid mem-
branes [11,21,24-27] (Figure 1). Experimentally, mem-
brane-anchoring of a CDPK was first demonstrated in
rice (Oryza sativa) [28]; however, this phenomenon has
since been shown for several Arabidopsis (Arabidopsis
thaliana) candidates, as well as for CDPKs from other
flowering plant species [11,12]. Importantly, membrane-
targeted CDPKs can also move away from membranes in
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Figure 1. Topology of a prototypical calcium-dependent protein kinase (CDPK) protein. Schematic view of a prototypical CDPK and organization of its conserved domains
(see color-coded legend). The N terminus of CDPKs is often targeted for N-acylation. N-myristoyl transferases (NMTs) catalyze the covalent attachment of myristic acid (a
C14:0 fatty acid) to the N-terminal Gly residue (irreversible N-myristoylation). Stable anchoring to membranes also requires S-palmitoylation, which is performed by
palmitoyl acyl transferases (PATs) and palmitoyl protein thioesterases (PPTs). These enzymes catalyze the reversible attachment of palmitic acid (a C16:0 fatty acid) to Cys
residues. Abbreviations: AIR, autoinhibitory region; CLD, calmodulin-like domain; PKD, protein kinase domain; VNTD, variable N-terminal domain; Xaa, any amino acid.

response to stress signals [20]. It is likely that this feature
enables CDPKs to shuttle between various subcellular
compartments as a way to accomplish a broader array of
cellular functions.

Evolution of green plant CDPKs

Biochemical evidence showing that CDPKs are calmodu-
lin-independent was first provided more than 25 years ago
following the purification and characterization of the first
CDPK enzyme from soybean (Glycine max) [29]. Since
then, CDPK homologs have been identified throughout
the plant kingdom, including within species of green algae.
Long thought to be plant-specific, CDPK homologs have
also been found in two groups of unicellular protists:
ciliates and apicomplexan parasites [13,30,31]. The emer-
gence of the first CDPK gene therefore occurred before the
basal split between green plants and alveolate protists
[13].

The genome of Arabidopsis encodes 34 CDPKs that
cluster in four well-resolved clades [11,21,32]. Genome
sequences from other angiosperms confirm that the basal
architecture of the CDPK family is conserved in other
flowering plants, including monocot and eudicot species
[24-27]. In a previous comparative genomics study,
CDPKs from green algae were found to cluster with their
flowering plant homologs, whereas CDPKs from protists
grouped in a distinct protein subset [31]. The recent com-
pletion of genome sequences from early land plants [33,34]
and green algae [35-41] now makes it possible to examine
the whole CDPXK signaling repertoires from descendants of
ancient green plant lineages (Box 1 and Table S1). Our
analysis provides improved phylogenetic classification of
CDPK homologs from green algae. Comparison of the
newly identified sequences and the rich CDPK comple-
ments from angiosperms also suggests that the basic

architecture of the CDPK family is shared between all
land plants, whereas homologs from green algae constitute
distinct clades that had not been previously identified.

Green alga CDPKs
Numbers and clustering
Searches of publicly available databases [42,43] have iden-
tified 48 putative green alga CDPKs (Table S2 in the
supplementary material online). These proteins belong
to eight Chlorophyta species, a diverse group of green
algae from which Streptophyta (i.e., land plants and pre-
cursor streptophyte algae) diverged before colonization of
the land by plants (Box 1). Most of the identified CDPK
candidates have not yet been characterized, suggesting
that our survey would be a valuable resource for those
who wish to investigate CDPK functions in green algae.

Following homology-based identification, full-length
protein sequences were aligned and phylogenetic relation-
ships were established (Figure 2). Our analysis defines four
major clades of green alga CDPKs, two of which have at
least one representative member from each of the eight
Chlorophyta species examined (Group I and Group IV).
Green algae of the Mamiellales order (e.g., the marine
species Micromonas pusilla and Ostreococcus spp.) have
particularly small CDPK complements (Table S2) and lack
a candidate in Clades IT and III (Figure 2). When compared
to the freshwater algae Chlamydomonas reinhardtii and
Volvox carteri, the marine species M. pusilla and Ostreo-
coccus spp. are characterized by extensive gene loss that is
associated with reduced genome size [37,39,41]. Gene loss
is likely to explain the remarkably small number of CDPK
candidates in these species.

With slightly larger CDPK complements, green algae of
the Trebouxiophyceae class (Coccomyxa subellipsoidea and
Chlorella variabilis) retain CDPK homologs in Groups I,
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Figure 2. Phylogenetic relationships among green alga calcium-dependent protein kinases (CDPKs). The genome assembly of various green algae was searched using the
amino acid sequence of Arabidopsis CDPKs as queries. Retrieved gene models were accepted only if the corresponding protein had consensus sequences of the Ser/Thr
protein kinase domain, including conserved Asp and Lys residues within the active site (D[L/I/VIK motif), and a calmodulin-like domain comprising at least one consensus
EF-hand motif. Full-length CDPKs (see supplementary material online) were next aligned with ClustalW using the following alignment parameters: for pairwise alignment,
gap opening 10.0 and gap extension 0.1; and for multiple alignment, gap opening 10.0 and gap extension 0.20. Resulting alignments were submitted to the Molecular
Evolutionary Genetics Analysis 4 (MEGA4) software [84] to generate a neighbor-joining tree derived from 5000 replicates. To emphasize the clustering of the various CDPK
clades, the unrooted distance tree visualization mode was selected. Branch size is proportional to the extent of primary sequence divergence, with the scale of ‘0.1
representing a 10% change. The four CDPK clades are highlighted in shades of blue and a species acronym denotes the origin of each protein (Cre, Chlamydomonas
reinhardtii; Csu, Coccomyxa subellipsoidea; Cva, Chlorella variabilis; Mpu, Micromonas pusilla; Olu, Ostreococcus lucimarinus; Ota, Ostreococcus tauri; Vca, Volvox
carteri). Asterisks denote unusual CDPK homologs that harbor a C2 domain at the N terminus.

III, and IV, but also lack a representative member within =~ much earlier than their closest homologs from C. reinhard-
Group II (Figure 2). In our survey, Csu29803 (C. subellip- tit and V. carteri (Figure 2). Csu29803 and Cva20239 also
soidea) and Cva20239 (C. variabilis) steadily clustered share significant homology with candidates from Group II
with Group III candidates; however, these PKs diverged (data not shown), suggesting that these CDPKs may
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correspond to an intermediate evolutionary state that lies
between Clades II and III.

Domain organization and membrane targeting
In terms of biochemical properties, CDPKs from green
algae are somewhat similar to their angiosperm counter-
parts (see Tables S2 and S3). Shared features include
comparable amino acid length, molecular weight, and
isoelectric point (pI). At the structural level, three distinct
prediction tools (PROSITE: http:/prosite.expasy.org,
SMART: http:/smart.embl-heidelberg.de, and Pfam:
http://pfam.sanger.ac.uk) confirm that green algae possess
prototypical CDPKs with four EF-hand motifs (Figure 1),
as well as atypical candidates that lack one or more Ca®*
binding site(s) at the C terminus (Table S2). This observa-
tion confirms that atypical CDPKs are not only found in
angiosperms that hold large CDPK families but also in
green algae with markedly undersized CDPK comple-
ments (e.g., M. pusilla and Ostreococcus spp.). Recently,
a survey has shown that Arabidopsis CDPKs have highly
variable Ca%* dependences for their kinase activity [44].
Interestingly, low Ca®* sensitivity correlates with struc-
tural alterations in the predicted EF-hand motifs, al-
though only one atypical candidate (CPK25) completely
lost the ability to bind Ca®". Conservation of atypical
CDPKs throughout the green plant lineage suggests that
these proteins accomplish vital functions and that better
understanding of the functions associated with their un-
conventional CLD is a key issue in plant signaling [11,44].
Another important feature of CDPKs is the presence of
N-acylation sites controlling the anchoring of proteins to
membranes (Figure 1). Like their flowering plant homo-
logs, several green alga CDPKs harbor predicted N-myr-
istoylation and S-palmitoylation sites at the N terminus
(Table S2). However, the prevalence of these sites seems to
be less common than in angiosperms, in which most CDPK
candidates carry predicted N-acylation sites (Table S3 in
the supplementary material online). Because N-acylation
of cellular proteins is still poorly characterized in Chlor-
ophyta species, we searched genomic data to identify green
alga genes that are relevant to this process. Irreversible N-
myristoylation is performed by N-myristoyl transferases
(NMTs), whereas reversible S-palmitoylation is mediated
by palmitoyl acyl transferases (PATs) and palmitoyl pro-
tein thioesterases (PPTs) (Figure 1). With the exception of
the two Ostreococcus species for which no PPT homologs
could be identified, it seems that green algae retain the
minimal enzymatic machinery necessary to support N-
acylation of target proteins (Table S4 in the supplementary
material online). It can thus be assumed that at least some
green alga CDPKs are targeted to lipid membranes.

Domains of the unknown

Several studies have shown that domain organization is
highly conserved among CDPK proteins, including more
distant homologs from alveolate protists [13,31]. Nonethe-
less, several unusual CDPKs from apicomplexan parasites
possess EF-hand motifs and a pleckstrin homology domain
(PHD) at the N terminus [30]. These features are absent in
CDPK homologs from green algae, an observation that is
consistent with their closer homology with flowering plant
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CDPKs [31]. However, further examination of green alga
protein sequences has revealed that Crel7.g705000 (C.
reinhardtii) and Vca20010397m (V. carteri) each carry
an unusually long VNTD that comprises a C2 domain
(see asterisks in Figure 2 and Table S2). With approxi-
mately 130 residues, the C2 domain was originally identi-
fied as one of two conserved regulatory regions (C1 and C2)
within protein kinase C (PKC) [45]. This domain was later
found in various signal-transduction and membrane-traf-
ficking proteins, in which it usually functions as a Ca®*-
dependent module that binds to phospholipids. Given that
Crel7.g705000 and Vca20010397 both lack predicted N-
acylation sites (Table S2), the C2 domain is likely to offer
an alternative strategy to guarantee membrane-targeting
of these unusual CDPKs.

Although stand-alone C2 domain proteins are encoded
by the genome of each Chlorophyta species investigated
here (data not shown), CDPKs harboring a C2 domain
seem to be uniquely found in green algae of the Chlamy-
domonadales order (Figure 2 and Table S2). This unex-
pected combination is likely to result from the fusion of two
genes encoding a CDPK and a C2 domain protein, respec-
tively. It remains to be established whether this fusion is
lineage-specific, or whether it is a general feature that has
been lost in other taxa. A search of the NCBI database
(http://www.ncbi.nlm.nih.gov/) could only identify two ad-
ditional CDPKs harboring a C2 domain: that is, DtCPK1
from Dunaliella tertiolecta (accession number AAF21062)
[46] and CCK1 from Chlamydomonas moewusii
(CAA89202). These green algae also belong to the Chla-
mydomonadales order, arguing in favor of a lineage-specif-
ic fusion. Overall, our search of genomic data from
Chlorophyta species indicates that CDPKs from green
algae cluster in four distinct clades and that these PKs
have structural features that are generally similar to those
observed for angiosperm homologs.

Land plant CDPKs

Numbers and clustering

Angiosperms are the most diverse subset of spermato-
phytes (plants that produce seeds) and represent the more
advanced groups of land plants (Box 1). Although CDPKs
from angiosperms have been widely studied [10-12], little
is known about the CDPK homologs from more ancient
embryophyte lineages, including gymnosperms, pterido-
phytes, and bryophytes (Box 1). The genome sequences
of the bryophyte Physcomitrella patens [34] and the pteri-
dophyte Selaginella moellendorffii [33] now offer the excit-
ing opportunity to explore CDPK signaling within the
oldest land plant lineages.

Searches of genomic data from P. patens and S. moel-
lendorffii [42,43] have identified 35 novel CDPKs that were
compared to 93 homologs from three angiosperm species:
that is, the monocot rice and the eudicots poplar (Populus
trichocarpa) and Arabidopsis (Figure S1 and Table S3 in
the supplementary material online). Analysis of the phy-
logenetic relationships has revealed that CDPK homologs
from early land plants cluster in four distinct groups
(Figure S1), which correspond to the clades formerly iden-
tified in various flowering plants [11,21,24-27,32]. Taken
as a whole, these evolutionary data indicate that the basal
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architecture of the CDPK family is conserved among all
land plants: from a primitive bryophyte species to the more
sophisticated angiosperms. These results also suggest that
large CDPK complements found in angiosperms evolved
from the duplication of genes that are common to all
embryophytes, rather than from the diversification of line-
age-specific candidates that could have fashioned distinct
clades of CDPKs.

Expansion through recent gene duplication
In angiosperms, the CDPK family is characterized by the
presence of numerous paralogs that share high levels of
homology. These closely related genes most probably
emerged following recent duplication events and, there-
fore, have not yet diversified markedly (Figure S1). In some
cases, duplication seems to pre-date the monocot—eudicot
split (e.g., OsaCPK17/27, AthCPK1/2, and PtiCPK1/2),
whereas in others, duplication seems to be specific to a
particular lineage (e.g., OsaCPKI12 and AthCPK29 versus
PtiCPK29-1/29-2). Duplicated genes arise either by region-
al genomic events or genome-wide events (also called
polyploidization). Whereas polyploidization seems to be
the most common mechanism of gene duplication in plants,
regional events might still be responsible for a substantial
number of duplicated genes. Regional events include local
duplication of a single gene (or tandem duplication) as well
as transfer of several genes or entire chromosomal seg-
ments to more distant chromosomal locations (large seg-
mental duplications). Examination of gene chromosomal
distribution indicates that within angiosperms, few CDPK
genes occur as tandem duplicates (data not shown). Nota-
ble exceptions are CPK20-1/20-3 and CPK20-2/20-4 in
poplar [27], as well as a cluster of five Group II CDPKs
in Arabidopsis (CPK21/22/23/27/31) [21,32]. As previously
shown for mitogen-activated protein kinases (MAPKs)
[47], the expansion of the CDPK family from angiosperms
thus mainly relied on large-scale DNA rearrangements,
namely whole-genome or large segmental duplications.
Gene duplication also seems to be a prominent feature of
the CDPK family in P. patens. Although this moss is
characterized by a relatively simple lifestyle, with 25
distinct members, it retains a CDPK family almost as large
as the more complex angiosperms (Table S3). Within each
CDPK clade, homologs from P. patens cluster tightly (Fig-
ure S1), indicating that these genes probably arose follow-
ing recent duplications. It has been reported that the
genome of P. patens is characterized by numerous large-
scale rearrangements that contributed to the expansion of
several gene families, including PKs [34]. A search of the P.
patens genome could only define four pairs of tandemly
duplicated CDPK genes (data not shown), suggesting that
large-scale duplications are primarily responsible for the
expansion of this protein family. Given that only one
bryophyte has been sequenced to date, it is difficult to
predict whether recent large-scale duplications contribut-
ed to the expansion of the CDPK family in other non-
vascular plants. This question is particularly intriguing
because support for gene duplication is much less obvious
for the CDPK family of S. moellendorffii (Figure S1 and
Table S3). This species of pteridophyte is characterized by
the absence of whole-genome duplication [33], a rare
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feature that is likely to explain why this apparently more
complex species paradoxically encodes far fewer CDPK
homologs (Table S3).

Domain organization and membrane targeting

In terms of biochemical properties, CDPKs from early land
plants are highly comparable to their angiosperm homo-
logs (Table S3). For instance, CDPK proteins tend to be
slightly acidic, with a pl ranging between five and six.
However, a few candidates do not follow this trend and
have a basic pl of eight or more. In angiosperms, basic
CDPKs are mainly found within Group IV, a feature that is
strictly conserved in P. patens and S. moellendorffii (Table
S3). A basic pI might correlate with a specific subcellular
localization or function of Group IV CDPKs, which accord-
ingly correspond to the most divergent homologs within
this PK family (Figure S1).

Close examination of the protein topology has not
yielded any unexpected domains that would have distin-
guished CDPK homologs from early land plants. It can
thus be assumed that the classical organization of CDPKs
is conserved among all land plants and that no striking
protein innovation has marked this family since the con-
quest of the land by plants. The genomes of P. patens and S.
moellendorffii were also found to encode prototypical
CDPKs with four EF-hand motifs, as well as atypical
candidates with only one to three Ca®*-binding site(s) at
the C terminus (Table S3). Interestingly, atypical homo-
logs account for 34% of all of the CDPKSs found in early land
plants, whereas in green algae and angiosperms, atypical
homologs account for 48% and 21% of all CPDKs, respec-
tively (these values are based on the number of EF-hand
motifs as predicted by PROSITE, but similar results have
been obtained with SMART or Pfam prediction tools, see
Table S3). Atypical CDPKs are therefore conserved
throughout the green plant lineage; however, their overall
proportion compared to prototypical CDPKs tends to de-
crease as plants gain in complexity.

The VNTD of early land plant CDPKs has also been
scrutinized, and N-acylation sites were defined in several
candidates (Table S3). Because genes involved in the N-
acylation process are conserved in P. patens and S. moel-
lendorffii (Table S4), it is likely that at least some early
land plant CDPKs are targeted to membranes. Interest-
ingly, CDPKs lacking N-acylation sites mainly cluster
within Group I, a feature shared among all land plants
(Table S3). We also noticed that 50% of green alga CDPKs
are predicted to lack N-acylation sites, compared to 31% in
early land plants and only 14% in angiosperms. As ob-
served for the ratio of atypical CDPKs (see the previous
section), the proportion of non-acylated CDPKs tends to
decrease as plant complexity increases.

Given that CDPKs are PKs, we finally compared the
predicted catalytic domain of green alga and embryophyte
CDPKs. Within each domain examined, 12 characteristic
PK subdomains could be defined, and very few amino acid
insertions interrupt the catalytic core sections (data not
shown). Within PK subdomains, strictly conserved fea-
tures include residues that help to anchor and orient
ATP: that is, the ATP-binding pocket in subdomain I
(GXGXXG motif), the invariant Lys in subdomain II,
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Figure 3. Phylogenetic relationships among green plant calcium-dependent protein kinases (CDPKs). The genome assembly of various green plants was searched using the
amino acid sequence of Arabidopsis CDPKs as queries. Retrieved gene models were accepted only if the corresponding protein had consensus sequences of the Ser/Thr
protein kinase domain, including conserved Asp and Lys residues within the active site (D[L/I/'VIK motif), and a calmodulin-like domain comprising at least one consensus
EF-hand motif. Full-length CDPKs (see supplementary material online) were next aligned with ClustalW using the following alignment parameters: for pairwise alignment,
gap opening 10.0 and gap extension 0.1; and for multiple alignment, gap opening 10.0 and gap extension 0.20. Resulting alignments were submitted to the Molecular
Evolutionary Genetics Analysis 4 (MEGAA4) software to generate a neighbor-joining tree derived from 5000 replicates. To emphasize the clustering of the various CDPK
clades, the unrooted distance tree visualization mode was selected. Branch size is proportional to the extent of primary sequence divergence, with the scale of ‘0.1
representing a 10% change. CDPK clades from green algae and land plants are highlighted in shades of blue and green, respectively. A species acronym identifies the origin
of each protein (Ath, Arabidopsis thaliana; Cre, Chlamydomonas reinhardtii; Csu, Coccomyxa subellipsoidea; Cva, Chlorella variabilis; Mpu, Micromonas pusilla; Olu,
Ostreococcus lucimarinus; Osa, Oryza sativa ssp. japonica; Ota, Ostreococcus tauri, Ppa, Physcomitrella patens; Smo, Selaginella moellendorffii; Vca, Volvox carteri). For

clarity purposes, CDPK homologs from poplar were not included in this analysis.
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and the invariant Asp in subdomain VII (DFG motif).
Kinase activity also requires a catalytic base for efficient
phosphotransfer reaction, a function mediated by the in-
variant Asp in subdomain VIB (DLK motif). As for above-
mentioned features, we found that the DLK motif is con-
served in all CDPKs examined. Overall, our analysis indi-
cates that no particular feature is associated with the PKD
of the analyzed CDPKs, suggesting that this protein region
is well conserved among all green plant lineages.

Clustering and nomenclature of green plant CDPKs
Given that green algae (Figure 2) and embryophytes (Fig-
ure S1) each have four distinct clades of CDPKs, it was
tempting to hypothesize that these groups would overlap
when compared together because the basic architecture of
the CDPK family is conserved throughout the green plant
lineage. Surprisingly, phylogenetic analysis of the whole-
sequence data set revealed that CDPK homologs from
green algae do not cluster with counterpart proteins from
land plants (Figure 3). As a result, eight CDPK clades were
resolved: the first four being specific to Chlorophyta species
and the second four being specific to embryophytes. Among
the four groups of land plant CDPKs, Group IV seems to be
more closely related to homologs from green algae. The
ancestral gene that gave rise to this clade in land plants
might therefore serve a general function in growth or
development. When compared to CDPKs from alveolate
protists, green alga CDPKs were shown to cluster with
their land plant homologs [31]. However, our analysis
emphasizes that fundamental differences distinguish the
CDPK families from Chlorophyta and embryophytes
(Figure 3).

In light of their differential clustering, we did not at-
tempt to expand the nomenclature of Arabidopsis CDPKs
[21] to homologs from Chlorophyta species. The authors of
a recent comparative genomics survey reached a similar
conclusion regarding the nomenclature of green plant
MAPKs [48]. By contrast, CDPK homologs from embryo-
phytes form conserved clades (Figure 3) that might ratio-
nalize the establishment of a uniform nomenclature. To
further support this initiative, we made use of various web-
based tools [43,49] to investigate orthologous relationships
between the CDPK homologs from land plants.

With the exception of candidates from poplar and Ara-
bidopsis, none of the bioinformatics tools was able to
predict reliably orthologous relations between embryo-
phyte CDPKs. As a result, we do not propose an expanded
nomenclature for CDPK homologs from early land plants
and, hence, we used the previously published nomencla-
ture of rice CDPKs [24]. In the case of poplar and Arabi-
dopsis, the prediction tools were generally able to yield
clear one-to-one affiliations that matched the phylogenetic
classification (Figure S1). Based on this pairing, we named
poplar CDPKs in a way that reflects sequence relatedness
with the closest homologs from Arabidopsis (e.g., PtiCPK1
is most similar to AthCPK1). In some cases, additional
numbering was included to discriminate between clearly
paralogous forms of a given kinase (e.g., PtiCPK3-1 and
PtiCPK3-2 versus AtCPK3) [47,50]. We recognize that
such a naming and numbering protocol is strictly
driven by predicted evolutionary relationships and that

86

Trends in Plant Science February 2014, Vol. 19, No. 2

conservation of biological functions within these relation-
ships remains to be established. Nonetheless, systematic
nomenclature should facilitate species-to-species compar-
isons and help the functional characterization of CDPK
homologs showing clear orthologous relationships with
candidates from the model plant species Arabidopsis.

Concluding remarks and future outlook

Our analysis has revealed that the basic architecture of the
CDPK family is conserved among all land plants (Figure
S1). This includes a bryophyte species that is related to the
first green plant lineage that successfully colonized terres-
trial habitats (Box 1). By contrast, CDPK homologs from
Chlorophyta form alga-specific clades that apparently kept
evolving independently (Figure 3). Taken as a whole, these
findings suggest that the Chloropyhta—Streptophyta split
(Box 1) played a key role in the evolution of CDPKs.
However, major architectural changes that affected this
protein family were essentially completed after the coloni-
zation of the land by plants (Figure S1). As a result, we
propose that plant adaptation to terrestrial habitats has
worked as a driving force that provided a basis for modern
CDPK complements of embryophytes.

Plant lineages that have progressively developed the
capacity to survive in dry habitats required a wide range of
structural and physiological adaptations to tolerate the
novel stresses associated with life on land. These include
enhanced tolerance to desiccation and adaptation to direct
UV radiation. Interestingly, abiotic stress responses are
among the most frequently reported functions of CDPK
homologs in angiosperms [10-12]. Notably, Arabidopsis
CDPKs from Group I (CPK4/6/11), Group II (CPK3/21/
23), and Group IIT (CPK10) have been shown genetically
and/or biochemically to be involved in a complex regulatory
network controlling stomatal movements in response to
drought and abscisic acid [51-56]. Given that stomata
control the essential balance between water loss and
CO, uptake, this useful structural feature is conserved
in all land plants, with the notable exception of liverworts,
one of the three bryophyte subgroups (Box 1). Interesting-
ly, recent data confirm that stomata from the bryophyte P.
patens and the pteridophyte Selaginella uncinata respond
to environmental signals in a comparable way to those of
flowering plants [57,58]. These studies also provide strong
evidence that intracellular signaling pathways controlling
stomatal aperture are similar in both ancestral and mod-
ern land plant lineages. Regulation of stomatal aperture by
CDPKs could therefore correspond to one of the key func-
tions acquired during the conquest of the land by plants.

CDPK homologs from various plant species have also
been frequently involved in the control of biotic stress
responses [11,12]. In particular, six Arabidopsis CPDKs
from Group I have been shown to have a role in innate
immunity. CPK1 and CPK2 control the onset of the hyper-
sensitive response (HR) and, along with CPK4 and CPK11,
these PKs phosphorylate NADPH oxidases for reactive
oxygen species (ROS) production [20]. Treatments with a
bacterial elicitor result in transient activation of CPK4/5/6/
11, which work as transcriptional regulators of the conver-
gent signaling network downstream of diverse pattern
recognition receptors [59]. The prolonged activation of



CPK4/5/6/11 by various bacterial type-III effectors and
their cognate NLR (nucleotide-binding domain leucine-
rich repeat) intracellular immune sensors leads to the
phosphorylation of specific WRKY transcription factors
and enhanced plant protection against pathogenic bacteria
[20]. Interestingly, some of these defense-related functions
(and downstream substrates) seem to be well conserved
among Group I CDPKs from various plant species.
StCDPK4 and StCDPK5 have for instance been shown
to phosphorylate RBOHB (respiratory burst oxidase homo-
log B), an NADPH oxidase from potato (Solanum tuber-
osum) [60]. Accordingly, overexpression of an active
variant of SSCDPKS5 results in transgenic plants that have
increased ROS production and HR-like symptoms [61].
Recent studies also suggest that the Arabidopsis CPK5-
NADPH oxidase activation circuit has a role in rapid
defense signaling propagation [62]. In monocots, the rice
0OsCPK13 (also referred to as CDPK-7) induces rapid cell
death, accumulation of pathogenesis-related (PR) proteins,
and upregulation of defense genes when ectopically
expressed in Sorghum bicolor [63]. Given that every em-
bryophyte lineage experiences invasions by numerous
pathogens, the wide conservation of cellular functions
within CDPK homologs from Group I suggests that im-
mune signaling through CDPKs also evolved as a result of
the new constraint imposed by colonization of the land by
plants.

During the course of evolution, CDPK signaling reper-
toires of land plants have significantly expanded through
gene duplications. It is likely that this phenomenon gen-
erated novel CDPK homologs that evolved to achieve
highly specialized functions, helping plant species to meet
a broader array of lineage-specific requirements. Experi-
mental support for this idea also comes from the study of
Arabidopsis, in which ten CDPK genes (Group I, CPK20/
25; Group II, CPK17/19/22/34; Group III, CPK14/24; and
Group IV, CPK16/18) show weak or no expression in
mesophyll cells [59]. Interestingly, most of these CDPKs
are highly and specifically expressed in pollen (data not
shown), a situation that is consistent with a recent report
showing that CPK17 and CPK34 regulate polarized tip
growth in pollen tubes [64]. Taken as a whole, these
findings imply that about one-third of Arabidopsis CDPKs
have specialized reproductive functions instead of more
general vegetative growth functions that could be shared
with lower land plants and green algae. Each CDPK
signaling repertoire thus probably holds a certain level
of speciation that will not necessarily be captured by the
sole investigation of CDPK homologs from model plants.

In light of the exceptional diversity among land plants,
our survey included members of the bryophyte, pterido-
phyte, and angiosperm lineages (Table S1). These plant
species were rationally selected because they represent
some of the most important milestones characterizing
the evolution of embryophytes (Box 1). Land plants belong
to the Streptophyta, early members of which diverged from
green algae of the Chlorophyta division (Box 1). Strepto-
phyta not only comprise land plants but also several
species of green algae collectively referred to as the strep-
tophyte algae. These organisms are classified into five
distinct classes [65,66], and on the basis of different
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strategies, several studies have suggested that some of
these classes are the sister clade of all land plants [67-71].
Although the true sister clade of land plants is still a
matter of debate, it is now widely accepted that character-
istics enabling the successful colonization of terrestrial
habitats by the first embryophytes have been inherited
from ancient streptophyte algae [65]. Descendants of these
lineages therefore occupy a key position with regard to our
understanding of the evolution of gene families that facili-
tated colonization of the land by plants. Unfortunately, the
study of CDPK homologs from streptophyte algae has been
hindered because the genome sequences from these organ-
isms are not yet available. Once processed, this informa-
tion should help to better define the transition steps that
gradually lead to a remodeling of the CDPK family from
green algae, eventually leading to the contemporary CDPK
signaling repertoires of embryophytes.
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