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� The iGG analysis has been proposed
to utilize evolutionary information
between the crop and several its
relatives.

� The evolution of CIPK and CBL genes
have been characterized in seven
species to prove the iGG method.

� The divergent expression is important
for keeping the stoichiometric
balance of TaCBL-TaCIPK.

� Our iGG analysis reveals a Triticeae-
specific TaCIPK duplicate responding
to drought.

� Transgenic plants of TaCIPK17-OE in
tobacco and wheat showed higher
resistance to drought.
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Introduction: Reverse genetic studies conducted in the plant with a complex or polyploidy genome
enriched with large gene families (like wheat) often meet challenges in identifying the key candidate
genes related to important traits and prioritizing the genes for functional experiments.
Objective: To overcome the above-mentioned challenges of reverse genetics, this work aims to establish
an efficient multi-species strategy for genome-wide gene identification and prioritization of the key can-
didate genes.
Methods: We established the integrative gene duplication and genome-wide analysis (iGG analysis) as a
strategy for pinpointing key candidate genes deserving functional research. The iGG captures the evolu-
tion, and the expansion/contraction of large gene families across phylogeny-related species and inte-
grates spatial–temporal expression information for gene function inference. Transgenic approaches
were also employed to functional validation.
Results: As a proof-of-concept for the iGG analysis, we took the wheat calcineurin B-like protein-
interacting protein kinases (CIPKs) family as an example. We identified CIPKs from seven monocot spe-
cies, established the orthologous relationship of CIPKs between rice and wheat, and characterized
Triticeae-specific CIPK duplicates (e.g., CIPK4 and CIPK17). Integrated with our analysis of CBLs and
CBL-CIPK interaction, we revealed that divergent expressions of TaCBLs and TaCIPKs could play an impor-
tant role in keeping the stoichiometric balance of CBL-CIPK. Furthermore, we validated the function of
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TaCIPK17-A2 in the regulation of drought tolerance by using transgenic approaches. Overexpression of
TaCIPK17 enhanced antioxidant capacity and improved drought tolerance in wheat.
Conclusion: The iGG analysis leverages evolutionary and comparative genomics of crops with large gen-
omes to rapidly highlight the duplicated genes potentially associated with speciation, domestication and/
or particular traits that deserve reverse-genetic functional studies. Through the identification of Triticeae-
specific TaCIPK17 duplicates and functional validation, we demonstrated the effectiveness of the iGG
analysis and provided a new target gene for improving drought tolerance in wheat.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

As a staple food, wheat (Triticum aestivum L.) is of great impor-
tance in facilitating the development of human civilization [1].
Nowadays, wheat is among the top-three most produced cereal
crops, serving as the staple for about 40% of the population in
the world. Wheat evolution features allopolyploidization, reticu-
late evolution and gene flow with the wheat relatives, and a recent
burst of gene duplication in Triticeae species [2–4]. These features
have shaped the hexaploid bread wheat genome as one of the most
complexed in cereals, with a genome size of 14.5 Gb containing
over 85% repetitive DNA [2].

Forward genetics in wheat has long been challenging owing to
several features of wheat biology and genomics [5,6]: (1) Func-
tional redundancy within homoeologous syntenic genes or
between duplicated gene copies often hinders the screening of
mutant phenotypes by using mutagenesis or gene editing
approaches; (2) The large and complex wheat genome with long
linkage disequilibrium distances poses challenges to fine map the
causal genetic loci of a given trait and to determine causal muta-
tions [7,8]; (3) Self pollination requires more tedious work to con-
struct large mapping populations for forward and quantitative
genetics purposes compared to other cereals (e.g., rice and maize).
Therefore, reverse genetics represents an essential approach to
conduct gene functional studies in wheat and to facilitate genetic
improvement.

Reverse genetic studies have become popular in wheat and
relied on homologous cloning and genome-wide analysis (GWA)
of a given gene family based on the known functional and bioinfor-
matics knowledge mostly achieved in model species (e.g., Ara-
bidopsis and rice). Such studies usually adopt the following
workflow: (1) Identification of gene family members from the
wheat genome based on sequence similarity and/or the presence
of certain protein domains; (2) Sequence analysis to indicate pos-
sible functional conservation of the members between the model
species and wheat; (3) Phylogenetic analysis to assign family
members to different groups, linking the members with certain
homologs in the model species; (4) Expression analysis using
RNA-seq data to predict the biological functions of given family
members. These analyses greatly contribute to the translation of
established gene functional knowledge from the model species to
wheat. Follow-up experiments (such as validating the predicted
gene functions using transgenic plants or mutants) are needed to
confirm the gene functions in wheat and to apply to genetic
improvement and breeding. However, it is apparent that gene fam-
ilies usually expand in the wheat genome, and members often get
lost, duplicated or functionally divergent during wheat evolution
[3,9]. Thus, to accurately predict the function of candidate gene
involved in agronomically important traits by genome-wide analy-
sis (GWA) is not seemingly straight-forward in wheat. Although
wheat transformation techniques with particle bombardment
and Agrobacterium have been improved [10–14], accurate identifi-
cation of the candidate genes is still one of the bottlenecks in
wheat reverse genetics.
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To overcome such limitations and to efficiently identify and pri-
oritize the candidate genes controlling important agronomic traits,
we propose that the genome-wide analysis should be done in a ser-
ies of Triticeae species, including the hexaploid wheat and their
diploid relatives, so as: (1) to capture the evolutionary history of
the gene family; (2) to identify those members duplicated or func-
tionally divergent during wheat evolution with the aids from com-
bining multiple data sources, such as expression data, protein-DNA
or protein–protein interaction data and selection footprints. We
think that such gene members evolve along with the evolution of
Triticeae species (even the speciation of wheat), and thus may be
involved in the developmental processes, environmental adapta-
tion and the traits particularly important to wheat. This integrative
gene duplication and genome-wide analysis (herein abbreviated as
iGG analysis, with the strategy depicted in Fig. 1A) will likely iden-
tify the genes deserving further experimental efforts in functional
and reverse genetic studies.

In the present study, as a proof-of-concept, we identified a large
gene family encoding the calcineurin B-like protein-interacting
protein kinases (CIPKs) across seven monocot species and identi-
fied the Triticeae- duplicated CIPK genes (TaCIPK17 copies) specifi-
cally responding to drought stress. CIPKs are plant-specific serine-
threonine kinase proteins that interacts with CBL to form the CBL-
CIPK protein complex, which involve in Ca2+ sensing and signaling
pathways [15,16]. The structure of CIPK proteins is conserved and
the kinase domain in the N terminal consisting of ATP binding site
and activation segment with three phosphorylation switches (Thr,
Ser, Tyr), the regulatory domain comprising of auto-regulatory
NAF/FISL motif and the phosphatase interaction motif (PPI), and
the NAF motif is the docking for CBLs [15]. The CBL proteins con-
tain four EF-hands for binding to Ca2+ and a conserved PFPF/FPSF
motif [17]. When Ca2+ signal changed by stresses, CBL binds to
Ca2+ and subsequently interacts with CIPK to relief the autoinhibi-
tion of the catalytic kinase domain of CIPKs, and CBL-CIPK complex
could active or repress downstream proteins through complex reg-
ulatory networks [17–21]. The CBL-CIPK pathway play a critical
role in regulating plant growth and responding to stresses (salinity,
dehydration, cold, low K+, etc.) and other signals, such as abscisic
acid (ABA) and reactive oxygen species (ROS) [15,18–22].

Here, we chose the CIPK family as an example to demonstrate
the power of duplication-oriented genome-wide analysis for sev-
eral reasons: (1) The family is large, usually containing �30 genes
in a diploid species [17,22]; (2) The functions of several CBLs and
CIPKs have been well studied in Arabidopsis with extensive knowl-
edge regarding its protein–protein interaction and regulatory
mechanisms [15,18–21]; (3) The reference genomes of several Trit-
iceae species have been available recently owing to the advances in
genomics and bioinformatics, laying the foundation for compara-
tive genome-wide analysis among these species [23–29]; (4) CBL
and CIPK represent a pair of families following the gene balance
hypothesis [30–32], and hence their identification may provide
evolutionary insights into gene dosage balance and duplication-
driven functional divergence; (5) The genome-wide CIPK identifi-
cation studies have been mostly done in eudicot species [33–38],
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Fig. 1. IGG analysis portraits the phylogeny and evolutionary history of CBLs and CIPKs in the seven Poaceae species. (A) The workflow for the iGG analysis and the number of
CBL and CIPK genes identified in each of the seven Poaceae species, indicating the expansion of CBL and CIPK families in bread wheat (Tables S2, S3). The phylogeny of the
species was obtained from Timetree (http://timetree.org/). (B) Phylogenetic tree of the identified CIPK proteins. The 320 CIPK proteins are divided into 14 groups with the
group number labeled in bold and colored in the background. The orthologous CIPKs from the seven species are grouped in each of the same branches with the rice and wheat
CIPK numbers indicated in the outer circles in black and red, respectively. The OsCIPKs derived from WGD events are indicated with brackets. (C) Phylogenetic tree of the
identified CBL proteins showing the four groups of CBLs (groups A, B, C and D, indicated with colored backgrounds). The names of OsCBLs and TaCBLs are labeled in black and
red, respectively.

Y. Wu, J. Feng, Q. Zhang et al. Journal of Advanced Research 61 (2024) 19–33
but not many reported in agronomically important grasses [39–
41]. Further functional validation in both transgenic tobacco and
wheat proved that TaCIPK17 improves drought resistance. CIPKs,
together with the interacting partner CBLs, belongs to one of the
key protein machineries for Ca2+ sensing and signaling transduc-
tion [15,16].
Materials and methods

Identification of CIPK and CBL genes

To identify the CIPK and CBL genes, the genome assemblies and
corresponding annotated protein-coding genes and proteins of
Aegilops tauschii, Oryza sativa, Triticum aestivum, and Triticum
urartu, respectively, were obtained from the EnsemblPlant data-
21
base (https://plants.ensembl.org/index.html) (data accessed by 23
July 2021) [42]. The genomes and gene annotations of Brachy-
podium distachyon and Hordeum vulgare, respectively, were down-
loaded from the Phytozome v12 (https://phytozome-next.jgi.doe.
gov/) (data accessed by 23 July 2021) [43], while the published
genome of Triticum dicoccoide was obtained from NCBI [23]. The
Hidden Markov Model (HMM) profiles of the CIPK protein kinase
domain (PF00069) (PKC hereafter), NAF domain (PF03822), EF-
hand (PF00036, PF13202, PF13833, PF13499) were downloaded
from Pfam (https://pfam.xfam.org/). The reported CIPKs and CBLs
from Arabidopsis and rice were used as inquiries of BLAST search
to retrieve potential CIPK (identity >90%, E-value < 1E-5) [32] and
CBL (E-value < 1E-10) -encoding genes in the genomes of B. dis-
tachyon, H. vulgare, A. tauschii, T. urartu, T. dicoccoides, and T. aes-
tivum [17,22,41], followed by the search of protein sequences
with particular domain and/or motif using HMMER v3.0 (Fig. S1).
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CIPK proteins should have the PKC and NAF domains, while CBLs
should have the EF hands confirmed with the NCBI Conserved
Domain Search. The pI and molecular weight (MW) of CIPKs and
CBLs were predicted by ExPASy (https://www.expasy.org).

The identification of homeologs between the subgenomes of T.
aestivum was based on previous studies [3,44]. The rice CIPKs and
CBLs that were evolved from whole genome duplication (WGD)
events were identified according to rice comparative genomic
analyses [45,46]. The genes recently duplicated in the Triticeae
species have been identified and categorized into different types
of small-scale duplication (SSD) events by Wang et al. [3]. Briefly,
the paralogous gene pairs were firstly identified with the best-
reciprocal blast approach (BLASTP, using the parameter ‘‘-outfmt
6 -evalue 1e-50’) within several diploid monocot genomes (i.e.,
maize, sorghum, rice, barley, Ae. tauschii and T. urartu). Self-
genomic comparisons were performed to identify syntenic blocks
(containing syntenic genes) with MCScanX (using the parameter
‘‘-e 1e-5 –m 25 –w 50’) as having arisen from WGD. The remaining
duplicated genes were classified into types of SSD (tandem dupli-
cates (TD), proximal duplicates (PD) and dispersed duplicates
(DD)), which were further supported by the synonymous substitu-
tion (Ks) analysis. This analysis has identified numerous SSD gene
pairs arisen in the Triceae species, termed as a recent burst of gene
duplications (RBGD) [3].

Sequence analysis and phylogenetic analysis

Multiple sequence alignment of full-length protein sequences of
CIPK and CBL were performed with MUSCLE. Only the protein
sequences deduced from primary transcripts of CIPKs or CBLs were
used. Phylogenetic trees were constructed by the maximum-
likelihood (ML) method with 1000 bootstrap replicates using
MEGA-X software [47]. Phylogenetic trees were visualized and edi-
ted by EvolView (https://www.evolgenius.info/evolview-v2/). Con-
servative motifs of TaCIPKs were analyzed by the MEME tool
(https://meme-suite.org/meme/tools/meme) [48]. The percentages
of sequences identity between the CIPK17 proteins was calculated
by using the Clustal-Omega tool on the EMDL-EBI database
(https://www.ebi.ac.uk/Tools/msa/clustalo/), which does not only
provide sequence alignment results, but also produce the ‘Percent
Identity Matrix’ showing the percent of sequence identity between
each pairwise comparison. The sequence identity matrix produced
by the Clustal-Omega tool between the CIPK17 proteins from rice,
barley, Ae. tauschii, T. urartu, T. dicoccoides, and T. aestivum was
used to infer the ancient and newly duplicated copies at the CIPK17
locus and shown in heat map.

Chromosome Location, collinearity analysis and gene structure
analysis

The chromosomal location of TaCIPKs were visualized by
TBtools [49]. Inter-species gene synteny analysis of CIPKs was cal-
culated using MCScanX with the homoeologous gene information
obtained elsewhere [44]. MicroCollinearity of the CIPK17 loci
among the monocot species was analyzed and visualized by TGT
website (https://wheat.cau.edu.cn/TGT/) [50].

Analysis of gene expression patterns

Five publicly available RNA-seq data sets were used to capture
the expression profiles of TaCBLs and TaCIPKs across developmen-
tal tissues and stages as well as the responses to biotic and abiotic
stresses, including drought, heat, cold, stripe rust (Str) and pow-
dery mildew (Pwd) (in Supplementary Method) [51–55]. The
RNA-seq reads were mapped to IWGSC RefSeq v1.0 using STAR
v2.7.3, and the uniquely mapped reads were used for identifying
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differentially expressed genes within each dataset by DEseq (q val-
ues <0.05, |log2(FoldChange)| > 1). The gene expression levels were
quantified in transcripts per million (TPM) at the gene level with
the Salmon package [55]. The expression profiles were visualized
in log2(TPM + 0.1) in heat maps. The homoeologous syntenic genes
from the A, B, and D subgenomes, respectively, (also known as tri-
ads) of TaCBLs and TaCIPKs were used for the analysis of homoeolog
expression bias (HEB) based on the previous method [44].

Protein-protein interaction assays

Y2H-based interactions between multiple TaCIPKs and TaCBLs
were performed with the Matchmaker Gold Yeast Two-Hybrid Sys-
tem (Clontech). Multiple TaCIPK genes (e.g., TaCIPK2, 9, 12, 14, 16,
17, 23, 29 and 30) were cloned to examine their interactions with
several CBLs representing each of the triads (TaCBL1, 2, 3, 4, 6, 7,
and 9). Recombinant plasmids of pGADT7-CIPK and pGBKT7-CBL
were co-transformed into yeast strain AH109. Positive transfor-
mants were spotted on medium DDO (SD/-Trp/-Leu), TDO (SD/-
Trp/-Leu/-His), or QDO (SD/-Trp/-Leu/-His/-Ade). Together with
the previous study from our group [56], TaCBL-TaCIPK interactions
were comprehensively analyzed, containing 27 TaCIPKs and 7
TaCBLs with the interaction relationships simplified to a binary
plot drawn by ChiPlot. The full-length of TaCIPK17-A2 and three
truncated forms (i.e., M1, M2, and M3) were cloned to examine
the protein regions affecting CBL-CIPK interaction. In addition,
the TaCBL1.1, 2, 3, 4.1, 6, 7.1, and 9.1, as well as TaCIPK17 and its
truncated forms (M1, M2 and M3) were tested for the auto- activ-
ity. For bimolecular fluorescence complementation (BiFC),
TaCIPK17 was cloned into the SpYNE vector, while TaCBL1, 2, 3,
and 6 were cloned into the SpYCE vector. Onion epidermal cells
were co-infiltrated with mixtures of an equal amount of SpYNE/
SpYCE culture. YFP signal were checked in the epidermal cells from
the infiltrated onion tissue after 48 h with fluorescence microscopy
(OLYMPUS LX71, Japan).

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from the leaf tissues of wheat or
tobacco plants with the plant total RNA kit (Zomanbio, China)
and the cDNA was reverse transcribed with All-in-One RT Super-
Mix (Vazyme, China). The qRT-PCR was performed with qPCR SYBR
Green Master Mix (Vazyme, China) and NtGAPDH and TaActin1 as
the internal reference gene in tobacco and wheat, respectively.
Quantitative-PCR data were analyzed by using the 2-DDCT method
and the statistical differences were determined with the Student’s
t test using results from three biological replicates with technical
duplicates. All primers are provided in Table S1.

Plant transformations of wheat and tobacco

For the particle bombardment-mediated wheat transformation,
TaCIPK17-A2 was cloned into the pAHC25 plasmid, and the recom-
binant plasmid was transformed into immature embryo-derived
calli of wheat cultivar L88-31 as described elsewhere [14]. The pos-
itive transgenic events were identified from the transgenic plants
survived from selection followed by PCR examination of the pres-
ence and expression of the transgene for the consecutive genera-
tions. PCR-positive transgenic events were propagated and
selected to obtain non-segregant lines [57]. For PCR examination
of the foreign gene, DNA was extracted from leaf tissues with the
CTAB method and the PCR were performed with the primers pro-
vided in Table S1.

The gene sequence of TaCIPK17-A2 was cloned into plasmid of
pBI121. The construct was transformed into tobacco using Agrobac-
terium-mediated leaf discs protocol [58]. The transgenic tobacco
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seeds were selected with 50 mg/L kanamycin on Murashige-Skoog
(MS) medium and DNA extracted from tobacco leaves was used to
identify transgenic positive tobaccos. The detection primers were
listed in Table S1.

Drought phenotype analysis of transgenic plants

The wheat seeds of TaCIPK17-A2 over-expression transgenic
lines andWT were germinated in the dark under 23℃, then moved
to light for a week after the buds grew, and vernalized for 10 days
under 4 ℃, then the seedings were planted in soil mix (nutrient
soil: vermiculite = 3:1). The wheat plants of transgenic and WT
grew for a month in the greenhouse, and subsequently subjected
to drought for two weeks. Drought-treated plants were re-
watered for one week.

The tobacco plants of three independent transgenic lines and
control (WT and VC) were germinated on MS medium for five days
and then the tobacco plants were planted in vermiculite under
well-watered condition. The four-week-old tobacco plants were
treated under drought for three weeks and re-watered for two
weeks. The survival rates of tobacco plants were calculated after
recovery.

Measurement of physiological indices

To measure the physiological indicators of transgenic wheat
plants, the four-week-old plants were treated under drought for
two weeks. The leaves under normal growth conditions of WT
and three TaCIPK17-A2 overexpression lines were sampled to mea-
sure physiological indices, including the contents of H2O2, proline
(PRO), malondialdehyde (MDA) and soluble sugar, the activities
of catalase (CAT), total superoxide dismutase (T-SOD), peroxidase
(POD) and restraining ability to hydroxyl free radicals (RAHFR)
[59].

To measure the physiological indicators of transgenic tobacco
plants, the plants were grown in vermiculite for four weeks and
treated under drought condition for three weeks, and then re-
watered for seven days. The tobacco leaves of WT, VC and trans-
genic lines at four stages, including before drought, seven days
after drought, 14 days after drought and re-watered after seven
days, were sampled to measure physiological indices, including
the contents of H2O2, MDA and soluble sugar, and the activities
of CAT, T-SOD, POD, and RAHFR. The physiological indices were
measured by using the corresponding detection kits (NJJCBIO
(Nanjing Jiancheng Bioengineering Institute) Ltd., Nanjing, China)
with the MultiSkan GO 1510 microplate reader (Thermo Fisher Sci-
entific Ltd., U.S.A.) [24,60].

Oxidative stress treatment of tobacco leaves

The four-week-old tobacco leaf discs of transgenic and control
lines were treated by 20 lM and 50 lM MV. Chlorophyll content
of leaf discs under control and MV treatment conditions were mea-
sured by colorimetric method. The 0.2-g leaf discs were soaked in
buffer (Acetone: ethyl alcohol: ddH2O = 4.5: 4.5:1) in the dark until
the leaf discs turned white. The absorbance of each sample at
645 nm and 663 nm were measured using a spectrophotometer
and calculated the chlorophyll content.

Statistical analysis

All experiments were performed in three biological replicates in
the present study and the data were analyzed with the SPSS soft-
ware. The statistical differences of gene expression or physiological
parameters between wildtype and transgenic lines were calculated
by Student’s t test (*P < 0.05, **P < 0.01).
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Results

Genome-wide analysis of CBLs and CIPKs

The CIPK gene family was chosen to exemplify the integrative
gene duplication and genome-wide analysis (iGG analysis) based
on its family size, biological importance (in both signaling trans-
duction and as a classical example for evaluating the gene balance
hypothesis) and the lack of comprehensive analysis in the post-
genomic era of Triticeae species. To capture the evolution of CIPKs
during wheat speciation, CIPK genes have been genome-wide iden-
tified in seven species, including five in the Triticeae Tribe, yielding
320 CIPKs and 100 TaCIPKs (Fig. 1A-B, S2). Phylogenetic analysis
separated CIPKs into 13 groups (i.e., A/B, C, D, E, F, G, H, I, J, K, L,
M, and N), and OsCIPKs and Triticeae CIPKs present in each of
the 13 phylogenetic groups. The ancestor of major cereals crops
has experienced multiple whole-genome duplication (WGD)
events [45,46]. Among the 35 identified OsCIPKs, we found ten
pairs of OsCIPKs derived from the WGD events, including
OsCIPK1/17/21, OsCIPK2/10/18, OsCIPK3/31/33, OsCIPK6/35,
OsCIPK8/24, OsCIPK9/23, OsCIPK11/26/28, OsCIPK12/19,
OsCIPK13/25, OsCIPK22/29 [18,33]. Among these WGD-derived
CIPKs, a few may have been lost during Triticeae evolution, such
as OsCIPK1, OsCIPK6 and OsCIPK18. For the remaining CIPK genes,
phylogenetic clustering and micro-syntenic results matched well
and therefore the orthologous relationship of CIPKs between rice
and wheat was established here. Most TaCIPKs contain three
homoeologous triads except for TaCIPK10 and TaCIPK35
(Table S2). Particularly, CIPK17 and CIPK22 have been expanded
by tandem duplication, while CIPK4 experienced segmental dupli-
cation (Fig. 1B; Table S2).

In addition, 106 CBLs, which interact with CIPK proteins as one
of the key modules of calcium signaling transduction in plants,
have been identified in the seven species (Fig. 1C; Table S3). The
identified CBLs fall into four phylogenetic groups (i.e., group A, B,
C and D) with three sets of CBLs raised from ancient WGD events,
OsCBL1 (TaCBL9.1)-OsCBL3 (TaCBL9.2), OsCBL2 (TaCBL4) -OsCBL4
(TaCBL7), and OsCBL5 (TaCBL3) -OsCBL9 (TaCBL2) - OsCBL8 (TaCBL6).
In wheat, TaCBL1, TaCBL4 and TaCBL7 have evolved into multiple
copies by tandem duplication.

During genome evolution, duplicated genes may become diver-
gent and finally gain different functions, which is known as sub-
and neo-functionalization. Thus, we analyzed the motif composi-
tion of TaCIPK proteins to address whether the polyploidization
and tandem duplication are associated with different motif compo-
sition. Indeed, we observed the differences in motif composition in
a number of TaCIPK triads (2, 4B, 19, 25, 27, 34) (Fig. S3, S4). Also,
tandem duplicated TaCIPK genes encodes the proteins with motif-
composition differences, as demonstrated in proteins encoded by
the copies of TaCIPK17 and TaCIPK22, respectively. Notably, many
TaCIPK proteins differ in their C-terminal including the NAF motif
(corresponding to the motifs 9 and 10 in Fig. S4), which has been
known to affect the specificity of CBL-CIPK interactions [56],
implying potential functional relevance of these differences in
motif composition. Taken together, wheat allopolyploidization
and the recent gene duplication events among the Triticeae Tribe
account for the expansion of TaCIPK and TaCBL families.
Expression patterns of TaCBLs and TaCIPKs

We profiled the expression patterns of TaCBLs and TaCIPKs by
using publicly available RNA-seq datasets in wheat to obtain
insights into the expression and potential functions of TaCIPKs
(Supplementary Method). Firstly, several TaCIPKs (i.e., TaCIPK2, 9,
23, 31, 32) exhibited widely expressed patterns, whereas many
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other TaCIPKs (e.g., TaCIPK8, 25, 29) are preferentially expressed in
certain tissues or developmental stages, or specifically expressed at
a few stages or under certain conditions (e.g., TaCIPK4, 5, 14, 19, 30)
(Fig. 2A). These expression patterns suggest that TaCIPK2, 9, 23, 31,
32 may have pivotal roles across plant developmental processes
and abiotic stress response, while other TaCIPKs likely are involved
in particular functions. Second, most WGD-derived TaCIPK pairs
show distinct expression patterns across developmental stages
and/or in response to biotic and abiotic stresses, indicating that
these TaCIPK pairs could be functionally divergent due to distinct
expression profiles. For example, TaCIPK31 and TaCIPK32 were
highly expressed in up-ground tissues of wheat, while TaCIPK3 tri-
ads were expressed in leaves and spikes. TaCIPK2 triads were ubiq-
Fig. 2. Expression profiles of TaCIPKs and TaCBLs and the analysis of homoeolog expres
developmental stages in five tissues (root, stem, leaf, spike and grain) and under biotic
indicate gene expression levels (log2(TPM + 0.1) with grey meaning not expressed; phylo
labeled with the tandem duplicated gene names shown in blue; the WGD-derived pairs o
TaCIPKs (B) and TaCBLs (D), with the A, B, and D on the x-axis representing the A, B and D
between homoeologous triads (Student’s t-test) are indicated with P-values. The WGD-d
HEB showing in red boxes.

24
uitously expressed and has the highest expression level among all
TaCIPKs, whereas TaCIPK100s expression was primarily induced by
stresses (Fig. 2A). Third, duplicated TaCIPK genes tend to show
lower expression levels and specific patterns compared to the
non-duplicated TaCIPK triads, and the expression profiles among
the gene duplicates of a given TaCIPK are quite different. For
instance, TaCIPK4 was expressed in stem tissue and up-regulated
by cold stress, while the expression of TaCIPK4b was related to bio-
tic stresses.

The trends of expression divergence between TaCBLs are similar
to those seen in TaCIPKs: (1) some TaCBLs (TaCBL2 and TaCBL6)
were highly and widely expressed, while the remaining TaCBLs
exhibited the expression patterns specific to certain tissues, stages
sion bias (HEB). (A, C) The expression profiles of TaCIPKs (A) and TaCBLs (C) across
and abiotic stresses shown in the heatmap [2,49,52,53]. For Fig. 2A and 2C, colors
genetic groups are indicated. TaCIPKs, TaCBLs and their corresponding geneIDs are
f TaCIPKs or TaCBLs are indicated in brackets. (B, D) Boxplots showing HEB for some
sub-genomes of T. aestivum, respectively. Significant differences in the expression

erived TaCIPK or TaCBL gene pairs are indicated in boxes with the gene pair having
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and stress treatments (e.g., TaCBL1, 3, 4, 9) (Fig. 2C); (2) WGD-
derived TaCBL pairs exhibited apparently different expression pro-
files, such as TaCBL2 and TaCBL3; (3) duplicated copies of TaCBL
have generally lowered expression levels, with specific expression
profiles seen between the duplicates (for example, the copies of
TaCBL4.1).

Homoeolog expression bias (HEB) is a feature known for the
gene expression in allopolyploid species and has been found to
affect the expression of numerous genes in bread wheat [44]. Many
TaCIPK triads derived from ancestral WGD events have HEB phe-
nomenon (Fig. 2B), such as TaCIPK3, TaCIPK8, TaCIPK9, TaCIPK24,
TaCIPK25 and TaCIPK29. Within a pair of WGD-derived TaCIPKs,
they have distinct HEB categories: for instance, TaCIPK9 belongs
to the D-suppressed HEB, while TaCIPK23 has a balanced HEB pat-
tern. We extended our HEB analysis to TaCBL genes (Fig. 2D). The
Fig. 3. Evolutionary history of the TaCIPKs and TaCBLs and their interaction patterns. (A)
circles meaning interactions). TaCIPKs derived from the WGD events during the ancestors
labeled with blue or green backgrounds. OsCBL orthologous to the corresponding TaCBLs
length TaCIPK17 and TaCBLs. (C) Summary of the interaction patterns between TaCBL
TaCIPK17-M2, and TaCIPK17-M3). The Y2H-based interaction results between TaCBLs an

25
WGD-derived TaCBL pairs also differed in the HEB categories:
TaCBL2 has a B-dominant HEB pattern, while TaCBL3 expression
is balanced. Overall, these results support that HEB contributes to
differentiated expression of TaCBLs and TaCIPKs.

Protein-protein interactions between TaCBLs and TaCIPKs

Since the CBL-CIPK protein complex functions in sensing Ca2+

and kinase-mediated signaling transduction responding to various
biotic and abiotic stresses [15], information regarding TaCBL-
TaCIPK interaction is key to understand their biological functions.
Our group previously reported a number of TaCBL-TaCIPK interac-
tions determined by the yeast-two-hybrid (Y2H) method based on
the limited TaCIPKs identified from the early version of wheat gen-
ome draft sequence [51,56]. The present study allows a more com-
The binary plot indicates the interaction patterns between TaCIPKs and TaCBLs (grey
of major cereal crops are labeled with brackets, while the WGD-derived TaCBLs are

are indicated at the bottom of the binary plot. (B) Y2H interactions between the full-
s, full-length TaCIPK17 and several truncated TaCIPK17s (namely, TaCIPK17-M1,
d TaCIPK17-M1 (D), TaCIPK17-M2 (E), and TaCIPK17-M3 (F), respectively.
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prehensive TaCIPK identification and TaCBL-TaCIPK interaction
analysis. Here, we cloned seven TaCBLs, representing each of the
TaCBL groups, for the Y2H experiments to study protein–protein
interactions (PPIs) between TaCBLs and TaCIPKs (Fig. 3A, S5A). In
most cases, one TaCIPK interact with multiple TaCBLs. Importantly,
our cloned genes include many WGD-derived pairs of TaCBLs and
TaCIPKs, allowing us to interrogate evolutionary insights into the
dosage balance between CBLs and CIPKs. Four scenarios of CBL-
CIPK stoichiometric relationship were supported by our results of
PPI and expression data. If the duplicated copies of both CIPK
and CBL have been retained, three different CBL-CIPK interaction
patterns could be possible: (1) scenario 1, both duplicated CBLs
interact with both duplicated CIPKs (2 CBLs: 2 CIPKs, indicated in
red boxes, Fig. 3A); (2) scenario 2, only one of the duplicated CBLs
interacts with both duplicated CIPKs (1 CBLs: 2 CIPKs, indicated in
blue boxes, Fig. 3A); (3) scenario 3, only one of the duplicated CBLs
interacts with one of the CIPK duplicates (1 CBLs: 1 CIPKs, indi-
cated in green boxes, Fig. 3A). Besides, in the 4th scenario, both
duplicated CBLs interact with a non-duplicated CIPK (indicated in
white letter ‘‘400 in Fig. 3A), resulting in 2 CBLs: 1 CIPKs.

We particularly investigated the possible principles contribut-
ing to the gene dosage balance in scenarios 2 and 4, since the gene
dosage may be imbalanced in these two scenarios. For example,
TaCIPK23 interacted with both TaCBL2 and TaCBL3, but TaCBL3
showed a much lower and specific expression patterns when com-
pared to TaCBL2. Similarly, either TaCIPK2 or TaCIPK29 interacted
with both TaCBL2 and TaCBL3. Interestingly, TaCIPK2, TaCIPK23
and TaCIPK29were generally highly expressed in the examined tis-
sues (including the root, stem, leaf, spike and grain) and stages, but
were expressed at lower levels at the beginning of first leaf growth
(Z10), the stem tissue during anthesis (Z65), and grains during milk
and dough stages (Z65, Z75; Fig. 2A). By contrast, the interacting
CBLs (TaCBL2 and TaCBL3) have obtained contrasting expression
profiles to potentially balance the gene dosage. For the other
scenario-2 CBL-CIPK interactions (e.g., TaCIPK2–TaCBL4/7,
TaCIPK26–TaCBL4/7, TaCIPK5–TaCBL4/7), the duplicated CBLs
(TaCBL4 and TaCBL7) have very specific expression patterns
(Fig. 2C), helped to maintain 1 CBL: 1 CIPK balance. The scenario-
4 CBL-CIPK interactions include TaCIPK14–TaCBL2/3, TaCIPK14–
TaCBL4/7, TaCIPK15–TaCBL2/3, TaCIPK15–TaCBL4/7, and
TaCIPK27–TaCBL2/3. For all of these theoretically unbalance CBL-
CIPK scenarios, the divergently expression between duplicated
copies of TaCBLs appears to help maintain the dosage balance of
CBL and CIPK.

Tandemly duplicated TaCIPK17s potentially are involved in response
to and regulation of drought stress

The genomes of the Triticeae species harbors many gene raised
from a recent burst of gene duplication event (RBGD), mostly
caused by tandem and dispersed duplications. These RBGD genes
in wheat are enriched in certain biological functions, suggesting
3

Fig. 4. Tandemly duplicated copies of TaCIPK17 differ in the expression levels and respon
TaCIPK17-A2, TaCIPK17-B2 and TaCIPK17-D3 are probably the ancient copies, from which
are highlighted in blue and orange fonts, respectively. The analysis was calculated by usi
msa/clustalo/) and shown in heat map (blue indicates low sequence identity and red ind
the TaCIPK17 locus between the wheat A, B, and D subgenomes. (C) Syntenic analysis of t
The figure legends are shared between Fig. B and C with TaCIPK17-A2 indicated by red arr
and/or heat treatments between TaCIPK17-A2/TaCIPK17-B2/TaCIPK17-D3, TaCIPK17-B1, an
abiotic-stress and phytohormone treatments. The treatments include four abiotic st
phytohormones (100 lM ABA (I), 100 lM GA (J), 100 lM etherl (K), 100 lM MeJA (L), 1
collected at 0, 1, 3, 6, 12, and 24 h after the treatment. Expression levels were determined
each treatment, significant differences in the expression level were calculated with Stude
(*P < 0.05, **P < 0.01).
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that RBGD serve as a potential approach to provide evolutionary
innovations and is likely associated with important agronomic
traits in wheat [3]. Leveraging the previously reported RBGD infor-
mation, we found that TaCIPK17-A2, TaCIPK17-B2 and TaCIPK17-D3
are probably the ancient copies among the TaCIPK17 duplicates,
which is consistent with our sequence analysis and synteny results
(Fig. 4A-C). Interestingly, the ancient copies of TaCIPK17 have
higher expression levels during development (Fig. 1A) and abiotic
stress treatments (Fig. 4D) when compared to the newly dupli-
cated copies (e.g., TaCIPK17-A1, -B1, -D1, and -D2). The ancient
TaCIPK17 copies (i.e., A2, B2, D3) were down-regulated by the
drought treatment but up-regulated by heat stress, while
TaCIPK17-D2 was induced by drought stress (Fig. 4D). Besides,
TaCIPK17-B1 was repressed by both drought and heat treatments
(Fig. 4D). This result demonstrated that the newly duplicated
TaCIPK genes have adopted distinct expression patterns, suggesting
these TaCIPKs may have new functions in wheat, possibly in
response to the abiotic stresses. Furthermore, we searched pub-
lished expression data under drought treatments and found that
OsCIPK17 does not respond to drought stress [61–64], suggesting
that TaCIPK17 might be evolved to be drought-responsive after
the divergence between rice and wheat ancestors. Thus, our
duplication-oriented analysis of CIPK genes highlights TaCIPK17
copies as the candidates for drought-stress regulation in wheat.

Then, we selected TaCIPK17-A2 as an example of the ancient
copies and confirmed the expression changes under abiotic-stress
treatments. Indeed, PEG treatment triggered the down-regulation
of TaCIPK17-A2 (Fig. 4E). Expression analysis further showed that
TaCIPK17-A2 was up-regulated by cold treatment but down-
regulated by salt (NaCl) or H2O2 treatment (Fig. 4F-G). In addition,
TaCIPK17-A2 expression was regulated by several phytohormones:
ethylene (Eth) and MeJA induced the expression of TaCIPK17-A2,
while ABA and GA suppressed its expression (Fig. 4). Notably,
time-series expression analysis demonstrated that Eth and MeJA
could rapidly induce TaCIPK17-A2 expression in one hour, whereas
its most dramatic down-regulation was detected after six hours of
the PEG or ABA treatment, implying that the PEG- or drought-
mediated expression changes of TaCIPK17-A2might be ABA depen-
dent. Besides, our qRT-PCR result validated that TaCIPK17-A2 was
highly expressed in leaves and roots but was expressed at a much
lower level in some flower organs and seed tissues, such as the sta-
men, palea, lemma, embryo and endosperm (Fig. 4N).

In addition, we examined the TaCBLs that could interact with
TaCIPK17-A2. Y2H results showed that full-length of TaCIPK17-
A2 interact with TaCBL2, TaCBL3, and TaCBL6 (Fig. 3B). TaCIPK17-
A2 and its three truncated forms (M1, M2, and M3) and several
TaCBLs (i.e., TaCBL1.1, 2, 3, 4.1, 6, 7.1, and 9.1) have been checked
for their auto-activation ability, and our results showed that they
did not exhibit any auto-activities (Fig. S5B). Detailed Y2H analysis
demonstrated that the C-terminal regulatory region of TaCIPK17-
A2, but not the N-terminal PKC domain, is key to the PPI specificity
with TaCBLs (Fig. 3C-F).The interactions between TaCIPK17 and
ses to abiotic-stress treatments. (A) Analysis of CIPK17 protein identity suggests that
tandem duplication events occurs in the diploid ancestors. OsCIPK17 and HvCIPK17
ng the Clustal-Omega tool on the EMDL-EBI database (https://www.ebi.ac.uk/Tools/
icates high sequence identity for each pair of CIPK proteins). (B) Syntenic analysis of
he TaCIPK17-A locus between rice, and other diploid and tetraploid wheat relatives.
owheads. (D) Bar plots show the distinct expression changes in response to drought
d TaCIPK17-D1. (E-M) The expression changes of TaCIPK17-A2 in response to various
resses (20% PEG6000 (E), 200 mM NaCl (F), cold (G), 10% H2O2 (H)) and five
00 lM IAA (M)). For each treatment, 10-day-old wheat seedlings were treated and
by qRT-PCR with three biological replicates and are shown as means ± SEM. Within
nt’s t-test by comparing the treated and corresponding untreated (control) samples

https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/


Y. Wu, J. Feng, Q. Zhang et al. Journal of Advanced Research 61 (2024) 19–33

28



Y. Wu, J. Feng, Q. Zhang et al. Journal of Advanced Research 61 (2024) 19–33
TaCBL2/3/6 were also confirmed by the bimolecular fluorescence
complementation (BiFC) analysis (Fig. S5C). Interestingly, TaCBL1
is highly expressed in multiple tissues and stages with apparent
up-regulation upon the powdery mildew infection, while another
TaCIPK17-interacting partner TaCBL3 shows relatively specific
expression in roots and grains with distinct responses to biotic
stresses (Fig. 2C), implying that interacting partner of TaCIPK17
might be of biological relevance.
Functional validation of TaCIPK17 in improving drought resistance

With the guidance of iGG analysis of TaCIPKs, we sought to val-
idate the function of TaCIPK17 in drought resistance in planta. We
produced transgenic tobacco plants overexpressing TaCIPK17-A2
(TaCIPK17-OE) and identified three independent transgenic lines
(i.e., OE4, OE5, OE8) with different expression levels of exogenous
TaCIPK17-A2. OE4 had the highest expression level, followed by
OE8 and OE5 (Fig. S6). Phenotypic analysis revealed that TaCIPK17-
OE lines had significantly higher survival rates than those of the
control lines (Fig. 5A, 5B). OE5 exhibited the lowest survival rates
among the transgenic lines, suggesting that a certain amount of
CIPK expression may be needed for drought resistance. Analyses
of several physiological parameters showed that the ROS scaveng-
ing capacity has been enhanced in the TaCIPK17-OE lines: (1) rela-
tive hydroxyl radical scavenging ability (RAHFR) was slightly
higher in the transgenic lines before drought treatment when com-
pared to the controls; (2) POD activity was higher in the TaCIPK17-
OE lines during drought and recovery stages; (3) CAT activity was
significantly increased after seven days of recovery (Fig. S7). To fur-
ther confirm the enhanced ROS scavenging capacity in the
TaCIPK17-OE lines, methyl viologen (MV) was used to induce ROS
accumulation in tobacco leaf discs (Fig. 5C). The leaf discs from
TaCIPK17-OE lines appeared greener under MV treatment with sig-
nificantly higher chlorophyll contents (Fig. 5D). Moreover, qRT-PCR
analysis of several stress-related genes helped gain molecular
insights into the improvement in ROS scavenging and drought
recovery in tobacco: (1) NtSPSA1, responsible for sucrose metabo-
lism, was increased in the TaCIPK17-OE lines but decreased during
drought treatment, indicating its role in maintaining sugar home-
ostasis; (2) NtNCED1, encoding the key protein in ABA biosynthesis,
dramatically up-regulated during drought stress in the TaCIPK17-
OE lines, correlated with the induced expression of stress-related
genes, NtERD10C and NtERD10D; (3) stress responsive genes encod-
ing ion-channels were up-regulated during drought stress
(NtNHX2/4) or the recovery stage (NtCAX3); (4) the genes encoding
antioxidant enzymes (NtAPX and NtSOD) were also up-regulated
after 14 days of drought treatment, consistent with the enhanced
ROS scavenging ability. Additionally, a hydroponic culture system
was employed to gain more understanding in the physiological dif-
ferences in drought recovery between the TaCIPK17-OE and control
lines. The hydroponically cultured seedlings of TaCIPK17-OE recov-
ered better than the control plants, reflected in significant re-
growth of leaves and lateral roots (Fig. 5E, 5F).
3

Fig. 5. TaCIPK17-overexpression improves drought recovery and ROS scavenging abilit
transgenic lines grown in pots after the drought treatment followed by a two-week re-wa
Comparison of the phenotype of 4-week-old tobacco leaf discs between WT, VC and the
contents of leaves after treatment with or without MV. (E) The phenotypes of WT, VC and
an eight-day recovery. (F) TaCIPK-OE transgenic lines showed increased lateral root grow
related genes were quantified with qRT-PCR and compared between the transgenic an
antioxidant enzymes (G, NtCAT, NtAPX, NtSOD), stress-related ion channels (H, NtCAX3, Nt
key genes of sugar and ABA metabolism (J, NtSPSA1, NtNCED1). Data are means ± SE of
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To test if TaCIPK17 has the potential to genetically improve
drought resistance in wheat, we generated transgenic lines of
wheat overexpressing TaCIPK17-A2 by using particle bombardment
transformation (Fig. S8A). Several non-segregant lines of TaCIPK17-
OE have been identified and qPCR analysis confirmed that the
transgenic lines had significant higher expression levels of
TaCIPK17 (Fig.S8B). Phenotypic analysis of the drought resistance
demonstrated that four TaCIPK17-OE lines of wheat had better
resistance to the drought treatment and recovered well. By con-
trast, the non-transgenic plants could not survive for two-week
drought (Fig. 6A, B). Physiological indices were measured at the
non-drought condition (labeled as control in Fig. 6C-J) and after
two-week drought treatment to understand the physiological
changes in the TaCIPK17-OE lines. The antioxidant capacity of
non-transgenic plants was significantly decreased, including CAT,
SOD, POD and RAHFR activities (Fig. 6C-G), while the proline con-
tent was drastically increased (Fig. 6H). In contrast, the SOD, POD
and RAHFR activities were higher in the TaCIPK17-OE lines than
in the non-transgenic plants, and, moreover, POD and CAT activi-
ties were clearly higher in the transgenic lines. Consistently, pro-
line content was lower in the transgenic lines than in the control.
Particularly, OE2 exhibited significantly increased antioxidant indi-
cators and the lowest proline content. Similar, MDA content, usu-
ally reflecting membrane damages during stress conditions, was
apparently lower in the transgenic lines than in the control plants
(Fig. 6K). Overall, TaCIPK17-A2 overexpression is a viable approach
to increase antioxidant capacity and thus enhance drought toler-
ance in both wheat and tobacco plants.
Discussion

Expansion of TaCIPKs and TaCBLs and the factors contributing to the
maintenance of CBL-CIPK gene dosage balance

In the present study, we demonstrate the integrative gene
duplication and genome-wide analysis with a focus on the Trit-
iceae Tribe as a proof-of-concept to facilitate rapid identification
of important functional genes for wheat reverse genetics. With
prior knowledge in the evolutionary history of speciation and
divergence of a group of closely related species [3,45,61,65,66],
we believe such duplication-oriented iGG analysis could easily
identify the duplicated genes that may be associated with diver-
gent expression and/or novel molecular networks and even traits
important to a given species. In the present study, we identified
100 TaCIPKs and 34 TaCBLs (Fig. 1, S1, S2; Tables S2, S3). Owing
to the high-quality wheat reference genome [2], the number of
TaCIPKs and TaCBLs identified here apparently outnumbered those
previously identified (79 TaCIPKs and 24 TaCBLs) by our group with
the early version of wheat draft sequence [51,56]. More recently,
an updated genome-wide analysis of the TaCIPK family identifies
123 predicted proteins encoded by 96 annotated wheat geneIDs
[67], of which all geneIDs have been identified to encode TaCIPKs
in our work. The study was focused on the TaCIPK gene expression
in response to biotic and abiotic stresses and demonstrated
y in transgenic tobacco plants. (A) The phenotypes of WT, VC and the TaCIPK-OE
tering. (B) The survival rates of WT, VC and the transgenic lines after re-watering. (C)
transgenic lines (OE4, OE5, OE8) treated by 20 lM or 50 lM MV. (D) Chlorophyll
the transgenic lines grown hydroponically after the drought treatment followed by
th during the recovery of drought treatment (scale bar = 2 cm). A number of stress-
d control lines before and after the drought treatment, including those encoding
NHX2, NtNHX4), other stress-responsive genes (I, NtERD10C, NtERD10D, NtADC1) and
three biological replicates (*P < 0.05, **P < 0.01).



Fig. 6. TaCIPK17-overexpression improves drought resistance and ROS scavenging ability in transgenic wheat plants. (A) Comparison of the phenotypes of 4-week-old WT, VC
and the transgenic lines of wheat (OE1, OE2, OE3, OE4) subject to drought and re-watering. (B) Comparison of the phenotypes of ten-day-old WT, VC and the transgenic lines
of wheat subject to drought and re-watering. A number of physiological parameters, including H2O2 content (C), activities of CAT (D), T-SOD (E), POD (F), restraining ability to
hydroxyl free radicals (RAHFR) (G), proline content (H), MDA content (I), soluble sugar content (J), were compared between the TaCIPK-OE transgenic lines and the controls
(WT and VC). Data are means ± S.E. of three biological replicates (*P < 0.05, **P < 0.01). (K) The proposed model of TaCIPK17-mediated drought stress tolerance in tobacco and
wheat plants.
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TaCIPK15-4A (TaCIPK14-D in our work, TraesCS4D02G118500) as a
positive regulator for the resistance to Blumeria graminis f. sp. trit-
ici. Notably, we identified several duplicated genes and loci with
tandemly duplicated copies, allowing us to link TaCIPKs/TaCBLs
evolution with functional relevance.

Both of the families have been expanded by two mechanisms,
polyploidization and tandem duplication, with many gene dupli-
cates derived from the latter mechanism are common for the Trit-
iceae species. Thus, many of the tandemly duplicated TaCIPKs and
TaCBLs were derived from the recent burst of small-scale duplica-
tions [3]. Another evolutionary feature of TaCIPKs and TaCBLs is
that the gene pairs derived from ancient WGD events have been
mostly retained in the Triticeae species (Fig. 1). Retention, but
not gene loss, of TaCIPKs and TaCBLs after WGD and polyploidiza-
tion suggests potential co-retention of the two families and is con-
sistent with the biased functional categories of WGD-derived gene
duplication, such as kinases, transporters, transcriptional regula-
tors, and transcription factors [68,69]. Besides, the tandemly dupli-
cates of TaCIPKs and TaCBLs were either preferentially expressed at
certain tissues and/or stages or had highly specific expression pat-
terns with obviously different expression contribution between the
duplicates. This suggests that the specific expression patterns and
biased expression contribution may further link the duplicates to
different regulatory networks and ultimately distinct functions.
Still, there are gene families that the spatial–temporal expression
30
patterns do not correlate well with their functions, emphasizing
the importance to integrate the information of expression, protein
interaction and functional characterization. One such case is the
rice pyruvate kinase (OsPK) family, of which many members were
expressed at low level during seed development but their single
mutants (produced through gene editing or RNAi) showed pheno-
types of increased seed chalkiness and/or increased starch contents
in a non-redundant manner [70].

CBL and CIPK are large gene families expanded during the evo-
lution of land plants [40]. CBL binds to Ca2+ through its EF hands
and further interact with the NAF domain of CIPK, with other parts
of the CIPK C-terminal (e.g., the autoinhibition domain and the
phosphatase interaction motif) involved in the specificity of CBL-
CIPK interaction [15]. As one of the core modules of Ca2+ signaling,
CBL-CIPK has been shown to follow the gene balance hypothesis in
some plants [32], in which genes encoding the members of protein
complexes should maintain balanced after duplications to sustain
an ideal stoichiometric range, whereas imbalanced concentrations
of the components could have harmful effects [30,31]. It will be
interesting to interrogate how TaCBLs and TaCIPKs maintain the
dosage balance during the wheat polyploidization and the Triticeae
RBGD. While we detected several CBL-CIPK interactions failed to
maintain the ideal 1:1 ratio, we showed that the WGD-derived
CBL or CIPK duplicates tend to have divergent spatial and temporal
expression patterns, which could be an approach to maintain the
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balanced dosage in a given tissue. Other factors may contribute to
keep the balanced dosage of CBL-CIPK as well: (1) the HEB expres-
sion seen in several WGD-derived CIPKs and CBLs; and (2) the
specificity and/or affinity between interacting CBLs and CIPKs,
which may be regulated by the presence or absence of regulatory
motifs in CIPK C-terminal, cellular Ca2+ concentration and the con-
formation of CBLs [56,71–73]. The expansion of TaCIPK and TaCBL
families appeared to be different from those seen in Arabidopsis,
in which the family expansion has been mainly driven by WGD
events (i.e., f and e duplication events) [32]. Similarly, TaCIPKs
and AtCIPKs tend to have more tandemly duplicated genes than
those of the CBL family. After the expansion of CIPK and CBL fami-
lies, Arabidopsis and also differ from hexaploid wheat in the mech-
anisms for maintaining the balanced dosage between CIPK and
CBL. For example, both divergent interaction pattern and divergent
expression pattern after duplication could contribute to mainte-
nance of the CIPK-CBL dosage balance in Arabidopsis. Whether
divergent interaction pattern might be involved in keeping CIPK-
CBL in relatively balanced dosage remain to be investigated. In
addition, it is worth noting that some limitations remain in the
present study to fully capture the evolutionary strategies of hexa-
ploid wheat for maintaining protein dosage balance. These limita-
tions include: (1) The Y2H-based protein–protein interactions
reported herein were not comprehensive enough as not all CIPK
and CBL proteins were cloned and examined for interactions; (2)
Other monocot species (such as rice or diploid Triticeae relatives
before the wheat allo-hexaploidization) should be used as a com-
parative species for the protein–protein interaction study; (3)
Complex alternative splicing of the CIPK and/or CBL genes might
serve as another strategy to affect CIPK-CBL interactions and to
maintain balanced dosages between CIPKs and CBLs, which has
been indicated in a recent study [67]. Thus, mechanistic studies
on how the C-terminal region of CIPK regulates its interaction
specificity and affinity with CBLs is of significance not only to the
biochemistry of CBL-CIPK module, but also to their co-evolution
insights.

Functions of TaCIPK family members

The spatio-temporal expression patterns of CBLs and CIPKs and
specific interactions between members of the two families lay the
foundation for specific regulation of the downstream proteins and
involvements in numerous biological processes, such as regulation
of ion fluxes [15,74], carbohydrate metabolism [75]), sugar trans-
portation [76,77] and ROS scavenging ability [78–80]. Up to now,
only a few TaCIPKs have been functionally characterized: (1) over-
expression of TaCIPK14 improves the resistance to cold and high
salinity stress in tobacco [79]; (2) overexpression of TaCIPK24
enhance salt tolerance in Arabidopsis [56]; (3) TaCIPK27 positively
regulates drought tolerance through the ABA-dependent pathway
[80]; (4) TaCIPK5 interact with CBL4 to enhance the resistance to
stripe rust fungus [81]. Our expression analysis of TaCIPKs/TaCBLs
coincided with the reported functions of CIPK or CBL members:
TaCIPK14, TaCIPK4, TaCIPK27 responds to the cold, salt or drought
treatment, respectively, (Fig. 2A), while TaCBL4.1-D2 was up-
regulated by the infection of stripe-rust fungus (Fig. 2C). These
TaCIPKs and TaCBLs, together with the functionally studied
TaCIPK17 herein, suggest that the expression profile of CIPKs or
CBLs is a good indicator for the function in the response and regu-
lation of biotic and abiotic stresses, helping to prioritize the TaCIPK
or TaCBL members for functional studies.

Notably, TaCIPK17-OE produced distinct phenotypes between
tobacco and wheat during the drought and recovery stages. In
tobacco plants, the activities of CAT and T-SOD in the TaCIPK17-
OE lines were comparable to the controls, but significantly higher
than those in the controls during the recovery stages. Less cellular
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membrane damages (MDA, Fig.S7E) and higher POD activity
(Fig. S7D) during drought stress may contribute to the drought
recovering ability of TaCIPK17-OE lines. In contrast, TaCIPK17-OE
lines of wheat exhibited clearly better physiological status com-
pared to the non-transgenic control, with higher activities of CAT,
POD, SOD and lowered MDA content (Fig. 6). These phenotypic dif-
ferences between transgenic tobacco and wheat plants indicate
potentially distinct working mechanisms of TaCIPK17 in the two
species. We infer that TaCIPK17 might interact with different CBL
proteins in tobacco and wheat, respectively, and hence down-
stream targets to produce the different phenotypes. Our results
also suggest that eudicot species (such as Arabidopsis and tobacco)
may not be quite suitable to accurately uncover the mechanism of
TaCIPK as in wheat. In future, detailed studies regarding the CBLs
interacting with TaCIPK17, and mechanisms to regulate ROS scav-
enging system are needed.

Conclusion

In summary, we present an example for the proof-of-concept
that the candidates genes deserving detailed functional and
genetic experiments can be efficiently mined out by integrating
the duplication analysis, expression profiling and/or information
regarding protein–protein or protein-DNA interactions. By analyz-
ing the CIPK family across several Triticeae species, we highlight
the new function of TaCIPK17-A2 in the response and regulation
of drought stress, which are validated in both tobacco and wheat
with the transgenic approach. Our analysis also provides evolu-
tionary insights into the dosage balance maintenance between
TaCBLs and TaCIPKs. In future studies, it will be promising to apply
the integrative gene duplication and genome-wide analysis (iGG
analysis) to other grasses or plant species with complex duplica-
tion events and polyploidization history (such as the Saccharum
and Brassica species) [82,83]. Additionally, the power of iGG anal-
ysis may be fully unleashed by incorporating more omics informa-
tion, such as epigenomics, epitranscriptomics and comparative
network analyses across multiple species [84].
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