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Calcium-dependent protein kinases (CPKs) are plant pro-
teins that directly bind calcium ions before phosphorylating
substrates involved in metabolism, osmosis, hormone re-
sponse and stress signaling pathways. CPKs are a large multi-
gene family of proteins that are present in all plants studied
to date, as well as in protists, oomycetes and green algae, but
are not found in animals and fungi. Despite the increasing
evidence of the importance of CPKs in developmental
and stress responses from various plants, a comprehensive
genome-wide analysis of CPKs from algae to higher plants
has not been undertaken. This paper describes the evolution
of CPKs from green algae to plants using a broadly sampled
phylogenetic analysis and demonstrates the functional
diversification of CPKs based on expression and functional
studies in different plant species. Our findings reveal
that CPK sequence diversification into four major groups
occurred in parallel with the terrestrial transition of
plants. Despite significant expansion of the CPK gene
family during evolution from green algae to higher plants,
there is a high level of sequence conservation among CPKs in
all plant species. This sequence conservation results in very
little correlation between CPK evolutionary groupings and
functional diversity, making the search for CPK functional
orthologs a challenge.

Keywords: Calcium-dependent protein kinase � Calcium
signaling � Gene family evolution � Plant development �

Plant stress.

Abbreviations: AJ, autoinhibitory junction; BEAST, Bayesian
Evolutionary Analysis Sampling Trees; CaM, calmodulin;
CaMK, calmodulin-dependent protein kinase; CaML, cal-
modulin-like protein; CBD, calcium-binding domain; CBL, cal-
cineurin B-like protein; CPK, calcium-dependent protein
kinase; CT, C-terminal variable domain; EST, expressed se-
quence tag; GFP, green fluorescent protein; MAMP, mi-
crobe-associated molecular pattern; MAPK, mitogen-
activated protein kinase; MCMC, Markov chain Monte
Carlo; MRCA, most recent common ancestor; MSU release,
Michigan State University release; MYA, million years ago; NJ,

Neighbor–Joining; N-VD, N-terminus variable domain; PGSC,
Potato Genome Sequencing Consortium; PHB, prohibitin; PK,
protein kinase; RT–PCR, reverse transcription–PCR; TAIR,
The Arabidopsis Information Resource; TIGR, The Institute
for Genomic Research; WGD, whole-genome duplication.

Introduction

Calcium (Ca2+) signaling is a highly integrated signaling net-
work that plays a fundamental role in growth, development
and stress responses in plants. Cytosolic Ca2+ concentrations
change in complex spatio-temporal patterns in response to
various stimuli. In plants, these altered Ca2+ signatures lead
to specific cellular responses including stomatal movement,
increased water retention, microbial detection and tip struc-
ture movement (DeFalco et al. 2010, Hashimoto and Kudla
2011). Plant Ca2+ signatures are decoded by a vast array of
Ca2+ sensors, such as calmodulins (CaMs), calmodulin-like
proteins (CaMLs), calcineurin B-like proteins (CBLs) and
Ca2+-dependent protein kinases (CPKs). These proteins
undergo conformational changes upon binding Ca2+, activating
their respective Ca2+ responders, CaM-dependent protein kin-
ases (CaMKs), Ca2+ and CaM-dependent protein kinases (CCa
MKs) and CBL-interacting protein kinases (CIPKs) which phos-
phorylate specific downstream proteins (Harmon et al. 2001,
DeFalco et al. 2010). Among Ca2+ sensors, CPKs are unique
because they also function as Ca2+ responders.

CPKs have four major domains: an N-terminus variable
domain (N-VD), a protein kinase (PK) domain, an autoinhibi-
tory junction (AJ) and a calcium-binding domain (CBD) (Fig. 1)
(Harmon et al. 2001). Binding of Ca2+ ions occurs in the CBD,
which contains 1–5 (typically four) loops called EF-hands
(Cheng et al. 2002). Each EF-hand loop is 12 amino acids long
and is flanked by two a-helices, forming a helix–loop–helix
conformation (Cheng et al. 2002, Grabarek 2006). The PK
domain contains phosphorylation sites characteristic of
serine/threonine kinases (Hardie 1999), which become active
only upon conformational changes in the AJ and CBD as a result
of Ca2+ binding (Wernimont et al. 2010). Some authors also
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consider the C-terminal variable domain (CT) as a distinct
domain; the CT is as variable as the N-VD but is typically shorter
(Klimecka and Muszyńska 2007).

CPKs are encoded by large gene families present in protists
(Billker et al. 2009), oomycetes (Broad Institute of Harvard and
MIT 2010), green algae (McCurdy and Harmon 1992, Baillie
et al. 2000) and plants (Harmon et al. 2001, Li et al. 2008b,
Asano et al. 2010, Kiselev et al. 2010), but have not been iden-
tified in any animal or fungal genome (Zhang and Choi 2001,
Hrabak et al. 2003). Most flowering plants have between 20 and
40 CPK genes; there are 34 CPK genes in the model eudicot,
Arabidopsis thaliana (thale cress or Arabidopsis), 31 genes in
the model monocot, Oryza sativa (rice) (Cheng et al. 2002,
Hrabak et al. 2003, Asano et al. 2005), and 30 genes in the
model tree species, Populus trichocarpa (poplar) (Zuo et al.
2013).

Despite increasing evidence supporting the involvement of
different CPKs in plant stress and development responses, a
recent comprehensive genome-wide analysis of CPKs to dem-
onstrate their evolution in plants has not been undertaken.
A phylogenetic analysis of CPKs from protists through to
plants was reported over a decade ago, but this was limited
to the CPK sequences available in 2001 (Zhang and Choi 2001).
Comparative genome-wide phylogenetic analyses of CPKs and
their closely related gene families have so far been described
only in apicomplexan protists (Nagamune and Sibley 2006,
Billker et al. 2009) and a small number of plants, namely
Arabidopsis (Cheng et al. 2002, Hrabak et al. 2003), rice
(Asano et al. 2011) and Triticum aestivum (wheat) (Li et al.
2008a). The 34 CPKs of Arabidopsis separated into four major
evolutionary groups (I–IV) (Cheng et al. 2002). Upon the inclu-
sion of rice and wheat CPKs, Group II and III were separated
into subgroups (IIa, IIb, IIIa and IIIb) (Asano et al. 2005, Li et al.
2008b). Additionally, phylogenetic analyses that consisted of
CPK sequences from various plants (some analyses included a
few protist and algae CPKs) were also undertaken to describe
evolution and function among CPKs; but these were also lim-
ited by the number of CPK genes included to represent the
genome of each species (Harmon et al. 2000, Hrabak et al. 2003,
Boudsocq and Sheen 2013).

CPKs studied to date have different tissue and cellular local-
izations, substrate specificities, Ca2+ sensitivity and expression
patterns in response to development and stress, but it is unclear
whether functional distinctions and overlaps between related

CPKs mirror the evolution of CPK genes. With the recent com-
pletion of several plant genomes, this paper explores the evo-
lution of CPKs from green algae to higher plants using a broadly
sampled phylogenetic analysis and examines its correlation
with the functional diversification of CPKs based on expression
and functional studies reported in different plant species.

Results

Genome-wide identification of CPKs in algae
and plants

CPK sequences were mined from the genomes of 15 selected
species representing major taxonomic groups from green algae
to higher plants. This included two green algae, Volvox carteri
and Chlamydomonas reinhardtii (Fukuzawa et al. 2008); a bryo-
phyte, Physcomitrella patens (Rensing et al. 2008); a pterido-
phyte, Selaginella moellendorfii (Banks et al. 2011); a
gymnosperm, Picea sitchensis (Ralph et al. 2008); four mono-
cots, O. sativa (Asano et al. 2005), T. aestivum (Li et al. 2008b),
Sorghum bicolour (sorghum) (Paterson et al. 2009) and Zea
mays (maize) (Schnable et al. 2009); and six eudicots, A. thali-
ana (Cheng et al. 2002), Vitis vinifera (grape) (Jaillon et al. 2007),
Glycine max (soybean) (Schmutz et al. 2010), P. trichocarpa
(poplar) (Tuskan et al. 2006, Zuo et al. 2013), Carica papaya
(papaya) (Ming et al. 2012) and Solanum tuberosum (potato)
(Potato Genome Sequencing Consortium 2011) (Fig. 2;
Supplementary Table S1). At the time of analysis, nearly com-
plete genomes or high quality draft assemblies were available
for the genomes of C. reinhardtii, O. sativa, S. bicolour, Z. mays,
V. vinifera, G. max, P. trichocarpa, A. thaliana and S. tuberosum
(Engstrom 2011, Rouard et al. 2011, Goodstein et al. 2012,
Zhang et al. 2012, Du et al. 2013). Volvox carteri, P. patens,
S. moellendorfii, P. sitchensis and C. papaya only had scaffold
assemblies or tentative consensus data available. Sequences
from Arabidopsis were used to identify CPKs from these se-
lected species. The query sequences used in the BLAST searches
against each of the genomes included one representative se-
quence for each of the four evolutionary groups (AtCPK1, 8, 21
and 16) and one consensus sequence derived from all 34
Arabidopsis CPKs (AtCPKs). True CPK sequences were distin-
guished from CPK-related sequences and other Ca2+ sensors
and/or responders using InterProScan (see the Materials and
Methods for the criteria used). This search strategy was tested
against Arabidopsis, rice, poplar and maize, and detected all
previously reported CPKs from these genomes. At the time of
writing, there was no full genome available for T. aestivum, but
an extensive evolutionary and functional study of the CPK gene
family performed by Li et al (2008b) was used as reference.

A total of 352 CPK sequences were identified, which varied
in length. Full-length CPK proteins ranged in size from 393 to
764 amino acids; except for two putative CPKs from C. rein-
hardtii which were 1,042 and 1,801 amino acids long (both had
long CT domains). Variation in length of the entire CPK gene is
usually due to differences in the length of the N-VD and CT

Fig. 1 Characteristic structure of CPKs. N-VD, N-terminal variable
domain; PK-D, catalytic protein kinase domain; AJ, autoinhibitory
junction domain; CBD, calcium binding domain usually containing
four EF-hands (black boxes); and CT, C-terminal variable domain.
The dashed line indicates the conserved region used in performing
sequence alignments.
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domain, and occasionally due to the number of EF-hands in the
CBD. Almost all the CPK sequences had four EF-hands.
However, in some species, a small number of CPKs were
found to have as few as one (e.g. AtCPK25) or up to five EF-
hands (e.g. AtCPK22). The differences in length among CPK
sequences may indicate the presence or absence of motifs
that could affect localization and functional specificity.

The total numbers of CPK genes within the genomes exam-
ined were consistent with the pattern of genome duplication
and polyploidization events that have occurred through plant
evolution (summarized in Fig. 2). The divergence between red
algae and Viridiplantae (green algae and land plants) occurred
about 1,200–1,600 million years ago (MYA), while the split
between green algae and land plants happened 700–1,000
MYA as estimated in several studies (Hedges et al. 2004,
Yoon et al. 2004, Zimmer et al. 2007, Parfrey et al. 2010). The
separation between non-vascular (Bryophytes) and vascular
(Tracheophytes) plants took place around 400–900 MYA
(Hedges 2002, Hedges et al. 2004, Taylor et al. 2005, Zimmer
et al. 2007). From this point, whole-genome duplication (WGD)
events have occurred in the Spermatophyte (seed plants) lin-
eage: (i) the ancestral seed plant (z) and (ii) ancestral angio-
sperm (e) WGD events (Jiao et al. 2011); (iii) the ancestral
eudicot triplication event (g) (Bowers et al. 2003, Jaillon et al.
2007, Tang et al. 2008, Jiao et al. 2011); and (iv) the ancestral
monocot (s) WGDs. Consistent with these events, green algae
had the least number of CPKs (eight in C. reinhardtii and 10 in V.
carteri), whereas angiosperms generally had more CPKs than
other land plants, except for V. vinifera, C. papaya and
T. aestivum (Fig. 2). It must be noted, however, that C. papaya
and T. aestivum genomes have not yet been completely anno-
tated. Vitis vinifera, on the other hand, has the least number of
CPK genes among fully or nearly completely sequenced eudicot
genomes (17 CPK genes), most probably because it has not
undergone any WGD since the g event (Jaillon et al. 2007).

There was considerable variation in the total number of CPK
genes between plant families and species, due to family- or
species-specific WGD events (represented by green circles
in Fig. 2). For example, in monocots, Z. mays had the most
CPK genes (41), probably owing to the grass lineage (r) WGDs
(Paterson et al. 2010) and its recent genome doubling
(Woodhouse et al. 2010). Glycine max had the most CPKs
among eudicots, possibly due to several rounds of polyploidiza-
tion within this species (Gill et al. 2009, Schmutz et al. 2010).
Independent genome duplications in Fabaceae, Solanaceae,
Brassicaceae (a and b events) and Populus (Tuskan et al.
2006, Gill et al. 2009, Magallon and Castillo 2009, Soltis et al.
2009, Jiao et al. 2011) also corresponded to the increase in CPK
genes present in the representative species (47, 27, 34 and 30
CPK genes, respectively).

CPK evolution from algae to angiosperms

Phylogenetic analyses were undertaken using the amino acid
sequences of only the conserved region, consisting of the
PK domain, the AJ and the CBD (Fig. 1, black broken line).

The N-VD and CT were excluded from multiple sequence align-
ments (Supplementary File S1) due to the extreme variability
within these domains, causing disproportionate branches, in-
consistent groupings and low bootstrap values. Using protist
CPKs as the outgroup for all Viridiplantae CPKs, the general
topology of the resulting Neighbor–Joining (NJ) and Maximum
Likelihood (ML) trees appeared similar to that of Li et al.
(2008b) and Boudsocq and Sheen (2013). A condensed view
of the ML tree generated from the alignment of the conserved
region is shown in Fig. 3, while the detailed topology for each
evolutionary group is shown in Supplementary Figs. S1–S4.
The NJ tree constructed is shown in Supplementary Fig. S5. To
determine whether the N-VD and CT of the CPKs affect the
evolutionary groupings, full-length CPK sequences were aligned
using Multiple Sequence Comparison by Log-Expectation
(MUSCLE) (Edgar 2004) (Supplementary File S2). Due to com-
putational limitations, only an NJ tree was constructed; the
general topology of the resulting tree is similar to that of the
NJ and ML trees constructed from the conserved region of
CPKs. Furthermore, separate ML trees of the full-length se-
quences for each of the four evolutionary groups were con-
structed and these also retain the same general topology
described above. The NJ tree of all the full-length CPK se-
quences and the ML trees for each evolutionary groups are
shown in Supplementary Figs. S6–S10.

As illustrated in Fig. 3, CPKs grouped into four major evo-
lutionary groups (I–IV), with Groups II and III further divided
into two subgroups (a and b) (Asano et al. 2005, Li et al. 2008b).
As calculated from a distance matrix (Patristic Distances), the
average branch lengths from the last common ancestor of all
CPKs are as follows: Group I, 0.552; Group IIa, 0.585; Group IIb,
0.547; Group IIIa, 0.714; Group IIIb, 0.614; Group IV, 0.858 amino
acid substitutions per site. Based on the branch pattern of the
evolutionary tree, the Group IV lineage appeared to have
diverged first from the last common ancestor (Fig. 3, branch
e4, embryophyte group IV). Group III formed a clade separate
from Groups I and II (bootstrap value of 100%), while the split
between Groups I and II appeared to be the most recent (boot-
strap value of 74%).

Despite being the earliest lineage from the last common
ancestor of land plant CPKs, Group IV CPKs are the most di-
vergent from this common ancestor. Group IV CPKs have the
longest main branch (e4) and the highest average branch length
(0.858), and the multiple sequence alignment shows many dif-
ferences between Group IV CPKs and Group I–III CPKs, par-
ticularly within the CBD region (Supplementary Files S1, S2).
On the other hand, Group II CPKs had the shortest main branch
(e2) and, within this, Group IIb CPKs have the lowest average
branch length (0.547). Furthermore, Group IIb CPKs also in-
cludes members from all lower plant genomes used in the ana-
lysis. This suggests that Group IIb CPKs are the most conserved
from the last common ancestor of all CPKs. This may be im-
portant in determining target CPK genes for studying plant
biotic and abiotic stress tolerance that is applicable to a
broad range of plant species.
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Fig. 3 Phylogenetic tree of CPKs from algae to higher plants. The tree was constructed by the Maximum Likelihood method, with 1,000
bootstrap replicates using GeneiousPro 5.6 software (Geneious version 5.6). A total of 352 plant (including green algae) and five apicomplexan (as
outgroup) CPK protein sequences were included in this analysis. Branch colors match the species colors in the left box. Branching points as
described in the text are indicated in red font encircled in yellow (c, chlorophytes/green algae; e, embryophytes/land plants). On the far right,
evolutionary groupings are indicated in Roman numerals. Non-seed plant clusters are in white boxes while monocot–dicot clusters are in
green boxes. The positions of Arabidopsis CPKs in the tree are also indicated. The Neighbour Joining tree shows similar general topology
(Supplementary File S2).
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All plant CPKs were well distributed among the four CPK
evolutionary groups, with the exception of the algal CPKs.
Green algae CPKs had three lineages separate from all plant
CPKs (Fig. 3, branches c1–c3, chlorophyte group I–III) and a
fourth lineage (c4) that clustered with Groups I–III but within
distinct clades. Similar to angiosperms, non-flowering plants
such as mosses, lycophytes and conifers had CPKs distributed
throughout the four major groups. However, within each evo-
lutionary grouping, CPK genes from bryophyte moss (P. patens)
and a lycophyte (S. moellendorfii) formed early lineages distinct
from gymnosperm and angiosperm lineages (I.1-3, II.1-2, III.1
and IV.1). The separation of CPKs into evolutionary Groups
I–IV is characteristic of land plants but not of green algae,
while the separation into subgroups is only seen among seed
plants. Non-seed land plant (S. moellendorfii and P. patens)
CPKs form monophyletic groups of their own (e.g. Groups III.1
and IV.1) or form separate branches (Group I and II have several
lineages of non-seed land plants, I.1, I.2, I.3, II.1 and II.2), which in
all cases are basal to the angiosperm subgroups (Fig. 3).

Monocot and eudicot CPKs form several clusters within the
evolutionary groups. Group IIIa and IV both had only one mono-
cot–eudicot cluster (Fig. 3, clusters IV and IIIa), while Groups I,
IIa, IIb and IIIb had 2–3 monocot–eudicot clusters (clusters Ia, Ib
and Ic.1-2; IIa.1-2, IIb.1-2; IIIb.1-3). CPKs that belong to these
monocot–eudicot clusters were highly similar in amino acid
sequence (80–97% identities). Furthermore, no species- or
family-specific clades were present within each monocot or
eudicot cluster. This suggests that diversification of CPK genes
occurred among ancestral angiosperms and are now shared by
extant monocot and eudicot species. This corresponds to the
increase in CPK gene numbers among angiosperms.

To estimate the timing of CPK diversification, a tree with a
relaxed molecular clock was constructed using Bayesian Markov
Chain Monte Carlo (MCMC) analysis in the program Bayesian
Evolutionary Analysis Sampling Trees (BEAST) (Drummond and
Rambaut 2007) (Fig. 4). Similar to the NJ and ML trees (Fig. 3;
Supplementary Figs. S1–S4, S6–S10), this topology shows that
CPKs from land plants were split into four evolutionary groups,
while green algae CPKs formed a separate group with an earlier
lineage. The Bayesian tree estimated that the diversification of
CPKs into four major evolutionary groups occurred 268–340
MYA. There were very few differences in the overall topology
between the Bayesian and the ML tree, particularly the separ-
ation between Groups I, II and III: in the ML tree (Fig. 3), Group III
was a sister group to the common ancestor of Groups I and II,
while in the Bayesian tree, Group II showed an earlier lineage
from I and III. The common ancestor of all Group II CPKs
appeared to have split into two lineages 340 MYA, which is
the earliest amongst all the other CPK evolutionary groups.

Gene structure analysis of land plant CPKs:
bryophyte, monocot and eudicot representatives

The gene structure analysis of P. patens, O. sativa and A. thali-
ana showed that the intron–exon patterns were similar be-
tween CPKs belonging to the same evolutionary group and

taxon, but different between taxa (Supplementary Fig. S10).
Within a clade, all AtCPKs had similar intron–exon patterns;
but these were different from the intron–exon patterns of rice
and moss CPKs, and vice versa. In most of the CPK genes
examined, the first exon was long, followed by a series of shorter
exons. In Arabidopsis, the evolutionary groups showed group-
specific intron–exon patterns. For example, Group IV CPKs had
a long initial exon followed by 10–12 very short exons, while
Group I CPKs had a very long initial exon followed by 5–6
shorter exons. Group-specific patterns were also apparent in
rice; however, the rice CPK intron–exon patterns were different
from those of Arabidopsis. Notably, duplicated CPK gene pairs
such as AtCPK4 and 11, AtCPK17 and 34, OsCPK25 and 26,
OsCPK3 and 16, and OsCPK2 and 14 had highly similar intron–
exon patterns, which may also impact on the functional simila-
rities and/or redundancy between these genes. Only a few
P. patens CPKs, mostly belonging to Group IV CPKs, had
intron–exon information. All Group IV CPKs had more (be-
tween 10 and 12), but shorter exons, than Groups I–III which
had 5–7 members. This supports the phylogenetic trees con-
structed using CPK protein sequences (Fig. 3), which shows
that Group IV CPKs form a separate clade of earlier lineage.

Functional diversification of plant CPKs

The functional importance of CPK gene expansion and diver-
sification events durng evolution is unclear. Why are there such
a large number of CPK genes within a single plant species? Is the
expansion of CPKs among plants highly related to their func-
tional diversification? To address these questions, an extensive
literature review and expression profile examination was under-
taken to determine the functional diversification among plant
CPKs. Most information was based on developmental and
stress response studies of mRNA transcript accumulation
of Arabidopsis, rice and wheat CPKs, with the addition of a
few functional characterizations undertaken on individual
CPKs from different species such as V. vinifera, (Yu et al.
2006), Z. mays (Estruch et al. 1994, Takezawa et al. 1996,
Murillo et al. 2001, Szczegielniak et al. 2005), S. tuberosum
(Raices et al. 2001, Kobayashi et al. 2007, Gargantini et al.
2009, Giammaria et al. 2011), Solanum lycopersicum
(Rutschmann et al. 2002, Chang et al. 2009, Chang et al.
2011) and Nicotiana tabacum (Tai et al. 2009). The sequences
of CPKs with reported function were obtained from publicly
available sequence databases including GenBank (Benson et al.
2010) and Phytozome (Goodstein et al. 2012). An overview
of the reported response and biological functions of CPKs
is shown in Fig. 5a–c (detailed information is shown in
Supplementary Tables S2–S4 and Supplementary Fig. S11).
To illustrate any correlation between sequence relationships of
the CPKs for which published functional information is avail-
able and also to identify functional similarity between closely
related sequences, the functional information was aligned to an
unrooted NJ tree as shown in Fig. 6. The ML tree is shown in
Supplementary Fig. S12, which has similar topology. It
should be noted that CPKs in this tree are not necessarily
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included in the broadly sampled phylogenetic tree (Fig. 3;
Supplementary Figs. S1–S4) as some of the CPKs with func-
tional information come from genomes with incomplete or no
data available.

CPKs appear to respond to different developmental and
stress stimuli, but it must be noted that not all CPKs have
been tested against all types of responses (Fig. 5a–c;
Supplementary Table S4). Most abiotic stress studies have

Fig. 4 Bayesian evolutionary tree of CPKs with a relaxed molecular clock. The tree was constructed using Bayesian Evolutionary Analysis
Sampling Trees (BEAST) software (Drummond and Rambaut 2007), with calibration points at 1,700 MYA (Hedges 2002) for apicomplexan
and 1,400 MYA for green algae most recent common ancestor (MRCA) (Yoon et al. 2004). The tree prior used was Yule model. Evolutionary
groupings are indicated in Roman numerals. The main stem age for each of the four evolutionary CPK groups is marked by the red arrow. Branch
colors match the species colors in Fig. 3.
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focused on drought and salt conditions, with very few studies
having focused on extreme temperatures and wounding
(Fig. 5b). The majority of biotic stress data have come from
microarray experiments in Arabidopsis and semi-quantitative
reverse transcription–PCR (RT–PCR) carried out on wheat
RNA (Li et al. 2008a). There is very little information with re-
gards to virus infection and responses to herbivory (Fig. 5c).

It was expected that the NJ and ML trees would reveal func-
tional similarities between related sequences. However, based
on current available data, there was no correlation between
functional response and phylogenetic grouping among the six
major CPK evolutionary groups, except for a few small clusters
within the subgroups (Fig. 6). Each group (major or subgroup)
had CPK genes involved in developmental and stress

Fig. 5 Overview of plant CPK functional information based on the literature. (a) Developmental, biotic and abiotic stress responses. (b) Abiotic
stress response. (c) Biotic stress responses. Information includes transcript and protein accumulation, enzyme activity, gene knockout and
overexpression experiments. The upward-pointing arrows indicate up-regulation, while downward-pointing arrows indicate down-regulation in
response to a certain type of stress. Diamonds indicate up- and down-regulation under different types of abiotic stress. Dots indicate no change
in CPK accumulation in response to a specific stress. The colors of arrows and dots correspond to the font color of stress. See Supplementary
Tables S3 and S4 for detailed information and citations.
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responses (Fig. 5). Likewise, no particular organ- or cell type-
specific clades were observed, except that each evolutionary
group has small clades that are preferentially expressed in
floral tissues (particularly the stamen), which indicates

developmental function(s) (Fig. 5; Supplementary Fig. S11).
In many cases, closely related CPKs within an orthologous
group from the same species did not show similarity in function
despite high amino acid sequence similarity. For example,

Fig. 6 Plant CPKs with reported function and identified orthologous groups. The Neighbour Joining tree was constructed using CPKs for which
function has been reported, with 100 bootstrap replicates using GeneiousPro 5.6 software (Geneious version 5.6). Maximum Likelihood tree
shows similar topology, shown in Supplementary Fig. S12. The table highlights potential orthologs within clades that seem to have a functional
pattern. Clades are highlighted based on the type of response. See Supplementary Tables S2–S4 for detailed information and citations.
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within Group Ib, AtCPK4 and 11 responded to various biotic
and abiotic stresses, while AtCPK12 did not seem to respond to
any stress, even though it had the highest sequence similarity to
them among all AtCPKs. However, the intron–exon structures
of AtCPK12 have a few differences compared with those of
AtCPK4 and 11 (Supplementary Fig. S13). Another example
within Group IV, AtCPK18, showed a decrease in transcript
accumulation upon viral infection (Babu et al. 2008), while its
closest homolog, AtCPK16, did not. Rather, AtCPK16 appeared
to function primarily in pollen development as it is exclusively
abundant in pollen (Swarbreck et al. 2008). These two genes
also have different intron–exon patterns (Supplementary
Fig. S13). An interesting relationship was also observed be-
tween likely paralogs OsCPK1 and 15 (Group IIb.1), wherein
both CPKs responded to drought and salt, but one was up-
regulated (OsCPK15) whereas the other was down-regulated
(OsCPK1) (Ray et al. 2007). These two genes, despite being the
most similar in terms of amino acid sequence, have distinct
intron–exon patterns.

In contrast, there were small orthologous CPK groups that
seemed to respond to similar types of signals (Fig. 6). A number
of CPKs within Groups IIb.2 and IIIa appeared to be develop-
mentally associated, while at least five small clades in Group I
and IIIb showed potential orthologous functions in stress
reponse: Group Ia (monocots only), IIIb.2, IIIb.3, and small eudi-
cot clades in Ia and Ic.2 (Fig. 6). Most of the other CPK evolu-
tionary subgroups (Ib, Ic.1, IIa, IIb.1, IIIb.1 and IV) responded to
different developmental and biotic and/or abiotic stress signals
with no apparent pattern. The orthologous CPK groups men-
tioned are described briefly in the following sections.

Group IIb.2 and IIIa are mostly involved in development. Several
CPKs were known to have a role in development of reproduct-
ive structures. Proteins with such a role were identified in
Groups IIb.2 and IIIa (Fig. 6). All CPKs in Group IIb.2 with
demonstrated function appeared to be involved in develop-
ment. The transcripts of AtCPK17 and 34 (Swarbreck et al.
2008), OsCPK2, 14, 25 and 26 (Ye et al. 2009), and PiCPK1
(Yoon et al. 2006) were almost undetectable in vegetative
tissues but were highly abundant in pollen, flower or seed tis-
sues (Supplementary Fig. S11, Supplementary Table S2).
Arabidopsis cpk17 and cpk34 double mutants had 350-fold
reduced pollen transmission efficiency and 3-fold reduction
in pollen tube growth rate (Myers et al. 2009). Transient over-
expression of AtCPK34 green fluorescent protein (GFP)-fused
proteins in tobacco pollen resulted in depolarization of pollen
tube growth (Zhou et al. 2009). Based on their position in the
phylogenetic tree (Supplementary Fig. S2), OsCPK2 and 14
(85% pairwise amino acid identity with each other) and
OsCPK25 and 26 (99.6% pairwise amino acid identity) were
potential orthologs of AtCPK17 and 34. However, there was
no published functional information available for these
tandem rice CPKs, except that OsCPK2 appeared to be import-
ant in light-responsive signaling involved in seed development
(Morello et al. 2000). Another Group IIb.2 CPK, PiCPK1, from

petunia, appeared to have similar functions to AtCPK17 and 34.
When overexpressed, PiCPK1 resulted in stunted pollen tubes
with almost spherical tips and inhibited pollen germination and
tube growth (Yoon et al. 2006).

In addition to Group IIb.2, Group IIIa CPKs appeared to have
developmental roles. AtCPK24, the only Arabidopsis CPK
within this subgroup, had high transcript accumulation in
floral and pollen tissues, but had very low accumulation
throughout the rest of the plant. AtCPK24 was also shown to
be important in pollen development as it appeared to connect
pathways between the vegetative nucleus and generative cell
and as its overexpression resulted in reduced pollen tube elong-
ation. Rice has three CPK genes within this subgroup (OsCPK21,
22 and 29), which were all predominantly abundant in panicle,
stamen and seed development. No functional studies with re-
gards to pollen development have been done on these rice
CPKs; therefore, a similar experiment to that of AtCPK24 may
be valuable to verify their function. However, OsCPK21 was also
found to respond to cold and desiccation stress (2- and 3-fold
increase in transcript accumulation, respectively), but not
OsCPK22 and 29 (Ray et al. 2007). In petunia, transient over-
expression of PiCPK2 showed inhibition of pollen tube exten-
sion but no effect in growth polarity or germination rates,
resulting in short tubes with normal morphology (Yoon et al.
2006).

The remaining CPKs in Groups IIb.2 and IIIa (Fig. 6) have no
specific information available but may also be important in
development. These CPKs include seven genes in sorghum,
eight genes in maize (four in IIIa and three in IIb.2), one gene
in wheat (TaCPK13 in IIb.2), four genes in potato (one in IIIa
and three in IIb.2), five genes in soybean (two in IIIa and three in
IIb.2), three genes in poplar (one in IIIa and two in IIb.2), two
genes in grape (one each in IIIa and in IIb.2), and two genes in
papaya (one each in IIIa and in IIb.2). Understanding the func-
tion of these CPKs may help elucidate the involvement of CPKs
in development and identify CPK sequence motifs or patterns
that are important in development, particularly in reproductive
structures such as pollen.

Group 1a monocot CPKs appear to be involved in cold stress
responses. Within Group Ia, a number of monocot CPKs were
shown to respond to cold stress. OsCPK13 transcripts were
reported to be up-regulated by cold stress; its transcripts and
protein both showed high accumulation in cold-tolerant rice
varieties and this protein conferred cold tolerance when over-
expressed (Abbasi et al. 2004, Komatsu et al. 2007, Ray et al.
2007). Similarly, OsCPK7 transcript accumulation increased in
response to cold, based on Northern blot analysis (Saijo et al.
2000). The closest ortholog in wheat, TaCPK1, has also been
shown to be up-regulated by cold stress, when measured by
semi-quantitative RT–PCR (Li et al. 2008a). In contrast, TaCPK2,
the closest paralog of TaCPK1 and a potential ortholog of
OsCPK13, did not show any changes in the same cold stress
study. Further analysis determining cold stress responses by
other monocot CPKs within this group (Fig. 6) may verify
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this observation, such as the three genes in maize and the
four genes in sorghum listed in Fig. 6. One conifer CPK,
Picea_TC127192, belongs this group (see Supplementary Fig.
S1). Being the only gymnosperm sequence within this group,
functional studies of this CPK may be important to provide
further evidence on the cold sensitivity of this entire group,
and in determining potential motifs that influence CPK involve-
ment to cold stress among seed plants.

Group IIIb.2 and IIIb.3 CPKs respond to fungal
infection. Several Group IIIb.2 and IIIb.3 CPKs appeared to
respond to fungal infection, although most information was
based only on transcript accumulation studies. In Group
IIIb.2, three CPKs showed increased transcript abundance in
response to different fungal infections: AtCPK10 to Erysiphe
sp. (Swarbreck et al. 2008), TaCPK19 to Blumeria graminis
(Li et al. 2008a) and OsCPK9 to Magnaporthe sp. (Asano et al.
2005). However, in Arabidopsis, AtCPK30, the paralog of
AtCPK10 (86% amino acid similarity), showed no change in
transcript accumulation in the same study. In Group IIIb.3,
positive responses to B. graminis were also shown by two par-
alogous wheat CPKs, TaCPK3 and 15. In rice, OsCPK3 did not
seem to change transcript accumulation in response to
Magnaporthe sp. As the studies mentioned involved different
types of fungi, more evidence may be required to confirm sig-
nificant association of these CPKs with fungal infection. It may
be valuable to study the responses of CPKs within Group IIIb.2
and IIIb.3 in different seed plants (Fig. 6) against certain fungi
that have wide host ranges.

Group Ia and Ic.2 in eudicots respond to bacterial
infection. Members of small eudicot clades within Group Ia
and Ic.2 may have positive roles in immune responses to bac-
teria, as AtCPK5, 6 and 26 and CanCDPK3 (Group Ia) and
AtCPK1 and PaCDPK1 (Group Ic.2) appeared to be important
in flg22 signalling and bacterial infections (Tsai et al. 2007,
Boudsocq et al. 2010, Coca and San Segundo 2010). However,
the closest paralog of AtCPK1, AtCPK2 (81% similarity in amino
acid), did not appear to respond to bacteria or fungi as shown in
the same studies. Other plant CPKs within this group have been
studied in relation to salt stress and gibberellic acid (IiCPK2)
and ethylene biosynthesis (GhCPK1), but have not been exam-
ined in relation to bacterial infection. Further analysis of closely
related CPKs within Group Ia and Ic.2 among different eudicot
species may substantiate the potential importance of these
groups in plant bacterial infections.

Discussion

Is the sequence evolution of CPKs correlated with
functional diversification?

Our broadly sampled phylogenetic analysis provides insights
regarding the evolution of CPKs from green algae to higher
plants. By using protist sequences as the outgroup and

including CPK sequences from representative green algae and
basal groups of land plants (non-vascular and non-seed-bearing
plants), we present how CPK genes have evolved in
Viridiplantae. Is the evolution of CPKs correlated with func-
tional diversification among plants? The following sections
address this question, with specific focus on protists and
green algae, basal land plant groups (bryophyte and lycophyte
mosses) and higher plant groups (gymnosperms and
angiosperms).

CPK diversification is distinct between protists,
green algae and land plants

Based on sequence similarity and intron–exon structure, CPKs
originated from the fusion of protist genes encoding a CaMK
and a CaM (Harmon et al. 2000, Zhang and Choi 2001, Harper
et al. 2004), but it is unclear how this ancestral CPK gene
diversified into multiple gene family members among plants.
Apicomplexan protists generally have only about 7–10 CPK
genes, while plants have up to 50, depending on genomic com-
plexity. Despite being in the same gene family and having the
same domains, protist CPK sequences are highly distinct from
plant CPKs, with an average of 70% difference in amino acid
sequence according to Zhang and Choi (2001). Previous au-
thors noted that independent CPK gene expansion events
occurred between protists and plants (Nagamune and Sibley
2006, Billker et al. 2009). Apicomplexan CPKs divide into four
groups, Api1–Api4 (Nagamune and Sibley 2006), which are
different from the major evolutionary groups observed in
plants: two groups are sister groups to plant CPKs (Api1 and
Api2, which include the protist CPK sequences used in our
phylogenetic analysis); Api3 and Api4 are more similar to
animal CaMK (Nagamune and Sibley 2006). In our analysis,
none of the CPKs from any plant or green algae clustered
with the protist CPKs. With the assumption that protist and
plant CPKs have come from a common ancestral CPK, our data
support the hypothesis that protist and plant CPK diversifica-
tion into multiple gene family groups were independent of each
other.

The diversification of plant CPKs into the evolutionary
Groups I–IV was not observed in green algae. Similar to the
protists, green algae CPKs also have four major groups (Fig. 3, c1
to c4), but only two of these (c3 and c4) appear to be related
closely to land plant CPKs. However, this clustering of algal
CPKs separate from land plant CPKs could also be an artifact
of long-branch attraction; there is only 53% and 36% bootstrap
support for branches c3 and c4, respectively. Algal CPKs are
highly divergent from each other, in the same way as they are
distinct from land plant CPKs because algal lineages had a
longer time to diverge than land plants. Since most sequences
from algae are hypothetical proteins derived from the genome
sequence only, stronger evidence of their functional existence
must be gathered from transcriptome and protein-based
studies, as well as from additional green algae genomes.
Our analysis provides an indication that green algae and
land plant CPKs had a common ancestral gene, but the
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diversifications of CPKs between these taxa were independent
of one another.

There was an expansion of the CPK gene
family during plant terrestrial transition
and/or adaptation

In contrast to green algae CPKs, basal land plant CPKs (bryo-
phyte moss and lycophytes) were distributed among the four
major evolutionary groups. This suggests that the diversifica-
tion of CPKs into the four groups present in extant plants may
have been essential to the transition into or adaptation of
plants to terrestrial life. This premise is supported by molecular
clock analyses and comparison of functional information
between green algae CPKs and land plants.

The timing estimated by the Bayesian molecular clock ana-
lysis was consistent with the hypothesis of CPK diversification
having occurred with the transition or adaptation to terrestrial
life (Fig. 4). The diversification time estimates were between
270 and 340 MYA, which are later than the split between green
algae and land plants (700–900 MYA) (Hedges et al. 2004,
Zimmer et al. 2007, Parfrey et al. 2011) and the first appearance
of land plants (estimated between 400 and 700 MYA) (Raven
and Edwards 2001, Gensel 2008), but is close to the point when
land plants diverged into vascular and non-vascular plants
(350–400 MYA) (Kenrick and Crane 1997, Yoon et al. 2004).
It must be noted, however, that the timing was estimated using
a relaxed molecular clock and therefore the exact time points of
CPK diversification are not known. Plant CPK diversification
also appeared to coincide with the Eutracheophytic epoch
(256–398 MYA), which is characterized by a dramatic increase
in spore and vascular plant diversity (a characteristic feature
among land plants), as shown by fossil evidence (Gray 1985,
Kenrick and Crane 1997). Therefore, based on molecular clock
analysis, land plant CPK genes appear to have undergone
sequence evolution around the periods of plant terrestrial tran-
sition and/or adaptation.

The phylogenetic tree (Fig. 3) and molecular clock analysis
(Fig. 4) of CPK genes do not reflect speciation timings.
Although gene duplication events and speciation can be corre-
lated, these can have different timings and diversification rates
(Lanfear et al. 2010). For large gene families such as the CPKs,
the rate of molecular evolution for individual genes can be
dependent on their biological function within a species
(Warren et al. 2010). For example, each of the four major
CPK groups included sequences from the moss P. patens,
which may indicate that the last common ancestor of land
plants had four CPK genes; but the main stem ages show
some differences (268.00, 340.07, 297.74 and 271.50 MYA for
Groups IV, II, III and I, respectively, as illustrated in Fig. 2). The
duplication of CPKs into four different genes may have
occurred within the genome of this common ancestor, whereas
the diversification of CPKs does not appear to have happened
before its speciation but rather later on after the appearance of
land plants. The diversification happened sequentially, which

would have been important for the evolution of land plants
during the Eutracheophytic epoch. Sequential divergence
among groups or classes within a gene family has also been
reported for floral MADS-box genes (Nam et al. 2003) and
prolamin genes (Xu and Messing 2008). Although molecular
clock timings are not precise because they are based on as-
sumptions, the inferences from them are helpful for providing
general insights about gene or species evolution.

Whether coinciding with initial transition or later adapta-
tion to terrestrial life, there is a high likelihood that CPK diver-
sification played a role in plant terrestrial adaptation. Calcium
signaling is vital in adaptive physiological processes, particularly
in maintaining homeostasis and responding to stresses
imposed by the environment (McLaughlin and Wimmer
1999). The transition from aquatic to terrestrial habitat brought
about new physical conditions and challenges to plants, such as
desiccation, reduced access to water and nutrition, abrupt tem-
perature changes and closer contact with microorganisms.
Starting from green algae, CPKs appeared to be important in
maintaining cellular homeostasis. Among extant green algae,
CPKs were shown to function in copper acclimatization
(Contreras-Porcia et al. 2011), organization and contraction
of F-actin (Sugiyama et al. 2000), activation of microsomal
proteins during osmotic stress (Yuasa and Muto 1992) and
cytoplasmic streaming (McCurdy and Harmon 1992). In com-
parison, similar functions were observed in CPKs among
non-vascular plants, although there may be some additional
functional specializations. One study of moss showed a CPK
to be up-regulated by nutrient starvation (Mitra and Johri
2000). In the liverwort Marchantia polymorpha, a CPK gene
was described as having a splice variant that is preferentially
accumulated in the liverwort’s male sexual organ (Nishiyama
et al. 1999). On the other hand, in higher plants such as angio-
sperms, CPKs were involved in similar but more complex
physiological processes, particularly in development and
stress. This included pollen tube formation, hormone-regulated
stomatal movement, seed development, and cellular defense
pathways such as microbe-associated molecular pattern
(MAMP) signaling and mitogen-activated protein kinase
(MAPK) activation (Boudsocq et al. 2010, Boudsocq and
Sheen 2013). In addition, structural changes unique among ter-
restrial plants include well-developed spore/pollen-bearing
organs, stomates and water-conducting systems (Kenrick and
Crane 1997); CPKs are usually abundant in these types of tissues
across various types of seed plants. It appears that gene expan-
sion and sequence diversification of CPKs into four evolution-
ary groups may have occurred in parallel with the increase in
physiological and structural complexity among land plants as
an adaptation to terrestrial life.

The CPK gene family in seed plants has undergone
expansion in number and function but
maintained sequence conservation.

The CPK gene family has expanded greatly from four genes in
the land plant ancestor and <10 genes among extant green
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algae, to about 10–20 genes among lower land plants and ap-
proximately 30–40 genes among angiosperms. From the ances-
tral genes of the four evolutionary groups, CPK genes have
undergone several duplication events, which include WGD
from seed plant, monocot, eudicot and plant family ancestors,
as well as species-specific WGD events and individual gene
duplications. In the phylogenetic analysis presented, the bryo-
phyte and lycophyte CPKs were distributed among the four
evolutionary groups, but did not cluster with any of the sub-
groups, except for Group IIb CPKs. Smaller clades that we as-
signed into clusters (i.e. Ia, Ib, Ic.1 and Ic.2 described in Fig. 3)
only included CPKs from monocots and eudicots, and occa-
sionally conifers. Each of the representative angiosperm species
had at least one CPK gene within each of the 13 monocot–
eudicot clades, which correlates to the increase in number of
CPKs among angiosperms. This pattern of gene family expan-
sion observed in CPKs among various plants is similar to those
reported for other plant gene families involved in both devel-
opment and stress responses, such as the prohibitin (PHB)
gene family (Di et al. 2010), xylogucan endo-transglycosylase/
hydrolase (XTH) genes (Eklöf and Brumer 2010), the Wuschel-
related homeobox (WOX) gene family (Zhang et al. 2010) and
the rapid alkalinization factors (RALF) gene family (Cao and Shi
2012). The massive expansion of CPK genes among angio-
sperms therefore is primarily a passive effect of polyploidization
events that occurred from the last common ancestors of seed
plants, angiosperms, monocot and eudicots.

CPK sequences among all the land plants included in our
analysis are highly conserved, particularly in the PK domain, the
AJ and the CBD. The average amino acid pairwise identity
within these regions between all 357 CPK sequences used in
the analysis (including the five protist CPKs) was 55%. Among
all land plant CPKs, the average pairwise identity was 58%. The
pairwise identities of CPKs in our analysis are similar to that
of the highly conserved Hsp70 gene family, with 45% identity
between protists, animals and plants (Boorstein et al. 1994,
Daugaard et al. 2007, Murphy 2013) and to eIF2 alpha in
plants, which have >50% identity between animals, yeasts
and plants (Immanuel et al. 2012). Moreover, the ratio of
non-synonymous (Ka) to synonymous (Ks) nucleotide substi-
tution rates (Ka/Ks ratio) among Arabidopsis CPKs in these
regions demonstrates evolutionary pressure for these se-
quences to be maintained. Among all the 34 AtCPKs, the
Ka/Ks ratios ranged from 0.09 to 0.5 (data not shown). This
indicates that these CPK genes are under purifying (stabilizing)
selection. Even though there has been significant expansion of
CPK genes, the evolutionary pressure to maintain high se-
quence conservation in the PK domain, the AJ and the CBD
contributes to various examples of functional similarity, redun-
dancy and overlap among many CPKs. A Ka/Ks calculation
could not be undertaken within the N-VD and CT domain; as
noted earlier these regions are highly variable (in both character
and length). Sequence evolution that brought about distinctive
function and localization in many extant CPKs may have
occurred mostly within the N-VD and CT.

Several processes drive the preservation of duplicated genes
among extant organisms, including functional retention, pseu-
dogenization (non-functionalization), neofunctionalization and
subfunctionalization (Konrad et al. 2011). Duplication of genes
results in increased gene dosage, which needs to be balanced
to retain or improve species fitness. Dosage balance imposes
selective pressure for genes to retain, lose, gain or modify func-
tion and localization (Ray et al. 2007, Konrad et al. 2011). Some
duplicated genes retain full function if higher dosage increases
fitness. On the other hand, some duplicated genes may lose
all functionality and yet be retained in the genome, resulting
in pseudogenes (Hughes 1994, Konrad et al. 2011).
Neofunctionalization refers to the acquisition of novel func-
tions by a duplicated gene, while subfunctionalization involves
the complementary loss and retention of some ancestral func-
tions so that both duplicated genes are retained (Hughes 1994,
Konrad et al. 2011). Among CPKs, no specific functional differ-
ences or pattern were observed between major CPK evolution-
ary groups. Some CPKs respond exclusively to certain types of
developmental, biotic or abiotic stress, or to a specific combin-
ation of these. As mentioned in the Results, some closely related
CPKs have the same function (functional retention), while
some have opposing expression patterns or totally different
functions (functional divergence).

CPK functional diversification events may be ancestral as
they are shared by a wide range of taxa from monocots and
dicots (development and osmotic pressure response), while
some may be recent, as they are unique to a species or
shared among closely related taxa (such as cold, fungal and
bacterial response). These events depend on the environmental
constraints that the plants have been exposed to and may have
arisen on several occasions. For example, ancestral lineages of
modern plant species may have gone through several rounds of
adaptation to temperature during successive ice ages. As the
evolutionary groupings can be considered as the outcome of
duplications among ancient genes, we can hypothesize that the
ancestral CPK genes of plants had multiple functions, both in
the development of reproductive structures and in the main-
tenance of cellular homeostasis; however, due to multiple
duplication events, these have subfunctionalized into either
developmental or osmotic stress response and neofunctiona-
lized in response to terrestrial life challenges and changing
environments such as temperature, drought, infections and
herbivory.

The hypothesis given above may be tested using various
approaches; one such approach could be examining the se-
quence and functional divergence among the most conserved
members of this gene family. Group IIb CPKs seem to be most
highly conserved compared with the others, as this group has
the shortest branches on the phylogenetic tree, on average.
Moreover, within this subgroup, there are moss, lycophyte
and conifer members. In Arabidopsis, there appears to be a
functional distinction between the members of this CPK
group. AtCPK17 and 34 (Group IIb.2) function primarily in
pollen development, while AtCPK3 (Group IIb.1) is involved
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in various biotic and abiotic responses. AtCPK17 and 34 tran-
scripts were undetectable in plant vegetative tissues across all
developmental stages and stress treatments (Swarbreck et al.
2008) except in flower and pollen where they were extremely
abundant. Conversely, AtCPK3 has moderate to high abun-
dance in vegetative tissue but very low abundance in flowers
and pollen. Further analysis of these genes and their orthologs
in other species and observation of their effect when ectopically
expressed in the organs of their subgroup counterpart may help
elucidate the diversification of function among CPKs.

Can we predict CPK functions based
on homology?

The extensive expansion of the CPK gene family during plant
evolution has resulted in multiple CPK genes within genomes,
belonging to different evolutionary groups. Both phylogenetic
and gene structure analyses show that CPK sequences are
highly conserved, with no obvious functional patterns among
major evolutionary groups. The lack of pattern with respect to
function and evolutionary history makes it challenging to find
true functional orthologs of CPKs between species, and to pre-
dict the function of newly identified CPK sequences within a
genome.

Our phylogenetic analysis and review of expression and
functional information of CPKs presents a detailed view of po-
tential CPK orthologs among agriculturally important plant
species (Figs. 3, 6; Supplementary Figs. S1–S4). Close CPK
homologs with highly similar functions are present among
the monocot–eudicot clades. Our meta-analysis identified sev-
eral potentially orthologous groups: two that function in devel-
opment, Group IIb.2 and IIIa; one that is mainly responsive to
cold stress, Group Ia (monocots only); two that show response
to fungal infection, Group IIIb.2 and IIIb.3; and two small eudi-
cot clades within Group Ia and Ic.2 that respond to bacteria.
There is a need to verify functional orthology within these
groups by examining the function of closely related CPKs in
other plant species.

Gene structure analyses of bryophyte, monocot and dicot
genome representatives support the phylogenetic trees con-
structed. CPK sequences within a genome showed similar
intron–exon patterns when they were part of the same evolu-
tionary group. Highly homologous CPKs have very similar
intron–exon patterns, although this is not true in all cases.
One example of this is AtCPK4 and 11 compared with
AtCPK12. These three sequences have high homology in
terms of protein sequence. AtCPK4 and 11 have very similar
intron–exon patterns as well, but the AtCPK12 gene structure
show some differences from these two. In terms of function,
AtCPK4 and 11 show functional similarity, but AtCPK12 does
not. These findings indicate the potential use of gene structure
and phylogenetic analysis together to predict functional speci-
ficity between paralogs. Highly homologous sequences with
similar gene structure will most probably show similarity in
function. However, this approach may not be appropriate to

find functional orthologs, as the intron–exon patterns may
greatly vary between different genomes.

It must be noted that our phylogenetic analysis involved
only the conserved regions (PK domain, AJ and CBD) of
CPKs. As we did not identify any functional patterns using
these domains, the functional specificity of a particular CPK
may be partly due to short motifs within these regions but is
probably more largely due to the hypervariable N-VD and CT
domain (Hrabak et al. 2003). Evolutionary analysis that includes
these regions, however, makes multiple alignment and tree
construction of all the CPKs from different species difficult
due to their extreme sequence variability. Functional diver-
gence may also be due to sequence evolution within the pro-
moter regions; evolution of the three-dimensional structures
of the proteins which are not evident in the primary protein
sequences; or co-factors that modify function.

The difficulty in identifying functional patterns and ortho-
logs may also reflect the scarcity of functional information
about CPKs, particularly in biotic stress responses (Fig. 5c).
There is very little information on the role of CPKs in pathogen
defense, particularly responses associated with herbivory and/
or viral infection. In addition, most information regarding CPK
function is based on transcript accumulation, so there is a need
to support or validate these data through protein activity, inter-
action-based and mutation-based experiments. Functional in-
formation on moss, lycophyte and gymnosperm CPKs is also
scarce despite their importance in elucidating CPK diversifica-
tion from green algae to higher plants.

Conclusion

The evolution of CPKs appears to have occurred in parallel with
the terrestrial transition of plants. CPK evolution is character-
ized by expansion of this gene family from green algae to higher
plants, with the diversification of CPKs into four major groups
only seen among land plants. The amount and diversity of CPKs
among seed plants arose from ancestral and genome-specific
WGD events, as well as gene-specific duplication and deletions.
From green algae to higher plants, CPK function is primarily in
signaling cascades involved in osmotic pressure and cytoplas-
mic movements. These functions diversified with land plant
evolution in response to osmotic, developmental, nutritional
and immunological challenges imposed by the new and con-
stantly evolving terrestrial environment.

Despite gene family expansion, parts of plant CPK gene se-
quences appear to be highly conserved, which could explain
redundancy in function between and within its evolutionary
groups. Even in certain closely related CPKs within a genome,
few obvious functional patterns were found within the con-
served regions of their encoded proteins. We suggest that CPK
gene explosion among higher plants is largely a result of the
polyploidization events that occurred during plant evolution.
CPKs have subfunctionalized and neofunctionalized into differ-
ent developmental and stress responses. The sequence evolu-
tion of the PK domain, AJ and CBD, upon which most of the
CPK evolutionary analyses are based, is not sufficient for
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functional classification. What, then, defines functional specifi-
city and similarity among CPKs? How can we predict their
function in response to a stimulus or stress response? Is it
influenced only by very few differences in the amino acid se-
quence, by short motifs or predominantly by differences in gene
regulatory factors? Functional prediction by homology of the
primary sequences may be insufficient in searching for CPK
orthologs. Further research examining stress-specific motifs
within the protein sequences, in combination with protein
structural studies, promoter region analysis and targeted func-
tional studies of the orthologous CPK groups, will be important
to elucidate a more obvious link between the functional and
sequence diversity among CPKs.

Materials and Methods

Mining of CPK sequences

To simplify the search without compromising sensitivity and
specificity, only five representative CPK genes were used as
query protein sequences. These included sequences from each
of the four major evolutionary groups of AtCPKs: AtCPK1, 21, 8
and 16 and a consensus sequence of the 34 Arabidopsis CPKs.
AtCPK1, 21, 8 and 16 have the highest percentage pairwise iden-
tity within Arabidopsis CPK groups I, II, III and IV, respectively.
BLASTp and tBLASTn searches were undertaken using default
parameters to identify putative CPK sequences from the selected
genomes: V. carteri (v1.0), C. reinhardtii (v4 and v4 u10.2),
P. patens (v1.1), S. moellendorfii (v1.0), Picea sitchensis [expressed
sequence tag (EST) data, Dana Farber Cancer Institute (DFCI)
http://compbio.dfci.harvard.edu/cgi-bin/tgi], O. sativa [Michigan
State University (MSU) release 6.0], T. aestivum [EST data,
The Institute for Genomic Research (TIGR) r2], S. bicolour
(Sbi1.4 assembly), Z. mays (v4 and v5a.59), A. thaliana [The
Arabidopsis Information Resource (TAIR) r10], V. vinifera (8�
and 12� assembly), G. max (v1.0), P. trichocarpa (v1.1 and 1.2),
C. papaya (Hawaii Papaya Genome Project v2007) and S. tuber-
osum [Potato Genome Sequencing Consortium (PGSC), http://
potatogenome.net]. Hits with significant similarity were classified
as CPKs using three criteria: (i) a cut-off BLAST score of at least
250 and an E-value of e�2 or less; (ii) presence of the five CPK
domains: N-VD, PK, AJ, CAM-like and CT variable domain; and
(iii) having 1–5 non-degenerate (functional) EF-hands within the
calmodulin-like domain. All of the CPK-like sequences detected
in the BLAST searches that have degenerate EF-hands as deter-
mined by InterProScan were excluded from this study. Complete
information including accession numbers and/or gene ID for
each CPK sequence retrieved during this search is provided in
Supplementary Table S1. When alternative splicing variants
were present, only one protein sequence was chosen (the one
with the longest sequence) to be included in the analysis.

Notes regarding nomenclature

CPKs are also known as ‘calmodulin-like domain protein kin-
ases’. Based on the nomenclature proposed by Hrabak et al.

(2003), their collective name is abbreviated to CDPKs, while
the names for their genes and proteins are indicated by the
first letter of the genus (in upper case) and species (in lower
case), followed by the abbreviation ‘CPK’ and a number (e.g.
AtCPK1). Most authors have followed this nomenclature style;
however, some authors have used ‘CDPK’ in naming sequences
(e.g. TgCDPK1) (Kugelstadt et al. 2007, Billker et al. 2009,
Jaworski et al. 2010, Wernimont et al. 2010, Wernimont et al.
2011). In this paper, for consistency, the abbreviation ‘CPK’
was used for all sequences but the assigned numbers were
retained (e.g. OsCDPKs to OsCPKs). For genomes for which
published CPKs were available, we continued the CPK nomen-
clature. For genomes where no CPKs have been published pre-
viously, the CPK genes/proteins are designated with the
genome/locus ID (e.g. Sb6g026530), to avoid potential confu-
sion with any concurrent research to identify CPKs from these
genomes.

The ‘calcium-binding domain’, which we abbreviate as
‘CBD’, includes only the domain with calcium-binding EF-
hands. We have referred to the autoinhibitory junction (AJ)
as a separate domain. The CBD is not equivalent to the
‘CDPK-activation domain’, which was designated as ‘CAD’ by
Wernimont et al. (2010). CAD includes the AJ domain as an
extension of the calcium-binding domain.

Multiple sequence alignment and
phylogenetic analysis

Multiple sequence alignments and phylogenetic analyses were
carried out using GeneiousPro 5.6 (Geneious version 5.6). A
total of 352 plant CPK protein sequences were aligned using
the ClustalW program (Larkin et al. 2007). Five apicomplexan
CPKs consisting of TgCPK1 (ToxoDB ID 162.m00001), TgCPK3
(ToxoDB ID 541.m00134), PfCPK3 (PlasmoDB ID PFC0420w),
CpCPK1 (CryptoDB ID cgd3_920) and CpCPK3 (CryptoDB ID
cgd5_820) were included in the alignments and used as out-
groups. Poorly aligned regions were manually removed and the
alignments used for phylogenetic analyses only included the PK
domain, AJ and the calmodulin-like domain (Fig. 1). For Fig. 3,
Distance (Jukes–Cantor model) and Likelihood [Whelan and
Goldman (WAG) model] trees were constructed using the NJ
(Geneious Tree Builder) and ML (PhyML) methods, respect-
ively, with 1,000 bootstrap replicates. Consensus trees of the
two methods show similar topology but only the ML tree is
shown in Fig. 3. Trees were viewed and colored using FigTree
v1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

Bayesian (MCMC analysis in the software BEAST
(Drummond and Rambaut 2007) was used to construct a
tree with a relaxed molecular clock. Calibration points were
set at 1,700 MYA for apicomplexan (Hedges 2002, Hedges
et al. 2004) and 1,400 MYA for green algae (Yoon et al. 2004)
most recent common ancestors (MRCAs). The Tree Prior used
was the Yule model.

For Fig. 6, CPK sequences for which published sequence
information was available were aligned with ClustalW using
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GeneiousPro 5.6. The NJ tree was constructed using Geneious
Tree Builder, with default parameters.

Gene structure analysis

The intron–exon organizations of Arabidopsis, rice and bryo-
phyte CPKs were illustrated using the online tool Gene
Structure Display Server (http://gsds.cbi.pku.edu.cn/). The cor-
responding cDNA and unspliced gene sequences of these CPKs
were obtained from Phytozome (http://www.phytozome.net/).

Analysis of CPK gene expression in Arabidopsis

For CPK expression and function, two approaches were used.
First, Arabidopsis CPK transcript accumulation levels were ana-
lysed using Affymetrix 22K microarray data available in TAIR
(Swarbreck et al. 2008) and the online platform Genevestigator
V3 (https://www.genevestigator.com/gv/index.jsp). Secondly,
experimental data on specific CPK responses to biotic and abi-
otic responses, hormones, developmental signals and other
genes were collated from the literature.

Supplementary data

Supplementary data are available at PCP online.
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