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Abstract

Calcineurin B-like protein interacting protein kinases (CIPKs) are key regulators of pre-transcriptional and
post-translational responses to abiotic stress. Arabidopsis thaliana CIPK16 (AtCIPK16) was identified
from a forward genetic screen as a gene that mediates lower shoot salt accumulation and improved
salinity tolerance in Arabidopsis and transgenic barley. Here, we aimed to gain an understanding of the
evolution of AtCIPK16, and orthologues of CIPK16 in other plant species including barley, by conducting
a phylogenetic analysis of terrestrial plant species. The resulting protein sequence based phylogenetic
trees revealed a single clade that included AtCIPK16 along with two segmentally duplicated CIPKs,
AtCIPK5 and AtCIPK25. No monocots had proteins that fell into this clade; instead the most closely
related monocot proteins formed a group basal to the entire CIPK16, 5 and 25 clade. We also found that
AtCIPK16 contains a core Brassicales specific indel and a putative nuclear localisation signal, which are
synapomorphic characters of CIPK16 genes. In addition, we present a model that proposes the evolution

of CIPK16, 5 and 25 clade.
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1. Introduction

Salinity in soil impacts negatively on crop growth and is a significant limiting factor for agriculture,
particularly in arid and semi-arid regions, with an estimated cost of US$27 billion due to lost crop
production per year (Munns and Gilliham, 2015; Qadir et al., 2014). It has been estimated that on land
irrigated for agriculture, which produces 40% of the world’s calories, one-fifth of soils are salt-affected
(FAOSTAT, 2014). The extent of this salt-affected irrigated agricultural land has been forecasted to
increase by 4% every year (FAOSTAT, 2014; Pimentel et al., 2004). Crops with increased tolerance to
salt, which provide higher yields under saline soil conditions, are needed to sustain future global food
production (Munns and Gilliham, 2015). To this end, aspects of plant responses to salinity have to be
understood before they can be manipulated by molecular assisted breeding or transgenesis (Roy et al.,

2014).

Plants retain only around 5% of the water that they take up in transpiration, thus salt concentration in the
transpiration stream needs to be in the order of 1/20t of that in the soil to avoid the accumulation of salt
in leaves to concentrations above that in the soil (Munns, 2005). As a result, all plants have developed
mechanisms to exclude salt to a large degree: halophytes exclude ~92-95% of the salt in the soil solution
and most crop plants exclude 96-99% (Munns, 2005; Munns and Tester, 2008). Plants achieve this by
either minimizing the entry of salt into the leaves (i.e. the trait of shoot ion exclusion) or by tolerating the
accumulation of salt in leaves by reducing the concentration of salt in the cytoplasm (i.e. the trait of tissue
tolerance) by compartmentalizing of the salt in the cells of leaf sheath or leaf cell vacuole (Munns, 2005;
Munns and Gilliham, 2015; Munns and Tester, 2008; Plett and Mgller, 2010; Shabala, 2009). Both ion
exclusion and tissue tolerance demand high amounts of energy for osmotic adjustment within the cytosol
via organic solutes (Adem et al., 2014; Munns and Gilliham, 2015; Plett and Mgller, 2010; Shabala, 2013).
Wheat and rice have lower Na* and CI- concentrations in their leaves than the external solution as a

consequence of ion exclusion mechanisms (Roy et al., 2014). Salt tolerant non-halophytes such as



barley, exclude less salt from leaves more clearly exhibit the trait of tissue tolerance (Colmer et al., 2005;

Munns and Gilliham, 2015; Shabala, 2013).

In instances when plants are unable to eliminate the negative effects of salinity, they initially suffer due
to the buildup of osmotic stress followed by salt-specific ionic stress (Munns, 2005; Munns and Tester,
2008; Rajendran et al., 2009). Immediately after exposure to salinity but before ions accumulate in the
plant’s shoot, plant growth rate is reduced (Rajendran et al., 2009; Tavakkoli et al., 2010). Over time as
ions accumulate in the shoot, ion toxicity reduced plant growth rate even further. Reducing the severity
of salinity stress in plants therefore, needs early detection of salinity stress and the activation of stress

signaling mechanisms.

Many aspects of stress signaling are facilitated through secondary messengers such as calcium ions
(Ca?") (Batistic et al., 2011). A 20 to 60 second long single or biphasic Ca?* elevation in the cytosol is
one of the initial cellular responses of a plant to high salinity (Choi et al., 2014; Tracy et al., 2008). The
sensor molecules capturing these signals fall into four major categories, namely Calcineurin B-Like (CBL)
proteins, calcium-dependent protein kinases (CDPKs), calmodulins (CaMs), and calmodulin-like proteins
(CAMLs) (Weinl and Kudla, 2009). Among these, CBLs selectively interact with one or more protein
kinases from the group named CBL interacting protein kinases (CIPKs) (Batistic and Kudla, 2004; Kim et
al., 2000). The CIPKs have been catalogued as SNF1 (Sucrose non-fermenting 1)-related kinases and
group 3 (SnRK3) proteins, according to their structural features and evolutionary associations (Hrabak et
al., 2003). The general structure of all CIPK-type kinases includes a conserved N-terminal kinase domain,
and a variable junction domain, which separates it from a unique C-terminal regulatory domain (Sanchez-
Barrena et al., 2007; Weinl and Kudla, 2009). In common with many kinases, an activation loop lies
between two conserved tri-peptide motifs (DFG...APE) in the kinase domain, which needs to be
phosphorylated for the kinase to be activated (Nolen et al., 2004). While much of the regulatory domain

sequence is divergent in these proteins, there exists a well conserved FISL/NAF domain, which mediates



the interaction with CBLs (Albrecht et al., 2001). Additionally, a conserved C-terminal protein—
phosphatase interaction (PPi) domain mediates CIPK interaction with the 2C-type protein phosphatase

(PP2C) group, via phosphorylation (Ohta et al., 2003; Sanchez-Barrena et al., 2013).

A CIPK from the model dicot Arabidopsis thaliana, named AtCIPK16 is associated with Na* exclusion in
plants (Roy et al., 2013). Transgenic Arabidopsis constitutively overexpressing AtCIPK16 showed a
significant reduction of shoot Na* in plants grown in elevated salt in both soil and hydroponics (Roy et al.,
2013). Moreover, transgenic barley constitutively expressing AtCIPK16 also exhibited decreased leaf Na*
and increased salinity tolerance. This implies that AtCIPK16 can be used as a tool in genetic engineering
to improve salinity tolerance in crops. In Roy et al. (2013), AtCIPK16 was identified using a Bay-0 x
Shahdara mapping population. The Bay-0 accession allele of AtCIPK16 contained a TATA box 65 bp
upstream of the start codon and had higher gene expression under salt stress compared to Shahdara
(which contained no TATA box in this region) (Roy et al., 2013). However, our understanding of the

underlying mechanism of CIPK16 mediated salt tolerance is still incomplete.

A study on how widespread the CIPK16-associated salinity tolerance mechanism is in the plant world
could be an initial step in understanding the functional network associated with CIPK16. It also may lay
the foundation for further experiments such as screening or editing the genes that boost salt tolerance in
plants. A phylogenetic study on the prevalence of CIPK16 in the plant kingdom would facilitate the
discovery of AtCIPK16 orthologues in crops important for global food production. Orthologues, by
definition, would have a common ancestor and tend to have similar functionality (Fulton et al., 2006; Wu
etal., 2006). Several phylogenetic analyses on CIPKs from different plant species have been conducted
(Thoday-Kennedy et al., 2015 and references therein). For instance, a previous phylogenetic study on
25 A. thaliana CIPKs revealed that AtCIPK16 resides in close proximity to two other segmentally

duplicated CIPKs, namely AtCIPKS and AtCIPK25 (Kolukisaoglu et al., 2004). However, to our



knowledge, a phylogenetic analysis detailing the prevalence of CIPK16 across the plant kingdom has not

been conducted so far.

The aim of the current study is to discover the origin of CIPK16 and its closest relatives, CIPKS and
CIPK25, using phylogenetic approaches, in silico protein analysis and known evolutionary relationships
between terrestrial plants (Error! Reference source not found.) (Chase, 2004; S. Kagale et al., 2014;

Soltis et al., 2011).

2. Materials and Methods

2.1. Molecular Phylogenetics of CIPK16

2.1.1. Sequence Retrieval

Protein and nucleotide sequences were retrieved from the sources detailed in Table 1. Species were
selected based on the availability of the full genomic sequences (Cheng et al., 2013; Michael and
Jackson, 2013). Brassicaceae species were targeted as they are closely related to A. thaliana.
Sequences were retrieved through one of the following methods: 1) sequence similarity to A. thaliana
CIPK gene/protein sequences; and, 2) keyword searches. Sequences retrieved by sequence similarity
were performed either via the BLAST tool linked to online databases or by locally indexed databases
using the NCBI BLAST+ tool (V 2.2.29). All blastn, blastp, thlastn, tblastx options were used in BLAST
querying with an expectation value (e-value) < 1x10-. Default settings were used for querying with
complete sequences. Settings were changed for queries with partial protein sequence in order to increase
sensitivity; the short query option was deselected, the expect threshold was changed to 5 million, word
size was changed to 2, and the compositional adjustments setting was set to “no adjustments”. Sequence
retrieval by keyword searches used the terms “cipk”, “cbl interacting protein kinase”, “cbl interacting” and

“calcineurin b like”. A fasta formatted sequence file for all the sequences used in this study is in the

supplementary materials (S1).



2.1.2.  Sequence Alignment

Protein multiple sequence alignments (MSAs) were generated using MUSCLE (default settings)
implemented in Jalview (Edgar, 2004; Waterhouse et al., 2009). Manual alignment was carried out to
improve the MSAs. Duplicates (defined by 99% identity or above) were removed from the multiple
sequence alignments via the remove duplicates option in Jalview. Nucleotide alignments corresponding
to the protein MSA were generated using Dialign 2.0 implemented in the RevTrans2.0 server, in order to
correctly align DNA codons with corresponding amino acid residues (Morgenstern, 1999; Wernersson
and Pedersen, 2003). Sequences were validated to be functional CIPK sequences by screening for the
DF(G/D)L, APE motifs in the N-terminal kinase domain and the (N/T)AF motif in the C-terminal regulatory
domain via a custom Perl script. Partial sequences and sequences without any of the DF(G/D)L, APE
and (N/T)AF motifs were therefore excluded from the final refined alignment files. However, these

sequences were not discarded but separated and manually examined.

Additionally, SeqFIRE and GBlock tools were employed to identify the conserved regions of the
alignments, which encompass important domains (Ajawatanawong et al., 2012; Talavera and
Castresana, 2007). The “Conserved Block Module — single alignment mode” from SeqFire accepted
protein MSAs in FASTA format. The default parameter settings were used for the SeqFire tool. The online
Gblock server was used to extract the well-aligned and conserved sequence blocks from the MSAs.

FASTA formatted protein sequences were input with all the options for “less stringent selection” enabled.

21.3.  Phylogenetic Tree Computation

The refined alignment files were used for this step. The phylogenetic analysis was conducted in such a
way that, initially, bi-species trees were created using 26 CIPKs of A. thaliana as the reference. After
examining the 137 trees developed this way, sequences were sequentially joined with the 26 A. thaliana
sequences to generate the final tree including all 47 terrestrial species used in our analyses (the known

evolutionary relationships among these species are shown in Error! Reference source not found.).



MODELGENERATOR v. 0.85 was used to determine the best substitution model for each dataset (with
and without outgroups) (Keane et al., 2006). We hypothesised that unknown substitution rate variations
exist in the genes of our data sets. Therefore, we used the gamma distribution for modelling the rate
variation (5 categories) (Yang, 1996; Yang and Rannala, 2012). The best model fit for the phylogenetic
tree creation was based on Corrected Akaike Information Criterion (AlCc), Akaike Information Criterion 2

(AIC2) and Bayesian Information Criterion (BIC) (S2).

Phylogenetic trees were generated using MEGA 6.06 software using a Maximum Likelihood approach
(Mount, 2008; Tamura et al., 2013). To estimate how well the nodes of the ML tree were supported,
10,000 bootstrap trees were generated (Felsenstein, 1985). The DOLLOP program from the PHYLIP

package implemented in T-REX (http://www.trex.ugam.ca/index.php?action=phylip&app=dollop) was

used to determine the minimum gene set for ancestral nodes of the phylogenetic tree (Boc et al., 2012;
Felsenstein, 1996). The generated parsimony tree (Newick format) was used as the input to Ancestor v
1.1 in order to predict the ancestral sequences (Diallo et al., 2010). These ancestral sequences were

used as queries for further BLAST searches.

2.2. |dentification of Unique Sequence Features

The Prosite (http://prosite.expasy.org/) and Pfam (http://pfam.xfam.org/) web resources were used to

extract known important residues, motifs and domains of AtCIPK16 and its homologues (Finn et al., 2014;
Sigrist et al., 2013). CIPK homologous sequences were examined using ScanProsite available through
Prosite (v. 20.124) with the option “high sensitivity”. We queried the Pfam database (v.27.0) using protein

sequences with the default e-value threshold of 1x10-6 (Finn et al., 2014).

To identify potential nuclear localisation signals (NLS) within AtCIPK16 and its homologues, we submitted

protein sequences to cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/) in FASTA format (Kosugi et al.,

2009). The following parameters were used; a cut-off score of 2.0; long bipartite NLSs were searched in

the entire region of the proteins. Structural (e.g. secondary structure) and biochemical (e.g. solvent



accessibility, subcellular localisation) features were predicted using PredictProtein and NetSurfP

(Petersen et al., 2009; Rost et al., 2004). Default parameters were used.

2.3. Intron-Exon Architecture Analysis of CIPK16 Orthologues
To visualise and compare the intron-exon structure of CIPK16 orthologues we used GSDraw, available

in PIECE (http://wheat.pw.usda.gov/piece/) (Wang et al., 2013). The input files contained the genomic

nucleotide sequences and the cDNA sequences (S3). PIECE is a comparative genomics database

named for Plant Intron and Exon Comparison and Evolution studies.

2.4. AtCIPK16 Diversity Among A. thaliana Accessions

V/CF files and BAM files were obtained from http://1001genomes.orqg for the purpose of identifying SNPs

within the vicinity of AtCIPK16 (at2g25090.1) +/- 2500bp (up to but not including any neighbouring genes).
For the identification of SNPs, we used VCF files for 696 accessions made available under the
GMINordborg2011, MPICWang2013 and Salk projects. SNPeff was used to predict the effect (e.g.
synonymous, non-synonymous, start codon gain/loss, stop codon gain/loss and frameshifts) of the

identified SNPs (Cingolani et al., 2012).

Roy et al., 2013 have previously reported a 10bp deletion in the promoter region of AtCIPK16 in Bay-O0.
For this reason, we examined accessions for which BAM files were available since VCF files are typically
generated by SNP identification pipelines that ignore indel information. Furthermore, we restricted the
selection of BAM files to those accessions for which reads had been mapped to the reference Col-0 (i.e.
Shahdara, Bay-0, Sakata, Ri-0, Oy-0, Jea, blh-1 and Alc-0 under the JGIHazelWood 2008/11 projects).
BAM files were visualised in IGV and alignments padded with gaps to reduce mismatches and achieve

perfect gapped alignments.



3. Results

3.1. Molecular Phylogenetics of CIPK 16, 5 and 25 Protein Sequences

Computation of phylogenetic trees allowed us to predict evolutionary relationships between genes. In the
firstinstance, we computed phylogenetic trees for CIPK families from different Brassicaceae and Cleome
species; the evolutionary relationships between these species is shown in Figure 1. These species
include C. sativa, C. rubella, A. alpina, B. stricta, B. oleraceae, E. salsugineum, S. parvula, L. alabamica,
A. arabicum and T. hassleriana. The individual unrooted protein sequence derived phylogenetic trees for
these species are provided in supplementary materials (S4-S13). The summary of the gene/protein tree
for all studied Brassicales species is shown in Error! Reference source not found. and the fully

expanded tree is in S14.

The number of representatives for the CIPK16, 5 and 25 clade ([CIPK16/5/25]) varies among Brassicales
species (Error! Reference source not found.). We were able to identify a complete or a partial sequence
in all core Brassicales (Brassicaceae and Cleomaceae), which clustered with AtCIPK16 (Figure 1), with
the exception of L. alabamica, Within the Brassicaceae we were also able to identify orthologues for both
AtCIPK5 and AtCIPK25. However, the only homologous sequence we identified in T. hassleriana, (a
single representative of Cleomaceae) was placed at the base of the CIPK5/CIPK25 clade. For dicot
species outside the core Brassicales (C. papaya, T. cacao and G. raimondii), and monocots, we found
only homologues which form groups basal to [CIPK16/5/25] (Figure 2 and Figure 3). We could not identify
any AtCIPK16, 5 or 25 orthologues in “non-core Brassicales” dicots (NCBs) (Figure 3). A fully expanded
tree for Figure 3 is available as a supplementary figure (S15). The basal angiosperm Amborella
trichopoda is the most distant species to A. thaliana that possesses a gene that clusters in the basal
group for [CIPK16/5/25] (Figure 3). We were unable to identify close homologues to [CIPK16/5/25] in

terrestrial plant species outside of angiosperms (data not shown).
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3.2. Unique Characteristics of CIPK16s

Comparing MSAs and the computed phylogenetic trees revealed unique regions of CIPK16 orthologues.
One such significant character is a unique indel (MMPEGLGGRRG) that exists in the activation loop of
the kinase domain of CIPK16 orthologues (ALI) (Error! Reference source not found.). ALI-CIPK16 was
not present in any other gene we studied. Additionally, it was not present in any sequence in any of the
sequence databases we used for our study (Table 1). ALl lies between the conserved regions of the
activation loop. A fragment 100% identical to ALl was present in the manually curated database of B.
oleraceae scaffolds (Scaffold000171 FRAGMENT 1092155:1092254). This sequence was only partial

and did not contain the C terminal NAF domain and the PPi domain (S16).

Another distinguishing feature is a putative nuclear localization signal in the junction domain of CIPK16
orthologues (JDNLS). According to cNLS server predictions, AtCIPK16 has monopartite and bipartite
nuclear localization signals (NLS) with the sequence spanning from 300 to 308 (PPTKKKKKD30s) (Error!
Reference source not found.). A score of 6.5 assigned by the server for this signal suggests that
AtCIPK16 can be partially located to the nucleus. Proteins from other CIPK clades did not possess an
NLS in the junction domain (Error! Reference source not found.). However, all CIPKs possessed a

bipartite signal (a score equal to or less than 5.5) with a tendency to be directed to the cytoplasm.

3.3. Intron-Exon Architecture of CIPK16 Orthologues

The intron-exon study conducted on AfCIPK16 orthologues from members of the Brassicaceae and
Cleomaceae shows that they all possess two exons separated by an intron (Error! Reference source
not found.). Exon 1 length varies among species from 692 to 709 nucleotides, whereas Exon 2 length
varies from 685 to 742 nucleotides. The indels in exon 1 and exon 2 were analysed separately by a
multiple sequence alignment of the DNA sequences (S16). We see the presence of many transitions and
transversions compared to the consensus sequence within both exons of the analysed species (S16).
The intron lengths of the AtCIPK16 orthologues are quite variable (Figure 7). They vary from 350bp in T.

hassleriana to 2048 bp in A. lyrata. All introns except the ones from B.napus, S.parvula, and C.sativa are

11



phase 2 introns (i.e. they interrupt the reading frame of a gene by inserting a sequence between the
second and third nucleotide of a codon). B.napus, S.parvula, and C.sativa contain phase 1 introns (i.e.
they interrupt the reading frame of a gene by inserting a sequence between the first and second

nucleotide of a codon). AtCIPKS5 and AtCIPK25 orthologues are intron-less and therefore are not shown.

3.4. AtCIPK16 Diversity Among A. thaliana Accessions

From the analysis of VCF files from 696 A. thaliana accessions, we identified 359 positions harboring
SNPs within the vicinity of AtCIPK16. Of these, 195 (54.3%) were upstream, 4 (1.1%) in the 5-UTR, 17
(4.7%) in the CDS of exon 1, 59 (16.4%) in the intron, 22 (6.1%) in the CDS of exon 2, 10 (2.8%) in the
3-UTR and 52 (14.5%). Twenty-two of the 39 SNPs that fell within the coding region are silent

(synonymous) while 17 cause a change in an amino acid (non-synonymous) (S17).

Of the 8 accessions for which we had access to BAM files, we identified two (Bay-0 and blh-1) which
contained a 10bp deletion within the promoter region (65 bases upstream of the ATG) of AtCIPK16
compared to the Col-0 reference (Error! Reference source not found.). This deletion has previously

been reported only in Bay-0 (Roy et al., 2013), and results in the creation of a TATA box.

4. Discussion

AtCIPK16 promotes sodium exclusion and salt tolerance (Roy et al., 2013). Understanding the
pervasiveness of CIPK16 in the plant kingdom would lay the foundation to better understanding its mode
of action in plants. Already identified CIPKs from A. thaliana, predicted ancestral versions of the AtCIPKs
and keywords were used to mine for CIPK sequences from the plant sequence databases. We carried
out a molecular phylogenetic analysis of the multigene CIPK family in terrestrial plants to investigate
potential processes in evolution that may have given rise to the modern day CIPK proteins (Soltis and
Soltis, 2003). Additional in-silico protein analysis approaches were used to identify unique regions in
primary protein structures, intron-exon architecture and variation within the sequences of AtCIPK16 in
different accessions of Arabidopsis to strengthen the phylogenetic inferences.

12



In order to generate the phylogenetic trees, we gathered protein sequences from all fully sequenced
species to minimise the impact of missing data and evolutionary pressure on domain identification in

AtCIPK16 orthologues and misinterpretation of the analysis (Haudry et al., 2013; Kagale et al., 2014).

4.1. Synapomorphic Characters Define core Brassicales restricted CIPK16s

Comparison of the phylogenetic data and MSAs show that the CIPK protein sequences and nucleotide
sequences of Brassicaceae CIPK16 orthologues have a highly conserved synapomorphic character
(Error! Reference source not found., Error! Reference source not found.). Indel ALl is one of these,
although this sequence lacks one amino acid in the Cleomaceae species T. hassleriana and is slightly
dissimilar to those of the Brassicaceae species (Error! Reference source not found.). It is noteworthy
that this unique insertion was not found in any other dicot or monocot species that has been fully
sequenced. Therefore, we hypothesise that ALI can be used as a unique of CIPK16 orthologues within
the Brassicales. The partial sequence we discovered in B. oleraceae supports this hypothesis, although
given that ambiguity of partial sequences tends to introduce false relationships among species in a

phylogenetic analysis, the B. oleraceae sequence was excluded when generating phylogenetic trees.

The other important highly conserved character noted was the junction domain nuclear localisation signal
(JDNLS) (Error! Reference source not found.). It is present in all CIPK16 orthologues from
Brassicaceae except that of the basal species A. arabicum. This raises the question of its functional
importance for the localization of a CIPK16 orthologue in the cell. However, this requires further

experimental validation.

It is clear from our study that CIPK16 is a lineage-specific gene for core Brassicales. The consistency in
intron-exon studies supports the CIPK16 orthologues (Error! Reference source not found.). The most
parsimonious explanation for CIPK16s to be core Brassicales specific is that CIPK16 arose as a result of
a gene duplication event after the speciation of this group of plants. Genes that are duplicated can evolve

through the acquisition of new or specialised functions at the expression or protein level

13



(neofunctionalization), the retention of ancestral functionality or to escape from adaptive conflict (EAC)
(Blanc and Wolfe, 2004; Des Marais and Rausher, 2008; Moghe et al., 2014). The identification of non-
synonymous SNPs (S17) among the 696 accessions we analysed warrant closer examination to
ascertain whether they are associated with higher or lower tolerance to salt. Interestingly, we see that
Bay-0 and blh-1 accessions share a common TATA box positioned 65 bp upstream of CIPK16 (Error!
Reference source not found.). This is important as Bay-0 has shown higher CIPK16 gene expression
in response to salt stress compared to Shahdara in a previous study (Roy et al., 2013). Whether the
presence of the TATA box confers a similar increase in CIPK16 expression in blh-1 needs to be

experimentally determined.

Prior research on Brassicaceae gene evolution revealed that the majority of lineage-specific genes from
A. thaliana are stress responsive (Donoghue et al., 2011). AtCIPK16 has been shown to interact with
shaker-type K* channels in A. thaliana (AKT1), which keeps the cellular Na*/K* ratio low under low K*
stress and confers salt tolerance when overexpressed (Lee et al., 2007; Roy et al., 2013). Apart from
AKT1, AtCIPK16 has shown interactions with CBL1, CBL9 and protein phosphatase 2C type proteins
(Lan et al., 2011; Lee et al., 2007). Moreover, there is experimental evidence showing AtCIPKS, one of
AtCIPK16’s closest relatives, interacts with CBL1, CBL3, CBL4 and CBL9 (Kim et al., 2000; Kolukisaoglu
et al., 2004; Schllicking et al., 2013). However, very little, if anything is known about the functionality of
AtCIPK16s other closest relative AtCIPK25. There is evidence on [CIPK16/5/25] homologues’ from
species such as Chickpea and rice being responsive to plant abiotic stress (Meena et al., 2015; Yoon et
al., 2009). Nevertheless, we believe that CIPK16, 5 and 25 and identified homologues of [CIPK16/5/25]
should be further pursued to analyse their function in order to help us understand the drivers of CIPK16

evolution.

14



4.2. The Evolution of CIPK16, 5 and 25 Clade

From our analysis, we are able to propose an evolutionary model for CIPK16 (Error! Reference source
not found.). We considered the whole CIPK 16, 5 and 25 clade in explaining the evolution of CIPK16 as
well as sister taxa (Kolukisaoglu et al., 2004). It has been shown that a recent paleopolyploidization event
(At-a) took place, which was restricted to Brassicaceae (Barker et al., 2010; Schranz and Mitchell-Olds,
2006). To support this fact, our study shows that segmental duplication (SD) of intron-less CIPKs in
Brassicaceae are confined to that group. This includes the SD, which gave rise to CIPK5 and CIPK25.
We could not find evidence that Cleomaceae experienced an independent genome duplication (Cs-a) as
suggested previously (Schranz and Mitchell-Olds, 2006). However, our results indicate that CIPK16
existed before the speciation of Cleomaceae and therefore before Cs-a. It can be assumed that the WGD
event that took place 124.6 + 2.57 Mya (At-) gave rise to the ancestral version of the CIPK16, 5 and 25
clade from a single ancestral state (Error! Reference source not found.). This is consistent with
previous work, which states that the paleopolyploidization event At-f is shared between Brassicaceae
and Cleomaceae (Barker et al., 2010). According to this hypothesis, and supported by our study, the
ancestral version of CIPK16 and CIPK5 and 25 therefore had to evolve after the rise of non-core
Brassicales species. This agrees with the previous work which showed species of Carica do not share

At-$ (Barker et al., 2010; S. Kagale et al., 2014) (Error! Reference source not found.).

The fact that NCBs and monocots have no CIPK16, CIPKS or CIPK25 orthologues suggests they must
possess an ancestral version of [CIPK16/5/25] or the gene itself has been made redundant by evolution
(Pérez-Pérez et al., 2009). The most basal species in our phylogenetic analysis to contain a sequence
that clusters with [CIPK16/5/25] is the angiosperm A. trichopoda. This suggests that the earliest ancestor

of [CIPK16/5/25] evolved after the diversification of angiosperms.

4.3. Continuing CIPK16 Research for Salinity Stress

It is clear from our phylogenetic analysis that AtCIPK16 does not have a clear orthologue in important

crops such as barley or wheat. However, our finding that the last common ancestor of [CIPK16/5/25]
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gave rise to CIPK16 after the divergence of dicots and monocots (more specifically after the diversification
of core Brassicales, a subgroup of dicots), and the previous finding that overexpressing AtCIPK16 confers
salt tolerance in the monocot barley, poses further questions (Roy et al., 2013). Do the conserved
elements ALl and the JDNLS have functional importance in CIPK16s? Would it be possible that the
functionality of CIPK16, 5 and 25 result from functional partitioning of the ancestral genes due to selective
pressure? If so, are the functionalities of CIPK16, 5 and 25 still retained in seemingly ancestral versions
we see in NCBs and monocots? This study therefore, highlights the necessity to explore the functionality

of AtCIPK16 in A. thaliana and cereals such as barley.

Glossary

CIPK: Calcineurin B-Like Protein Interacting Protein Kinase
AtCIPK16: Arabidopsis thaliana CIPK16
AtCIPKS: Arabidopsis thaliana CIPKS
AtCIPK25: Arabidopsis thaliana CIPK25
Indel: Insertion/Deletion

Ca?*: Calcium ion

CBL: Calcineurin B-Like

CDPK: Calcium-dependent protein kinase
CaM: Calmodulin

CAML: Calmodulin like

SNF1: Sucrose non-fermenting 1

SnRK3: SNF1-related kinases group 3
FISL/NAF: NAF domain

PPi: Protein—phosphatase interaction domain
PP2C: 2C-type protein phosphatase

MSA: Multiple sequence alignment

AIC: Akaike Information Criterion

AIC2: Akaike Information Criterion 2

BIC: Bayesian Information Criterion
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ML: Maximum Likelihood
NLS: Nuclear localisation signal
cDNA: complimentary DNA

SD: Segmental duplication

Abbreviations

[CIPK16/5/25]: CIPK16, 5 and 25 clade
NCBs: none core Brassicales dicots
ALI: Activation loop indel in CIPK16

JDNLS: Junction domain nuclear localisation signal in CIPK16

Conflict of Interest
The authors declare that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

Acknowledgement

Authors would like to thank the Australian Centre for Plant Functional Genomics for funding the research
of this project. Authors would also like to thank Mr. Ashan Hettiarachchige for generating the final high-

resolution images according to the manuscript guidelines.

Author and Contributors

Study concepts/study design or data acquisition or data analysis/interpretation: all authors; manuscript
drafting or manuscript revision for important intellectual content: all authors; manuscript final version
approval: all authors; literature research: SA; phylogenetic and in-silico analysis: SA and NWH; and

manuscript editing: all authors. Agreement to be accountable for all aspects of the work: all authors.

17



Tables

Table 1
Sequence Web Resource References Sequence Identification method
acquired species Access
method

Arabidopsis TAIR (http://www.arabidopsis.org/) (Lamesch et al., 2012) Online from BLAST (blastn, blastp), keyword search
thaliana TAIR10
Arabis alpina NCBI (www.ncbi.nlm.nih.gov/) (Coordinators, 2013) Online BLAST (blastn, blastp, tblastn, thlastx)
Boechera stricta
Leavensworthia = CoGe (https://genomevolution.org/CoGe/) (Lyons and Freeling, 2008) | FTP download | BLAST (blastn, blastp, thlastn, tblastx)
alabamica

CoGe (https://genomevolution.org/CoGe/) (Haudry et al., 2013) FTP download | BLAST (blastn, blastp, tblastn, tblastx)
Aethionema
arabicum
A. lyrata Phytozome (www.phytozome.net/) (Nordberg et al., 2014) Online BLAST (blastn, blastp, tblastn, thlastx)
Raphanus Raphanus sativus Genome Database  (Kitashiba et al., 2014) Online BLAST (blastn, blastp, tblastn)
sativus (http://radish.kazusa.or.jp/)
Capsella rubella | Phytozome (www.phytozome.net/) (Goodstein et al., 2012) Online BLAST (blastn, blastp, tblastn, thlastx)
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Schrenkiella thellungiella.org (http://thellungiella.org/) (Dassanayake et al., 2011) | FTP download = BLAST (blastn, blastp, thlastn, tblastx)

parvula

Eutrema thellungiella.org (http://thellungiella.org/) (Yang et al., 2013) Online BLAST (blastn, blastp, tblastn, thlastx)

salsugineum

Sisymbrium irio | Brassicadb (http:/brassicadb.org/brad/) (Haudry et al., 2013) FTP download | BLAST (blastn, blastp, tblastn, tblastx)

Brassica rapa (v Brassicadb (http://brassicadb.org/brad/) (Cheng et al., 2011) Online BLAST (blastn, blastp, thlastn, tblastx)

1.5)

Brassica napus (v

1.0)

Brassica Brassicadb (http://brassicadb.org/brad/) (Cheng et al., 2011) FTP download ' BLAST (blastn, blastp, tblastn, tblastx)

oleraceae (v 1.0)

Camelina sativa | camelinadb (http://www.camelinadb.ca/) (Sateesh Kagale et al., FTP download = BLAST (blastn, blastp, thlastn, tblastx)
2014)

Tarenaya CoGe (https://genomevolution.org/CoGe/) (Cheng et al., 2013) Online BLAST (blastn, blastp, thlastx)

hassleriana

Carica papaya NCBI (www.ncbi.nlm.nih.gov/) (Coordinators, 2013) Online BLAST (blastn, blastp, tblastn, thlastx)

Theobroma Cacao Genome Database (www.cacaogenomedb.org/) | (Argout et al., 2011) FTP download ' BLAST (blastn, blastp, tblastn, tblastx)

cacao

Gossypium Phytozome (www.phytozome.net/) (Goodstein et al., 2012) Online BLAST (blastn, blastp, thlastn, tblastx)

raimondii
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Vitis vinifera

Musa acuminate
malaccensis

Fragaria vesca
Malus X
domestica
Prunus persica
Pyrus communis

Brachypodium
distachyon
Oryza sativa

Triticum
aestivum

Hordeum vulgare

Hordeum vulgare

Amborella
trichopoda

Genoscope
(www.genoscope.cns.fr/externe/GenomeBrowser/Vitis/)
Banana Genome Hub (banana-genome.cirad.fr/)

Genome Database for Rosaceae (www.rosaceae.org/)

Brachypodium database moved to Phytozome

Rice Genome Annotation
(http://rice.plantbiology.msu.edu/)

IWGSC (www.wheatgenome.org/)

BARLEX from IPK (www.ipk-gatersleben.de/en/)

MIPS (http://mips.helmholtz-muenchen.de/plant/barley/)

http://www.amborella.org/

Project
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(Jaillon et al., 2007)

(Droc et al., 2013)

(Jung et al., 2014)

(Goodstein et al., 2012)

(Ouyang et al., 2007)

(International Wheat
Genome Sequencing
Consortium (IWGSC),
2014)

(Colmsee et al., 2015)

(Nussbaumer et al., 2013)

(Albert et al., 2013)

Online

Online

Online

Online

Online

Online

Online

Online

BLAST (blastn, blastp, thlastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)

FTP download | BLAST (blastn,blastp, tblastn, tblastx)



Picea abies

Generic

Generic

Generic

The cogenie.org (http://congenie.org/)

UniProt (www.uniprot.org/)

PlantGDB (www.plantgdb.org/)

EnsamblePlants (plants.ensembl.org/)
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(Nystedt et al., 2013)

(Consortium, 2015)

(Duvick et al., 2008)

(Cunningham et al., 2015)

Online

Online

Online

Online

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx),
keyword search

BLAST (blastn,blastp, tblastn, tblastx)

BLAST (blastn,blastp, tblastn, tblastx)



Table Legends

Table 1 Species and resources used from which protein and nucleotide sequences were

identified for this study
Figure Legends

Figure 1 A cladogram showing a summary of known relationships (Chase, 2004; S. Kagale et al.,
2014; Soltis et al., 2011) among the species used in this study together with higher level
taxonomic designations to which we commonly refer.

Figure 2 Molecular Phylogenetic analysis for Brassicales-Malvales CIPKs used in this study by
Maximum Likelihood method (summarised view)

The evolutionary history was inferred by using the Maximum Likelihood method based on the
Le_Gascuel_2008 model (Le and Gascuel, 2008). The tree with the highest log likelihood (-
65950.5450) is shown. The percentage of trees in which the associated taxa clustered together is
shown next to the branches. Initial tree(s) for the heuristic search were obtained by applying the
Neighbour-Joining method to a matrix of pairwise distances estimated using a JTT model. A discrete
Gamma distribution was used to model evolutionary rate differences among sites (5 categories (+G,
parameter = 1.0539)). The tree is drawn to scale, with branch lengths measured in the number of
substitutions per site. The analysis involved 408 amino acid sequences. There were a total of 698
positions in the final dataset. Evolutionary analyses were conducted in MEGAG (Tamura et al., 2013).
Intron harbouring groups’ branches are coloured olive colour. The Intron less groups’ branches are
coloured in dark purple. The CIPK16, 5 and 25 clade from the intron less group is expanded highlighted
by taxon names of colour turquoise. The other CIPK nodes are collapsed down and named for clarity of
presentation. The fully expanded tree is available as supplementary materials (S14). Sequences from
KC310466.1, AAU87882.1, AAUB7884.1, KC991147.1, AGO32663.1, KC991149.1 and AEX07321.2

were included in the analyses as the most closely related non-CIPK-type protein kinases.
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Figure 3 Summary of the Molecular Phylogenetic analysis for CIPK16/5/25 group CIPKs used in

this study by Maximum Likelihood method (summarised view)

The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT
matrix-based model (Jones et al, 1992). The tree with the highest log likelihood (-32815.7688) is
shown. The percentage of trees in which the associated taxa clustered together is shown next to the
branches. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method
to a matrix of pairwise distances estimated using a JTT model. A discrete Gamma distribution was used
to model evolutionary rate differences among sites (5 categories (+G, parameter = 0.9058)). The tree is
drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis
involved 113 amino acid sequences. There were a total of 504 positions in the final dataset.
Evolutionary analyses were conducted in MEGAG (Tamura et al., 2013). The nodes are collapsed down
and named for clarity of presentation. The CIPK16, 5 and 25 nodes are highlighted by the colour
turquoise. Nodes representing homologues to [CIPK16/5/25] from dicots and monocots are coloured
dark red and green respectively. The tree is rooted on other A. thaliana CIPKs. The fully expanded tree

is available as supplementary materials (S15).

Figure 4 Multiple Sequence Alignment (MSA) of the Activation Loop Domain of CIPK Proteins

The alignment was developed from the complete sequences of CIPK proteins using MUSCLE algorithm
incorporated in Jalview application. The MSA showing the indel (ALI) of proteins in CIPK16 clade
(shown by a red box). Other A. thaliana CIPKs (AtCIPKs) were used to support the fact that ALl is only
present in the CIPK16 clade proteins. AL lies between the conserved regions of the activation loop (i.e.
between DFGLSAL and SSDDLLHTRCGTPAYVAPE). For easy referencing in this text we would
number the activation loop from D1FGLSAL...AYVAPE37.The colours represent the conservation of
the alignment, green being highly conserved and blue being less. AtCIPK16 is underlined in dark blue.

The conservation histogram and normalised consensus logo is shown beneath the MSA.
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Figure 5 Multiple Sequence Alignment (MSA) of the Junction domain of CIPK Proteins

The alignment was developed from the complete sequences of CIPK proteins using MUSCLE algorithm
incorporated in Jalview application. The Nuclear Localization Signal (NLS) unique to CIPK16 junction
domain is shown in yellow (JDNLS). The NLS was predicted by the cNLS Mapper (http://nls-
mapper.iab.keio.ac.jp/) (Kosugi et al., 2009). CIPK16 orthologues from A. arabicum and T. hassleriana
did not predict a NLS in this region. Other A. thaliana CIPKs were used to show the variability within
this region. JDNLS lies in the junction domain in middle of kinase domain and the regulatory domain.
AtCIPK16 is underlined by a dark blue line. The consensus logo for the NLS in CIPK16s, conservation

histogram and normalised consensus logo is shown beneath the MSA.

Figure 6 An IGV screenshot of the promoter region of AtCIPK16 previously shown to contain a

deletion in Bay-0 (Roy et al. 2013).

Read alignments for both Bay-0 and blh-1 accessions are shown together with their corresponding
coverage tracks and indicate both accessions contain a conserved 10bp deletion (position highlighted
by the red bar) relative to the Col-0 reference (mismatching bases not shown). The read alignments of
the original BAM files were modified slightly to pad the alignments of reads spanning the deletion. The
drop in coverage seen in Bay-0 is indicative of a non-gapped alignment tool being used to generate the
BAM file. The BAM file of blh-1 already contained gapped read alignments, indicating a gapped aligner
was used to generate the BAM file. The effect of the deletion in these two accessions is the creation of

a TATA box (indicated by the blue bars spanning the deletion below the sequence track).

Figure 7 Intron-exon analysis of CIPK16 clade proteins using PIECE web tool (Wang et al., 2013):

The species names are shown in a cladogram with the respective intron-exon architecture of the CIPK
proteins. A base pair scale is shown on top. The Exons are shown as black bars and the introns are

shown in light brown. The length of each exon and intron are shown above each region. The phase of
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the intron is shown below each intron in light brown. We deliberately left the intron-exon structure for L.

alabamica blank as we were unable to find a CIPK16 orthologue for this species.

Figure 8 Proposed evolutionary model of CIPK 16, 5 and 25

The model of evolution of CIPK16, 5 and 25 from their last common ancestor in angiosperms. Each
oval represents a gene. The rectangular box represents a group of plants with a common ancestor.
The ovals with no fill colour represents inferred ancestral states. The coloured ovals represent the
present day proteins from different groups of terrestrial plants mentioned below each group. Previously
recorded evolutionary milestones are mentioned appropriately. A cladogram shows the known

evolutionary relationships among the groups.
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CIPK 10/2 clade

CIPK 7/4 clade

CIPK 22, 14, 11 clade

CIPK 13/18, 19/12 clade

Root

83

40

[CIPK16/5/25]
homologue
NCBs

CIPK 16 clade

CIPK 5/25
clade

Intron
harbouring

Intronless
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T. hassleriana|Name: Th16487

CIPK 5/25 clade

p— T hassleriana|Name: Th22509

] CiPK 16 clade
97

[CIPK16/5/25] homologue monocots

8 [CIPK16/5/25] homologue dicots

A. trichopoda|Location: 35602995-3504275, Chromosome: AmTr v2.0 scaffold00070, Strand: 1

_u oot

|
0.5
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A,Ihalianq_QIPK 16

Alyrata_CIPK16
C.rubella_CIPK16
B.stricta_CIPK16

B.oleraceae_CIPK16

C.sativa_CIPK16
A.alpina_CIPK16
B.napus_CIPK16
B.rapa_CIPK16
S.irio_CIPK16

E.salsugineum_CIPK16

S.parvula_CIPK16

A.arabicum_CIPK16
T.hassleriana_CIPK16

A.thaliana_CIPK5
A.thaliana_CIPK25
A.thaliana_CIPK8
A.thaliana_CIPK24
A.thaliana_CIPK9
A.thaliana_CIPK23
A.thaliana_CIPK26
A.thaliana_CIPK3
A.thaliana_CIPK17
A.thaliana_CIPK1
A.thaliana_CIPK21
A.thaliana_CIPK7
A.thaliana_CIPK4
A.thaliana_CIPK18
A.thaliana_CIPK12
A.thaliana_CIPK19
A.thaliana_CIPK13
A.thaliana_CIPK15
A.thaliana_CIPK2
A.thaliana_CIPK10
A.thaliana_CIPK6
A.thaliana_CIPK20
A.thaliana_CIPK11
A.thaliana_CIPK14
A.thaliana_CIPK22

Consensus for ALI

10 20 30

DFGLSA[" [z =cfee iiici-IDDLLHTRCGTPAYVAPE
DFGLSA[" | a=ciiciciid it IDDLLHTRCGTPAYVAPE
DFGLSA[" s =ciiciciidiict s IDDLLHTRCGTPAYVAPE
DFGLSA[" s =ciiciclidiict s IDDLLHTRCGTPAYVAPE
DFGLSA[" s =ciciclidiict s IDDLLHTRCGTPAYVAPE
DFGLSA[L s =ciciciid i IDDLLHTRCGTPAYVAPE
DFGLSA|" [ lz=ctcic et siDDLLHTRCGTPAYVAPE
DFGLSA|" [ lz=ctcic i ictcsiDDLLHTRCGTPAYVAPE
DFGLSA" [ lz=cticic et ciDDLLHTRCGTPAYVAPE
DFGLSA[" [ la=ctcic et ciDDLLHTRCGTPAYVAPE
DFGLSA|" [ la=8fcic i ictctsiDDLLHTRCGTPAYVAPE
DFGLSA|" [ la==t e itictc siDDLLHTRCGTPAYVAPE
DFGLSA| [/ z= 88 ccitditc S IDDLLHTRCGTPAYVAPE
DFGLSA[/L o= =-5 lclcclJEALLRTRCGTPAYVAPE
DFGLSAL - -PEQI - -LQ- - -DGLLHTQCGTPAYVAPE
DFGLSAL - -PEQI --LQ- - -DGLLHTQCGTPAYVAPE

DFGLSAL--PE----QG---VTILKTTCGTPNYVAPE
DFGLSAL - -PQ----EG---VELLRTTCGTPNYVAPE
DFGLSAF - -SRQV - -RE- - -DGLLHTACGTPNYVAPE
DFGLSAL - -PQQV - -RE- - -DGLLHTTCGTPNYVAPE
DFGLSAL - -SRQV - -RG- - -DGLLHTACGTPNYAAPE
DFGLSAL - -SQQV - -RD- - -DGLLHTSCGTPNYVAPE
DFGLSAL - -SQHY - -RE- - -DGLLHTTCGSPNYVAPE
DFGLSAL - -PQHF - -RD - - -DGLLHTTCGSPNYVAPE
DFGLSAV--PK----- S---GDMLSTACGSPCYIAPE
DFGLSAL - -PEHL - --Q---NGLLHTACGTPAYTAPE
DFGLSAL - -PEHR--SN- - -NGLLHTACGTPAYTAPE
DFGLSAV - -AEQL - -RQ- - -DGLCHTFCGTPAY | APE
DFGLSAV--SDQIl - -RQ- - -DGLFHTFCGTPAYVAPE
DFGLSAV--SDQIl - -RQ- - -DGLFHTFCGTPAYVAPE
DFGLSVV- -SEQL - -KQ---EGICQTFCGTPAYLAPE
DFGLSAL - -SDSR--RQ- - -DGLLHTTCGTPAYVAPE
DFGLSAL - -ADCK - -RQ- - -DGLLHTTCGTPAYVAPE
DFGLSAL - -ADCK - -RQ- - -DGLLHTTCGTPAYVAPE
DFGLSAF - -TEHL - -KQ- - -DGLLHTTCGTPAYVAPE
DFGLSAL - -RESK--QQ- - -DGLLHTTCGTPAYVAPE
DFGLSAL - -TDQI - - - - - RPDGLLHTLCGTPAYVAPE
DFGLSAL - -TDQI - - - - - RPDGLLHTLCGTPAYVAPE
DFGLSAM- -KEQI - - - - - HPDGMLHTLCGTPAYVAPE
LMMPEGLGGRRGSS

Conservation I [] -_-__ : I_I

consensus U 0.9

7--6600--00---45978 2

PE-GGREGSSDSLLHTT GTP PE

DFGL SALMMPEQLGGRRGSSDGLLHTRCGTPAYVAPE
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A.thaliana_CIPK16
Alyrata_CIPK16
C.rubella_CIPK16
B.stricta_CIPK16
B.oleraceae_CIPK16
C.sativa_CIPK16
A.alpina_CIPK16
B.napus_CIPK16
B.rapa_CIPK16
S.irio_CIPK16

E.salsugineum_CIPK16

S.parvula_CIPK16
A.arabicum_CIPK16

T.hassleriana_CIPK16

A.thaliana_CIPK5
A.thaliana_CIPK25
A.thaliana_CIPK8
A.thaliana_CIPK24
A.thaliana_CIPK9
A.thaliana_CIPK23
A.thaliana_CIPK26
A.thaliana_CIPK3
A.thaliana_CIPK17
A.thaliana_CIPK1
A.thaliana_CIPK21
A.thaliana_CIPK7
A.thaliana_CIPK4
A.thaliana_CIPK18
A.thaliana_CIPK12
A.thaliana_CIPK19
A.thaliana_CIPK13
A.thaliana_CIPK15
A.thaliana_CIPK2
A.thaliana_CIPK10
A.thaliana_CIPK6
A.thaliana_CIPK20
A.thaliana_CIPK11
A.thaliana_CIPK14
A.thaliana_CIPK22

Consensus for JODNLS

Conservation

10

RKNFTPSV - AFSIDETIPS
RKNFTPPV-AFSIDETIPS
RKNFTPPV-AFSIDETIPS
RKNFTPPV -AFSIDETIPS
RKNFTPPV-AFSIDETIPS
RKNFTPPV-AFSIDETIPS

QKNFTPPV-YFSIDETIAS
RKNFTPPV-AFSIDETIPS
RKDFTPPV-AFSIDETIPS
RKNFTPPV -AFSIDEAMSS
RKNFKPPM-AFTIDTPIPSPISSPPDHPPS - - - - - - e e e e eii e

RKNFTPPL -AFKIDEPICS - - - - - QSSKNNEEEEEDGD - - - - = - = - e s e e e e oo e - -
RKNINSPI| -EFKIDELEIQNV - - -EDETPTTTATTAT T - - - - - s e s e e e e e e e e o s
LKDYTPVQ-LIDYEHVNLDDVYAAFDDPEEQTYAQD - - = = - = s m e e e e e e e e e e e e e

RLNYVP I - -RAREEEEVN - - - - - - LDD IRAVFDG | EGS - - YVAEN
KKGYKPPS - FDQDDED I TID - - - -DVDAAFSNSKECLV - = - = =« = e memmemeameme s
KKGYKAPK - FENADVSLDDVDA | FDDSGESKNLVVERR - - - = = = = = = =« = s m e o mmme -
KKNYKPAV - FEEKEEANLD - - - - - DVDAVFKDSEEHHV -« - « = =« o e eemee e e e e
KKDYKPPV - FEERDDSNMD - - - - - DIDAVFKDSEEHLV - - -« s v o s e memmeme e e
KHDYTPSN - YDDDDDVYL | - - - - - QEDVFMMKEYEE - - = = = = wc s e memmamennnns
KLEY | PS | PDDDDEEEVDT - - - - - DDDAF S| QELGSEE - = = = === s mwmmmmemmmme s
KIGYTPV - -YHQLSDSIKDN - - - - VAE INAATASS - = - « = = v s v s mememmmmemmememes
KKSLETSEFHRNVFD - « = - = - = - - - SEVEMKSSVN - - - = s v s s ememmememeeemeenes
QKSLE -+ -smmmmecnanannnn | SEFQSSVFELDRF - = =« e s e cmememeanacnn LEK
KKGFKHVK -FY | EDDKLCR - - - - - EDEDEEEEASSSGRSSTVSESDAEFDVKRMG - - - - - 1G
KKGFKH I K - FYVEDDKLCNVVDDDEL ESDSVESDRDSAASESEl - - - - - - - - EYLEPRRRVG
KKGFKH | KFYVEDDHQLCN - - - - - VADDDE | ES I ESVS - -GRSSTVSEPEDFESFDGRRRGG
KKGFKHVKFY | ENDKLCREDDDNDDDDSSSLSSGRSSTASEGDAEFD IK -« = -« - - - - RVD
RKGLQEEV -KESVEE - - - = = - - - - ETEVDAEAEGNASA - « - - = = v s e memmmme e e EK
RKGLHLKQKKMEKMEKQQVREATNPMEAGGSGANENGE -« - « = = « = = = s v o e memmeme - NH
RKGLHMK - - QKKMEKRVKE - - - - - INSVEAGTAGTNEN - -GAGPSENGAGPSENGDRVTEEN
KKQATRSR -NEPVAAT I TTT - - - -EEDVDFLVHKSKEE « = = = = = == 2o s mnemeonnnnnn-
QKGFKKIE -« v s e memmeeme TPKSPESHQIDSL | - -SDVH - - = =« = s o e e e e e e - AA
VRGGFKQ ! -KFH -« = v cmmmnn DDE | EDQKVESSLE - = = = = s v s e memmmmemeemn s
KQGYDDRMSKFHLEDS - - - - - - - DMKLPADETDSE - - = = = = e s s mmmmemmmmamennns
NHGVDPSE - = = = == s s e cmemnnn I 1GIQADDYDLEEN - = = = = e s e mmememeamameens
N

PPEPP< KKKKKKKED:

PPEPPA-----v--no-eemnamnn- KKKKKKKKDN

o —1
75574320-1010320000- - - - - 3283228 --n-ccce-coceccicaaaeaas 00

quaity . Il e Se—mle e B e— e

Consensus .

EVSE
Gigaoe
v l((.l N

RKNETPRYF

5 DET PSR DDDPPEPP \SESEESEE
LS o5 i
RKNFTPPVFAFS DET|PS+V++DPPEPPA+ ESEES+EAS+VSES++ +KKKKKKKD+NEEED

KKK KK KD EEED

(,r

:
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Deletion relative to the reference

|

10,672,670 bp 10,672,620 bp 10,672,690 bp 10,65
|

Bay-O coverage
Bay-0

liiinnnannnn EERNEEERERNRRERY

blh-1 coverage

blh-1

NI |-TIIIIIIIIIIIII\

Sequence FllCACTAAACCAATGTATAGATATATATATTCGTCTTT

ke I
TATA box created due to the deletion
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T T T
1000bp 2000bp 3000bp

Obp
. 692 350 42
T. hassleriana ——--
. —707 781 5
A. arabicum A —
E. salsugineum oo
S. parvula — - - - ——
B. rapa —— - —
94 1003 9:
B. napus — - - - - - ——
.. 2 872 1
S. irio —— - - ——
L. alabamica
. ——701 59 09
A. thaliana — - ——
98 . 084 09
A lyrata I - - - - - - - - —— oo —
. o5 487 . ,

B. stricta oo
C. sativa .- -

¥ 695 T 945 700 |
C. rubella - - - - ———
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O Last Common Ancestor of
Angiosperms for CIPK16, 5 and 25

. R
O LCA of Dicots WGD (y duplication~250 Mya) O LCA of
i (~165 Mya) Monocots
= Divergence _——l
(~135 Mya)
O LCA of Brassicales
() Ancestral CIPK
| Gene/s
wGD 0 Monocot/dicot
(8 duplication IIZ‘.Gﬂ-57MW) homologues
O O LCA of Brassicaceae and 0 arxs
Cleomaceae
l @ carkas
Divergence
sy 1 0 apae
0 0 Dhrynce
S (~47-54 Mya)
wGoD
() CIPKSand 25 (a duplication 47.121.00 Mya)
homologue
Other Dicots Cleomaceae Brassicaceae Grasses Other monocots
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