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Abstract
Plant pollen tubes and root hairs typically polarized tip growth. It is well established that calcium ions (Ca2+) play essential roles in 
maintaining cell polarity and guiding cell growth orientation. Ca2+ signals are encoded by Ca2+ channels and transporters and are 
decoded by a variety of Ca2+-binding proteins often called Ca2+ sensors, in which calcineurin B-like protein (CBL) proteins function by 
interacting with and activating a group of kinases and activate CBL-interacting protein kinases (CIPKs). Some CBL-CIPK complexes, 
such as CBL2/3-CIPK12/19, act as crucial regulators of pollen tube growth. Whether these calcium decoding components regulate the 
growth of root hairs, another type of plant cell featuring Ca2+-regulated polarized growth, remains unknown. In this study, we 
identified CIPK13 and CIPK18 as genes specifically expressed in Arabidopsis (Arabidopsis thaliana) root hairs. The cipk13 cipk18 double 
mutants showed reduced root hair length and lower growth rates. The calcium oscillations at the root hair tip were attenuated in the 
cipk13 cipk18 mutants as compared to the wild-type plants. Through yeast 2-hybrid screens, CBL2 and CBL3 were identified as 
interacting with CIPK13 and CIPK18. cbl2 cbl3 displayed a shortened root hair phenotype similar to cipk13 cipk18. This genetic analysis, 
together with biochemical assays showing activation of CIPK13/18 by CBL2/3, supported the conclusion that CBL2/3 and CIPK13/18 
may work as Ca2+-decoding modules in controlling root hair growth. Thus, the findings that CIPK12/19 and CIPK13/18 function in 
pollen tube and root hair growth, respectively, illustrate a molecular mechanism in which the same CBLs recruit distinct CIPKs in 
regulating polarized tip growth in different types of plant cells.

Received October 16, 2023. Accepted May 18, 2024. 
© The Author(s) 2024. Published by Oxford University Press on behalf of American Society of Plant Biologists. All rights reserved. For commercial re-use, please con-
tact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link 
on the article page on our site—for further information please contact journals.permissions@oup.com.

Introduction
In plants, like in many other eukaryotes, calcium ion (Ca2+) serves as 
a critical second messenger in the signaling pathways that regulate 
all aspects of growth and development and responses to environ-
mental signals (Kudla et al. 2010; Luan and Wang 2021). The initia-
tion of calcium signals relies on the concentration changes of 
cellular Ca2+, referring to as calcium signatures that are unique in re-
sponse to different primary signals such as phytohormones and 
biotic/abiotic stimuli (McAinsh and Pittman 2009; Tian et al. 2020). 
It is well accepted that the encoding of Ca2+ signals is determined 
by the Ca2+ fluxes mediated by Ca2+ channels and transporters local-
ized at plasma membrane (PM) and endomembranes such as tono-
plast and endoplasmic reticulum (Hetherington and Brownlee 2004; 
Dodd et al. 2010). Specific calcium signatures govern downstream 
signaling events through a Ca2+ decoding machinery (Harper et al. 
2004; Kudla et al. 2010; Tang et al. 2020). In plants, 4 types of Ca2+ de-
coding proteins are found to directly bind Ca2+, including calmodulin 
(CaM), CaM-like protein, calcium-dependent protein kinase (CPK), 
and calcineurin B-like protein (CBL; Edel et al. 2017; Tang et al. 
2020; Luan and Wang 2021). The biological information encoded 
by Ca2+ concentration changes is deciphered by the decoding 

proteins that possess different Ca2+ binding affinities and exert a va-
riety of distinct functions.

In plants, isodiametrical growth, anisotropic growth, and tip 
growth are 3 major types of cell growth (Hussey et al. 2006). 
Anisotropically expanding cells restrict growth to large and well- 
defined regions, forming cellular morphologies that grow in differ-
ent directions. Such cells include root elongation zone cells, as well 
as leaf pavement cells, among others (Kropf et al. 1998). In tip 
growth cells, expansion occurs in a small area of the cell surface, 
resulting in tubular and elongated cells (Kropf et al. 1998; Hussey 
et al. 2006). Pollen tube and root hair are 2 typical cell types that fea-
ture polarized tip growth in plants (Hepler et al. 2001; Cole and 
Fowler 2006; Qi and Greb 2017). Despite the lack of detailed under-
standing of the mechanisms underlying polarized cell growth, a 
number of cellular components are shown to modulate the initia-
tion and maintenance of the polarity in pollen tube and root hair 
(Rounds and Bezanilla 2013; Pacheco et al. 2023; Zhang et al. 
2023). In particular, Ca2+ signaling plays crucial roles in polarized 
growth. A tip-focused Ca2+ gradient is found to be crucial for tip 
growth in both pollen tube and root hair (Bibikova et al. 1997; 
HoldawayClarke et al. 1997; Cole and Fowler 2006). Ca2+ channels 
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are important for encoding Ca2+ signals in tip growth. Among them, 
multiple members in the cyclic nucleotide-gated channel (CNGC) 
family play essential roles in pollen tube and root hair (Frietsch 
et al. 2007; Tan et al. 2020). CNGC18 was the first identified CNGC 
that is required for pollen tube bulging and maintenance of the 
Ca2+ gradient at the cell tip. Loss of function of CNGC18 results in 
interrupted pollen tube initiation and cell rapture (Frietsch et al. 
2007; Duszyn et al. 2019). CNGC8 and CNGC7 were later found to 
form a complex with CNGC18 to mediate Ca2+ flux in pollen tube 
and regulate polarized growth by dynamically interacting with 
CAM2 (Pan et al. 2019). In root hair, CNGC14 functions as a key 
Ca2+ encoding component. Mutation in CNGC14 leads to disrupted 
root hair growth when the roots are grown within the agar medium 
(Zhang et al. 2017). Moreover, simultaneous mutations of CNGC5, 
CNGC6, CNGC9, and CNGC14 lead to a dramatic attenuation of cy-
toplasmic Ca2+ oscillations in root hair, which results in shorter and 
branched root hairs (Brost et al. 2019; Tan et al. 2020).

In animals and fungi, protein phosphatase 2B (PP2B) consists of 2 
subunits, calcineurin A (CNA) and calcineurin B (CNB; Sugiura et al. 
2002; Creamer 2020). CNA contains a catalytic domain, and CNB as-
sociates with Ca2+. The association between CaM and CNA and the 
binding of Ca2+ to CNB EF-hands lead to CNA-CNB dimerization, 
which activates the activity of PP2B holoenzyme (Creamer 2020). 
In plants, CBLs interact with and activate CBL-interacting protein 
kinases (CIPKs; Luan 2009; Tang et al. 2020). The activated CIPK 
phosphorylates downstream substrates to induce intracellular sig-
nal transduction (Weinl and Kudla 2009). Previous research has es-
tablished the CBL-CIPK network, consisting of 10 CBLs and 26 
CIPKs in Arabidopsis (Arabidopsis thaliana), as a major signaling para-
digm for the regulation of membrane transport across PM and tono-
plast (Tang et al. 2020).

In the context of polarized cell growth, earlier studies revealed 
the essential roles of CBL-CIPK modules in pollen tube growth. 
Knocking out of either CIPK12 or CIPK19 results in defective polar-
ized tip growth in pollen tube (Steinhorst et al. 2015; Zhou et al. 
2015). Upstream of CIPK12, CBL2/3 may be the Ca2+ sensors initiat-
ing the regulatory process at the vacuolar site (Steinhorst et al. 
2015). However, it remains unknown whether similar CBL-CIPK 
modules are adopted in controlling root hair growth.

In this study, we show that CIPK13 and CIPK18, the homologs of 
CIPK12 and CIPK19, play critical roles in regulating the polarized 
growth in root hair. Simultaneous mutations in CIPK13 and CIPK18 
cause partially impaired root hair growth. The tonoplast-localized 
Ca2+ sensors, CBL2 and CBL3, interact with and activate CIPK13 
and CIPK18. Furthermore, the genetic results indicate CIPK12 and 
CIPK19 specifically function in pollen tube while CIPK13 and CIPK18 
exclusively act in root hair. Thus, we demonstrate that the CIPK sub-
clades containing CIPK12, CIPK13, CIPK18, and CIPK19 likely serve as 
essential Ca2+ decoding regulators in modulating polarized cell tip 
growth, and that different CIPK-CBL complexes fulfill their roles ei-
ther in pollen tube or in root hair.

Results
CIPK12/19, not CIPK13/18, are involved in 
regulating pollen tube growth
Previous studies revealed that both CIPK12 and CIPK19 are involved 
in the polarized cell growth in pollen tube (Steinhorst et al. 2015; 
Zhou et al. 2015). When CIPK12 or CIPK19 is knocked out, the mutant 
plants show shortened pollen tube length and lower growth rates 
compared to wild-type (WT) plants. However, neither cipk12 nor 
cipk19 exhibits substantial morphological differences to WT at all de-
velopmental stages, and its fertility is totally normal (Steinhorst 

et al. 2015; Zhou et al. 2015). Given that cipk12 and cipk19 single mu-
tants only showed slightly impaired pollen tube growth, we set to in-
vestigate whether CIPK12 and CIPK19 are functionally redundant 
and/or additional CIPKs contribute to pollen tube growth by exam-
ining higher-order mutant plants. The cipk12-3 and cipk19-1 single 
mutant plants were isolated, and multiple mutants were generated 
by genetic crosses (Supplementary Fig. S1A). RT-PCR was used to 
confirm that all cipk T-DNA insertion lines tested in this study 
were null mutants (Supplementary Fig. S1B and Table S1). 
Consistent with earlier results, cipk12-3 and cipk19-1 single mutants 
showed slightly shortened pollen tube when germinated in vitro 
(Supplementary Fig. S2). However, cipk12-3 cipk19-1 double mutant 
exhibited similar pollen tube phenotype as the single mutants, sug-
gesting CIPK12 and CIPK19 are not functioning synergistically 
(Supplementary Fig. S2). We noticed that CIPK12 and CIPK19 belong 
to a subclade in the CIPK family, which contains 4 members includ-
ing CIPK12, CIPK13, CIPK18, and CIPK19 (Supplementary Fig. S3A). 
We next analyzed the expression patterns of the 4 CIPK genes by us-
ing transgenic plants containing a GUS reporter. The GUS staining 
patterns indicated that CIPK12, CIPK13, CIPK18, and CIPK19 were ex-
pressed in roots and floral organs. In leaves, expression of CIPK12, 
but not CIPK13, CIPK18, or CIPK19, was detected at a significant level 
(Supplementary Fig. S4).

We next conducted genetic analysis by obtaining cipk13 and 
cipk18 single mutants and cipk12 cipk19 cipk13 cipk18 quadruple mu-
tant. Compared to cipk12-3 cipk19-1 double mutant, cipk12-2 
cipk19-1 cipk13-2 cipk18-1 quadruple mutant displayed similar de-
fect in pollen tube growth, indicating that CIPK13 and CIPK18 are 
not likely involved in pollen tube growth (Supplementary Fig. S3, 
B to D). To further understand the mechanisms of CIPK-regulated 
pollen tube growth, we examined the expression of these 4 CIPKs 
in pollen tube in details. By analyzing the transgenic plants harbor-
ing proCIPK::nls-YFP, we found CIPK12 and CIPK19 were clearly ex-
pressed in mature pollens and pollen tubes (Supplementary Fig. 
S5), consistent with previous reports (Steinhorst et al. 2015; Zhou 
et al. 2015), whereas the expression of CIPK13 and CIPK18 was not 
clearly detected in pollens or pollen tubes (Supplementary Fig. 
S5). These results thus demonstrated that only CIPK12 and 
CIPK19, but not CIPK13 and CIPK18, contribute to pollen tube 
growth.

CIPK13 and CIPK18 are expressed in root hairs
Interestingly, we noticed that CIPK13 and CIPK18 are highly ex-
pressed in root hair, another cell type showing polarized cell growth 
(Fig. 1A). By contrast, CIPK12 and CIPK19 showed no or very weak 
expression in root hair cells (Fig. 1A). To verify the expression of 
these CIPKs, the root hairs of the transgenic plants harboring 
proCIPK::nls-YFP were analyzed. The promoters of CIPK13/18 were 
found to be active in root hair cells. In addition to pollen tubes, 
the YFP signals in proCIPK12/19::nls-YFP plants were detected in vas-
cular tissues, but not in root hairs (Fig. 1B). Furthermore, we exam-
ined the subcellular location of CIPK13/18 and found that both 
CIPK13 and CIPK18 proteins mainly located in the cytoplasm 
(Fig. 1C).

The cipk13 cipk18 mutants show reduced root hair 
length and lower growth rate
We next examined the root hair phenotype of cipk13 and cipk18 
single/double mutants. When grown vertically on the surface of 
agar medium, all plants showed no difference regarding root 
hair morphology (Supplementary Fig. S6). To mimic the surround-
ing environment of root growth, all plant lines were planted on the 
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top of agar medium and the roots of the seedlings were grown 
within the medium. Neither cipk13-2 nor cipk18-1 single mutant 
displayed obvious root hair defects. The cipk13-2 cipk18-1 double 
mutant, however, showed obvious shortened root hairs (Fig. 2A). 
To verify the root hair phenotype, an additional set of double mu-
tants, cipk13-c1 cipk18-c1, was constructed by using CRISPR/Cas9 
(Supplementary Fig. S7). cipk13-c1 cipk18-c1 exhibited a defective 
root hair phenotype similar to cipk13-2 cipk18-1 (Supplementary 
Fig. S6). Next, cipk13 cipk18 was complemented with CIPK13 or 
CIPK18 genomic sequence (Supplementary Fig. S8, A and B). 
Either CIPK13 or CIPK18 was able to fully rescue the root hair phe-
notype of cipk13-2 cipk18-1 (Fig. 2, A to C).

By analyzing root hair cells that bugle at the same stage in 
cipk13 cipk18 and WT, we found that the root hair elongation of 
cipk13 cipk18 was remarkably slower than that of WT. At 60 min, 
the length of root hairs was about 50 μm in cipk13 cipk18 but 
around 60 μm in WT (Fig. 2, D and E).

We next examined whether CIPK12 and CIPK19 are involved in 
root hair growth. Compared to cipk13-2 cipk18-1, no obvious differ-
ence was detected in the root hair of cipk12-3 cipk13-2 cipk18-1 
cipk19-1, suggesting CIPK12 and CIPK19 are not engaged in root 
hair growth (Supplementary Fig. S9).

The calcium oscillations are attenuated in 
cipk13 cipk18
CIPKs act as Ca2+ sensor-activated components in Ca2+ decoding. We 
next analyzed the Ca2+ signals in 2 sets of cipk13 cipk18 lines. The Col-0 
plants harboring GCaMP6s, encoding a Ca2+ indicator, were crossed to 
cipk13 cipk18. The higher the Ca2+ concentration presented, the stron-
ger the fluorescence detected. We examined the concentration 
changes of Ca2+ at the cross-sections of Col-0 and cipk13 cipk18 at a 
time course of 90 s. We found the Ca2+ oscillations were significantly 
weaker in cipk13 cipk18 compared to WT (Fig. 3A; Supplementary 

Figure 1. CIPK13 and CIPK18 are expressed in root hair cells. A) GUS staining of root hair cells of 4-d-old plants. Bars = 0.2 mm. B) Promoter::nls-YFP 
transgenic plants for CIPK12, CIPK13, CIPK18, and CIPK19 were analyzed. The fluorescence signal of the root hair region of 4-d-old seedlings was 
observed. Bars = 0.2 mm. C) Promoter::CDS-YFP transgenic plants for CIPK13 and CIPK18 were analyzed. The fluorescence signal of the root hair region of 
4-d-old seedlings was observed. Bars = 0.2 mm (left) and 50 μm (right).
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Video S1). The statistical results indicated that the maximum mean 
fluorescence intensity can reach around 200 AU in Col-0 but only 
about 175 AU in cipk13 cipk18 (Fig. 3B). It suggested Ca2+ coding proc-
esses are impaired when CIPK13 and CIPK18 are absent.

We next analyzed whether additionally supplied Ca2+ or EGTA af-
fects the phenotype of cipk13 cipk18. When the plants were grown on 
the surface of the medium, the treatment of Ca2+ or EGTA had no ef-
fect on the root hair density or root hair length of cipk13 cipk18 and 
Col-0 (Supplementary Fig. S10, A to C). When grown within the agar 
medium, no root density difference was observed between cipk13 

cipk18 and Col-0 upon EGTA or Ca2+ supplement (Supplementary 
Fig. S10, D and E). However, EGTA, but not Ca2+, appeared to abolish 
the phenotypic difference between cipk13 cipk18 and Col-0 
(Supplementary Fig. S10, D and F), indicating Ca2+ signal is critical 
in CIPK13/18-mediated root hair regulation.

CBL1/2/3/9 interact with CIPK13/18
CIPKs are not directly activated by Ca2+. Instead, Ca2+ binds 
to CBLs that subsequently interact with and activate CIPKs. 

Figure 2. CIPK13 and CIPK18 are required for root hair growth. A) Representative images of 4-d-old seedlings of Col-0, cipk13-2, cipk18-1, cipk13-2 
cipk18-1, and complemented (COM) lines. The roots are grown within the agar medium. Bars = 0.5 mm. B and C) Statistical analysis of root hair densities 
and root hair lengths for the plant lines presented in A). For root hair densities, different letters represent significant differences (P < 0.05) determined by 
1-way ANOVA with Tukey’s multiple comparison test (center line, median; box limits, upper and lower quartiles; whiskers, minimal to maximal value; 
n > 12 plants). Root hair lengths are presented as mean ± SD (data were collected from more than 100 root hairs). The results were analyzed with 1-way 
ANOVA and Tukey’s multiple comparison test (P < 0.05, marked with different characters). D) Growth dynamics of individual Col-0 and cipk13 cipk18 
root hairs. The consecutive frames of growing root hairs for a period of 60 min. Photos were taken every 10 min. The dotted lines represent the root hair 
growth at same times. Bars = 20 µm. E) Statistical analysis of root hair lengths per unit time. Root hair lengths are presented as mean ± SD (data were 
collected from 10 root hairs).
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To seek for the CBLs that function as the activators of CIPK13 and 
CIPK18, a yeast 2-hybrid screen was performed. All 10 CBLs were 
cloned into AD vector, and CIPK13/18 were recombined into BD 
vector. On synthetically defined (SD) media lacking Leu (L), Trp 
(W), and His (H), CIPK13 interacted with CBL2/3 while CIPK18 
broadly associated with most of the CBLs. On SD media lacking 
Leu (L), Trp (W), Ade (A), and His (H), CIPK18 was shown to strongly 
interact with CBL1/2/3/9 and CIPK13 only obviously interacted 
with CBL2 (Fig. 4A).

CBL2/3 function in CIPK13/18-mediated root hair 
regulation
CBL1 and CBL9 are usually functionally redundant while CBL2 and 
CBL3 often show overlapping functions. CBL1/9 locate at PM and 
recruit the interacting CIPKs to proximity to the cell surface. 
CBL2/3 are tonoplast localized and contribute to vacuole-related 
modulations (Tang et al. 2012). Since CIPK13/18 likely interact 
with CBL1/9 and CBL2/3, it remained to determine which CBL pairs 
are involved in the root hair regulation. To this end, cbl1-1 cbl9-1 
and cbl2-2 cbl3-2 double mutants were obtained. The double mutants 
were cultured on the medium with the roots grown within the agar. 
Similar to cipk13-2 cipk18-1, cbl2-2 cbl3-2 exhibited shortened root hair 
phenotype. The root hair of cbl1-1 cbl9-1 was identical to that of 
Col-0 (Fig. 5). The defective root hair phenotype of cbl2-2 cbl3-2 was veri-
fied by complementation assays. Introduction of CBL3 fully recued the 
shortened root hairs in cbl2-2 cbl2-3 (Supplementary Figs. S8, E and F, 
and S11, F to H). Moreover, the second set of cbl2 cbl3 double mull mu-
tant, cbl2-c1 cbl3-c1, was generated by CRISPR/Cas9 (Supplementary 
Fig. S11A). cbl2-c1 cbl3-c1 displayed arrested growth and earlier senes-
cence similar to cbl2-2 cbl3-2 around 30 d (Supplementary Fig. S11B). 
Likewise, cbl2-c1 cbl3-c1 exhibited shortened root hairs identical to 
cbl2-2 cbl3-2 when grown in the agar medium (Supplementary Fig. 
S11, C to E). These results suggested that CBL2/3 act as the Ca2+ sensors 
that activate CIPK13/18 in regulating root hair growth.

The CBL2/3-CIPK13/18 interactions were further verified by 
bimolecular fluorescence complementation (BiFC) in Nicotiana 
benthamiana. Both CBL2 and CBL3 were found to interact with 
CIPK13 and CIPK18 (Fig. 4B). As a control, CBL10 failed to interact 
with CIPK13 or CIPK18 (Fig. 4B). Of note, the detailed analysis of 
BiFC results demonstrated the interactions of CIPK13/18 and 
CBL2/3 occurred at tonoplast (Fig. 4B). The association between 
CIPK18 and CBL3 was next examined by using coimmunoprecipi-
tation (Co-IP) in N. benthamiana. The results confirmed that 
CIPK18 and CBL3 interacted with each other in planta (Fig. 4C). 

In summary, these results suggested CBL2/3 are the candidates 
that function upstream of CIPK13/18.

The genetic analyses of CIPK13/18 and CBL2/3
We next investigated the genetic interactions between CIPK13/18 
and CBL2/3. Compared to cipk13-2 cipk18-1 or cbl2-2 cbl3-2 double mu-
tant, the quadruple mutant plants showed no addictive root hair de-
fect (Fig. 6, A to C). When overexpressed, CIPK13 had no effect on the 
root hair growth of cbl2-2 cbl3-2 (Fig. 6, D to G; Supplementary Fig. 
S8G). Likewise, the overexpression of CBL2/3 failed to alter the root 
hair phonotype of cipk13-2 cipk18-1 (Fig. 6, H to K; Supplementary 
Fig. S8D). Furthermore, we constructed cipk13-2 cipk18-1 cbl2-2 
cbl3-2 quadruple mutant (Supplementary Fig. S8C). The results 
thus demonstrated that CIPK13/18 and CBL2/3 are genetically re-
quired for each other in terms of regulating root hair growth.

CIPK13/18 are activated by CBL2/3
The phenotypic analysis of cbl2-2 cbl3-2 supported a notion that 
CBL2/3-CIPK13/18 act as functional units in modulating root hair 
growth. CBLs serve as crucial Ca2+ sensors that decipher Ca2+ oscil-
lations and transduce Ca2+ signals into physiological responses via 
promoting the kinase activities of CIPKs. We thus investigated 
whether CBL2/3 are able to activate CIPK13/18. The autophosphory-
lation of CIPK13/18 was examined by using an anti-pT/Y antibody. 
The presence of CBL2/3 significantly enhanced the phosphorylation 
levels of CIPK13/18 (Fig. 7, A and B). By contrast, the phosphorylation 
of CIPK13/18 was not affected by GST (Supplementary Fig. S12). The 
CIPK transphosphorylation ability was next examined. Our previous 
screen identified the loop domain of a channel protein, OSCA2.3, in-
teracted with CIPK18 (Supplementary Fig. S13). Although the biolog-
ical significance of this interaction is still unclear, the OSCA2.3 loop 
can serve as a substrate to test the kinase activity of CIPK18. By using 
a kinase assay based on [γ-32p]-ATP, we found CBL3 clearly promoted 
the autophosphorylation of CIPK18 via autoradiography, similar to 
western blot results. Furthermore, OSCA2.3 loop was phosphory-
lated by CIPK18 when CBL3 was present (Fig. 7C). Of note, CBL3 
was also strongly phosphorylated by CIPK18 (Fig. 7C). Taken togeth-
er, our results indicated CBL2/3 are capable of activating CIPK13/18 
regarding both autophosphorylation and transphosphorylation.

Discussion
The central roles of calcium in modulating polarized cell growth 
have been well documented. In this study, we show CBL-activated 

Figure 3. Calcium oscillations are attenuated in cipk13 cipk18 root hair. A) Root hairs of Col-0 and cipk13 cipk18 expressing the Ca2+ sensor GCaMP6s were 
imaged every 4 s. Numbers represent time in seconds. B) Quantitative analysis of cytosolic Ca2+ oscillations in growing root hairs of Col-0 and cipk13 
cipk18. These experiments were repeated at least 4 times with similar results.
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Figure 4. CBLs interact with CIPK13 and CIPK18. A) The interactions between CIPK13/18 and CBLs shown by yeast 2-hybrid. Serial decimal dilutions of 
yeast cells were grown on SD medium without Leu and Trp (-LW) and on SD medium without His, Leu, Trp, or Ade (-HLW)/(-AHLW). Photos were taken 
after 3 to 5 d of growth on the indicated medium. B) The interactions between CIPK13/18 and CBL2/3 shown by BiFC in N. benthamiana protoplasts. CBL10 
was used as a negative control. Pairs of split-YFP constructs were transiently coexpressed in N. benthamiana protoplasts. YFP and FM4-64 fluorescence 
signal was detected using a confocal microscopy after 48 h of infiltration. Bars = 20 µm C) The interaction between CIPK18 and CBL3 shown by Co-IP in N. 
benthamiana. Proteins immunoprecipitated with an α-Myc antibody were analyzed with an α-Flag or α-Myc antibody. These experiments were repeated 
at least 3 times with similar results.

Figure 5. cbl2 cbl3 shows defective root hair growth similar to cipk 13 cipk18. A) Representative images of 4-d-old seedlings of Col-0, cipk13-2 cipk18-1, 
cbl1-1 cbl9-1, and cbl2-2 cbl3-2 grown in the medium. Bars = 0.5 mm. B and C) Statistical analysis of root hair densities and root hair lengths of the plant 
lines presented in A). For root hair densities, different letters represent significant differences (P < 0.05) determined by 1-way ANOVA with Tukey’s 
multiple comparison test (center line, median; box limits, upper and lower quartiles; whiskers, minimal to maximal value; n > 12 plants). Root hair 
lengths are presented as mean ± SD (data were collected from more than 100 root hairs). The results were analyzed with 1-way ANOVA and Tukey’s 
multiple comparison test (P < 0.05, marked with different characters).
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Figure 6. Genetic analyses of CIPK13/18 and CBL2/3. A) Representative images of 4-d-old seedlings of Col-0, cipk13-2 cipk18-1, cbl2-2 cbl3-2, and cipk13-2 
cipk18-1 cbl2-2 cbl3-2 grown in the medium. Bars = 0.5 mm. B and C) Statistical analysis of root hair lengths and root hair densities of the plant lines 
presented in A). D) Representative images of 4-d-old seedlings of Col-0, cbl2-2 cbl3-2, and CIPK13 overexpression lines in cbl2-2 cbl3-2 grown in the 
medium. Bar = 0.2 mm. E) RT-PCR identification of mutants in D). F and G) Statistical analysis of root hair lengths and root hair densities of the plant 
lines presented in D). H) Representative images of 4-d-old seedlings of Col-0, cipk13-2 cipk18-1, and CBL2/3 overexpression lines in cipk13-2 cipk18-1 
grown in the medium. Bar = 0.2 mm. I) RT-PCR identification of the mutant plants in H). J and K) Statistical analysis of root hair lengths and root hair 
densities of the plant lines presented in H). For root hair densities, different letters represent significant differences (P < 0.05) determined by 1-way 
ANOVA with Tukey’s multiple comparison test (center line, median; box limits, upper and lower quartiles; whiskers, minimal to maximal value; n > 12 
plants). Root hair lengths are presented as mean ± SD (data were collected from more than 50 root hairs). The results were analyzed with 1-way ANOVA 
and Tukey’s multiple comparison test (P < 0.05, marked with different characters).
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protein kinases, CIPK13/18, are required for root hair growth, es-
tablishing a model for further studying the mechanism of Ca2+ sig-
naling in polarized cell growth. In parallel, earlier works identified 
closely related CIPKs, CIPK12/19, as critical regulators of pollen 
tube growth. Interestingly, in both cases, the same calcium sen-
sors CBL2/3 are involved as upstream regulators of CIPKs. We 
thus present a working model that CBL-CIPK pairs are involved 
in polarized cell tip growth of both pollen tube and root hair. In 
the root hair, CIPK13/18 are important, whereas CIPK12/19 act 
as counterparts of their homologs in pollen tube. It appears that 
CBL2/3 recruit different partner CIPKs in pollen tube and root 
hair to perform downstream cellular functions. Despite difference 
in CIPKs involved, similar Ca2+ decoding mechanism of CBL-CIPK 
network is adopted in pollen tube and root hair, although these 2 
types of cells fulfill completely different physiological roles (Fig. 8).

The findings that the calcium sensors CBL and CIPK are impor-
tant for the polarized growth in pollen tube and root hair connect 
well with previous studies identifying a number of Ca2+ channels 
to be essential in the same cell types. For instance, CNGC18, en-
coding a Ca2+ influx channel, is exclusively expressed in pollen 
tube. The removal of CNGC18 leads to failed pollen tube bugling, 
premature rapture, and complete fertility (Frietsch et al. 2007). 
In root hair, CNGC14 was previously shown to be expressed in 
root hair cells and contribute to root hair growth. The absence 
of CNGC14 causes no obvious defective root hair when grown on 
the surface of the medium but strikingly shortened root hair 

Figure 7. CBL2/3 activate CIPK13/18. A) The autophosphorylation levels of CIPK13 are activated by CBL2 or CBL3. B) The autophosphorylation levels of 
CIPK18 are activated by CBL2 or CBL3. CIPKs or CBLs fused with glutathione S-transferase (GST) tag were purified. Phosphorylated proteins were 
separated by SDS–PAGE gels and detected by a phospho-threonine/tyrosine antibody (upper panels). Total proteins were Coomassie Brilliant Blue (CBB) 
stained in SDS–PAGE gels (bottom panels). C) The transphosphorylation ability of CIPK18 is activated by CBL3. Phosphorylated proteins were detected 
by in vitro kinase assay based on [γ-32P]-ATP.
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Figure 8. Hypothetical working model of CIPK12/13/18/19 in pollen 
tube and root hair. The upper and bottom half of the diagram represent 
pollen tube cell and root hair cell, respectively. CBL-CIPK pairs that 
decipher Ca2+ signals are involved in the polarized cell tip growth in 
both pollen tube and root hair. In root hair, CIPK13/18 are important 
while CIPK12/19 act as counterparts in the pollen tube. CBL2/3 are 
required for both pollen tube and root hair likely by promoting the 
activity of CIPK12/19 and CIPK13/18 at tonoplast, respectively. The 
activated CIPK12/13/18/19 phosphorylate downstream substrates such 
as Ca2+ transporters to regulate polarized tip growth. The p in a circle 
represents potential phosphorylation.
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when growing inside of the agar medium (Zhang et al. 2017). 
Similarly, cipk13 cipk18 shows dampened root hair growth only 
when the roots are grown within the agar. We speculate CNGCs 
function as upstream of CBL-CIPK in mediating polarized growth 
in pollen tube and root hair. Moreover, calcium signals seem to 
be regulated through a feedback loop as well. A number of Ca2+ 

channels and transporters are the putative targets of CBL-CIPK 
complexes. Our results also demonstrated the Ca2+ signals and 
Ca2+ oscillations are attenuated in cipk13/18, suggesting CIPK13/18 
affect intracellular Ca2+ abundances and alterations. It is worth in-
vestigating whether CNGCs can be directly regulated by CBL-CIPK 
heterodimers through phosphorylation.

CBL-CIPK modules transduce calcium signals into cellular re-
sponses through phosphorylating their substrates. Previous studies 
revealed a variety of components related to cytoskeleton or vesicle 
trafficking as central regulators in regulating both pollen tube and 
root hair (Qi and Greb 2017). In particular, a number of small 
GTPases are suggested to control cell polarity. Guanine exchange 
factors (GEFs) and GTPase-activating proteins (GAPs), the activators 
and repressors of small GTPases, are required for polarized cell 
growth (Minamino and Ueda 2019; Nielsen 2020; Li et al. 2023). 
Previous studies have shown that 2 GEF factors for ROPs, RopGEF4 
and RopGEF10, function in root hair growth. Like cipk13 cipk18, the 
gef4 gef10 double mutant displays root hair growth inhibition 
(Huang et al. 2013). Moreover, 4 CPKs, kinases that act as calcium 
sensors in addition to CBL-CIPK, interact with and phosphorylate 
RopGEF1, thereby affecting root hair development (Li et al. 2018). 
We conjecture that CBL-CIPK and small GTPase function in overlap-
ping signal pathways that are related to Ca2+ in modulating root hair 
growth. It will be interesting to explore whether these GEF compo-
nents function as directly downstream of CBL2/3-CIPK13/18.

In general, CIPKs are localized at cytosol and can be recruited 
by partner CBLs to relocate to specific subcellular locations 
(Luan 2009; Tang et al. 2020). Since CBL2/3 locate at vacuolar 
membrane, it is implicated that CIPK13/18 target the transmem-
brane proteins, channels, and transporters that are anchored at 
tonoplast during polarized cell growth. In addition to calcium, cat-
ions and anions, such as potassium (K+), chloride (Cl−), and nitrate 
(NO3

−), are known to be finely tuned in pollen tube and root hair. 
For instance, a NO3

− gradient with oscillations is detected in pollen 
tube tip (Gutermuth et al. 2013). In addition, SPIK, a K+ inward 
channel, helps to maintain a stable cytoplasmic K+ abundance 
in pollen tube. Two calcium-activated kinases, CPK11/24, activate 
SPIK through phosphorylation (Zhao et al. 2013). Moreover, in the 
absence of MSL8, a mechanosensitive channel functioning in pol-
len tube, disrupted anion fluxes were detected and reduced pollen 
tube germination rates were observed (Hamilton et al. 2015). 
Recent studies also indicated a mechanically sensitive channel 
that Piezo locates at the vacuolar membrane. Piezo is a putative 
calcium channel and likely impacts calcium signals (Fang et al. 
2021; Mousavi et al. 2021; Radin et al. 2021). Piezo affects vacuolar 
morphology and pollen tube growth (Radin et al. 2021). Whether 
the tonoplast-localized channels and transporters for Ca2+, K+, 
Cl−, and NO3

− are the direct substrates of CBL2/3-CIPK13/18 in 
root hair awaits further investigations.

Many cipk mutant plants analyzed so far merely display rela-
tively subtle defective phenotypes. For instance, cipk12 and 
cipk19 single mutants show mild pollen tube defects. The cipk12 
cipk19 double mutants exhibit no synergic effect. Likewise, we 
found cipk13 cipk18 only shows slightly reduced root hair length 
compared with WT plants. By contrast, the cngc mutant plants 
often exhibit severe defective phenotypes. For instance, the pollen 
tube growth is completely arrested in cngc18 and the root hair 

growth is significantly disrupted in cngc14. We postulate that the 
components that control calcium signal initiation such as calcium 
channels and transporters are epistatic to downstream Ca2+ de-
coding components including CBLs and CIPKs. Regulators paral-
leled to CBL-CIPK may fulfill their functions independently. 
Furthermore, CIPKs appear to be conditionally activated. The 
cipk mutant plants challenged by various stressed stimuli poten-
tially significantly distinguish their phenotypes from those of 
WT plants.

Materials and methods
Plant materials and growth conditions
Arabidopsis (A. thaliana) Col-0 accession was used as WT. The T-DNA 
insertion alleles cipk12-3 (CS852223), cipk13-2 (SALK_124748), cipk18-1 
(SALK_135953), cipk19-1 (SALK_044735), cbl1-1 (SALK_110426), cbl9-1 
(SALK_142774), cbl2-2 (SALK_151426), and cbl3-2 (SAIL_785_C10) in 
Col-0 background were obtained from the Arabidopsis Biological 
Resource Center (ABRC). The cipk12-c1, cipk13-c1, cipk18-c1, cipk19-c1, 
cbl2-c1, and cbl3-c1 mutants in Col-0 background were generated us-
ing a CRISPR/Cas9 system from Professor Qijun Chen (Huazhong 
Agricultural University, China). To construct transgenic plants, the 
plants were transformed using the Agrobacterium tumefaciens-mediated 
floral dip method (Clough and Bent 1998). Arabidopsis plants were soil 
grown in a greenhouse under long-day light condition (16-h light/8-h 
dark per day, light intensity, 22 ±2 °C). For phenotypic analysis of 
root hair, surface-sterilized Arabidopsis seeds were placed at 4 °C for 
48 h and then germinated on 1/4 MS, 2 mM MES, and 0.8% (w/v) sucrose 
with 1% (w/v) agar. Plates were placed in a growth chamber at 22 °C 
with 16-h light/8-h dark condition.

Molecular cloning and construction of transgenic 
plants
The CDS promoter sequences of CBLs and CIPKs were PCR amplified 
(the primer sequences are presented in Supplementary Table S1), 
and the PCR products were recombined into the pDONR vector us-
ing the Gateway BP reaction, followed by Gateway LR reaction to 
construct destination vectors (Invitrogen). For BiFC assay, CBL 
and CIPK CDS entries were recombined into the binary vector 
pEG202-GWR-nYFP or pEG202-GWR-cYFP. For CIPK expression pat-
tern analysis, the CIPK promoter entry vectors were recombined 
into the binary vector pBIB-BASTA-GWR-GUS or pFYTAG (Zhang 
et al. 2005). For constructing overexpression plants, target genes 
were cloned into the binary vector pBIB-BASTA-35S-GWR-Flag. For 
constructing complementary plants, CIPK or CBL genome sequen-
ces containing promoters and coding sequences with the stop co-
don were cloned into binary vector pBIB-BASTA-GWR or pGWB16. 
The destination vectors were transformed to plants via A. tumefa-
ciens strain GV3101 using the floral dip method. T3 generation ho-
mozygous transgenic plants were analyzed.

Pollen germination in vitro
The in vitro pollen germination was performed as previously de-
scribed (Li et al. 1999). In brief, mature pollen grains were dis-
persed on pollen germination medium in Petri dishes containing 
18% (w/v) sucrose, 0.01% (w/v) boric acid, 5 mM CaCl2, 5 mM KCl, 
1 mM MgSO4, and 1.5% (w/v) low-melting point agarose, pH 7.5. 
Petri dishes were then incubated in humid boxes at 22 °C temper-
ature for 4 h. Pollen germination was observed under a micro-
scope (Zeiss Axio Observer Z1). Pollen tube lengths and 
germination rates were measured using the ImageJ software.
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Root hair phenotype analysis
For the analysis of root hairs exposed to air, seeds were sown on 
the surface of medium in the plates. For the measurement of 
root hair length, root hairs were covered by a cover glass to push 
the root hairs down to an angle being parallel to the surface of sol-
id medium for the convenience of root hair phenotype analysis. 
For the analysis of root hairs embedded in solid medium, seeds 
were sown on the surface of the solid medium and pushed into 
the solid medium using a sharp pipette tip. The Petri dishes 
were placed vertically in a growth room. Pictures were taken 
under a microscope (Zeiss Axio Observer Z1). The lengths of root 
hairs were analyzed using the ImageJ software after pictures 
were taken. Root hairs located within the 2-mm root hair zoom 
were counted. Time-lapse experiments in bright fields in intact 
growing roots and hairs were conducted to measure the growth 
time of root hairs. Four-day-old seedlings grown in a Petri dish 
were placed vertically in a growth room after seeds were sown 
on the surface of solid medium. A set of optical sectioning images 
was captured each 10 min for no less than 60 min at room temper-
ature. For the treatments of plants in different calcium condi-
tions, CaCl2 or EGTA was added to the 1/6 MS, 2 mM MES, and 
0.8% (w/v) sucrose with 1% (w/v) agar medium as indicated.

GUS staining
Different tissues of transgenic plants at different developmental 
stages were collected. Tissues were first incubated in rinse solu-
tion (34.2 mM Na2HPO4, 15.8 mM NaH2PO4, 0.5 mM K3Fe(CN)6, and 
0.5 mM K4Fe6.3H2O) for 5 min, then incubated in stain solution 
(34.2 mM Na2HPO4, 15.8 mM NaH2PO4, 0.5 mM K3Fe(CN)6, 0.5 mM 

K4Fe6.3H2O, and 2 mM X-gluc) at 37 °C for appropriate time. 
After staining, the plant tissues were immersed in 30%, 50%, 
75%, and 95% (v/v) ethanol for 1 h and then immersed in 75% 
(w/v) ethanol. After being decolorized, the tissues were observed 
with a stereomicroscope (Leica M165 C).

Yeast 2-hybrid assays
The Yeastmaker Transformation System 2 was used according to the 
manufacturer’s manual (Clontech). The interaction tests were per-
formed in yeast (Saccharomyces cerevisiae) strain AH109 (Clontech). 
To identify CIPK-interacting proteins, CIPK coding sequences were 
cloned into pGBT9BS as baits. cDNAs of CBLs were cloned into 
pGADGH as preys. Empty vector combinations were used as negative 
controls.

Kinase assays
For the phosphorylation assays by using protein blotting, full 
lengths of CIPKs and CBLs were PCR amplified and cloned into 
the pDEST15 vector with a GST tag (Invitrogen, 11802014) to pro-
duce fusion proteins of GST-CIPK13, GST-CIPK18, GST-CBL3, and 
GST-CBL2. Proteins expressed in Escherichia coli were purified 
with the glutathione agarose beads (Sangon Biotech, C600031) ac-
cording to the manufacturer’s instructions. For phosphorylation 
assay, 10 µg of each purified fusion protein was incubated in 
30 µL kinase buffer (20 mM Tris-HCl, pH 7.5, 2.5 mM MgCl2, 2.5 
mM MnCl2, 0.5 mM CaCl2, 100 µM ATP, and 1 mM DTT) for 40 min 
at 30 °C with gentle shaking. The proteins were then analyzed 
by immunoblotting with a phospho-threonine/tyrosine antibody 
(Cell Signaling Technology, 9381).

For in vitro kinase assays, the buffer containing 20 mM Tris-HCl 
(pH 7.5), 2.5 mM MnCl2, 2.5 mM MgCl2, 1 mM CaCl2, and 1 mM DTT 
was used. Total volume of 40 µL included 7.5 µCi of [γ-32P]-ATP and 
the protein combinations indicated in the figure legends. After 

incubation for 60 min at 30 °C, the reactions were stopped by add-
ing 5× loading buffer. The reactions were resolved on 10% SDS– 
PAGE, and gels were CBB stained, destained, and dried. The gel 
was dried, and 32P was detected by autoradiography using a 
Typhoon 8600 imager (Molecular Dynamics, Piscataway, NJ).

BiFC and subcellular localization assay
For BiFC assay, A. tumefaciens strain GV3101 containing vector 
CIPK13/18-YN was mixed with the GV3101 containing CBL2/3-YC 
and infiltrated into the young leaves of N. benthamiana. CBL10 
was used as a control. Two days after infiltration, 1.5-cm- 
diameter infiltrated leaves were incubated with 500 mL protoplast 
solution containing 500 mM D-mannitol, 10 mM CaCl2, 5 mM 

MES (pH 5.6), 3% (w/v) Cellulase Onozuka, and 0.75% (w/v) 
Macerozyme in vacuum for 5 min. The samples were slightly vi-
brated in the darkness for 4 h. The protoplasts were resuspended 
with 200 to 500 μL W5 solution (125 mM CaCl2, 5 mM KCl, 154 mM 

NaCl, 5 mM glucose, and 1.5 mM MES, adjusted pH 5.6 with KOH). 
PM of leaf mesophyll protoplasts was labeled with FM4-64 and flu-
orescence signal was detected by a confocal microscope (Leica/ 
Stellaris 5). For YFP visualization, excitation laser at 514 nm and 
detection between 520 and 550 nm were used (laser intensity at 
2% and gain value at 2). For FM4-64 visualization, excitation laser 
at 561 nm and detection between 570 and 630 nm were used (laser 
intensity at 3% and gain value at 6). Subcellular localization of 
CIPK13/18 was determined by detecting the YFP fluorescence sig-
nal. The plants were grown on 1/2 MS medium for 5 d. The YFP flu-
orescence signal was observed by using a laser scanning confocal 
microscope (Nikon/A1R + Ti2-E). For YFP visualization, excitation 
laser at 514 nm and detection between 525 and 620 nm were 
used (laser intensity at 3% and gain value at 1.3). Excitation and 
emission settings of all samples were kept constant.

Co-IP assay
The full-length cDNAs of CIPK18 were cloned into pBIB-Basta- 
35s-GWR-Flag, while CBL3 was fused into pGWB17 by using Gateway 
cloning (Invitrogen) and the recombinant plasmids were introduced 
into A. tumefaciens strain GV3101. Different strains were mixed and 
infiltrated into the leaves of N. benthamiana. After 48 h, leaves were 
harvested and the total protein was extracted by an extraction buffer 
(50 mM HEPES, 150 mM KCl, 1 mM EDTA, 10% [v/v] glycerol, 0.2% [v/v] 
Triton X-100, 1 mM DTT, and 2× protease inhibitor cocktail, pH 7.5). 
The extracted samples were centrifuged by 8,000 × g for 30 min at 
4 °C. Total protein was dissolved by extraction buffer and incubated 
with anti-Myc beads (KT-HEALTH, China) for 3 h at 4 °C. Extraction 
buffer (without Triton X-100) was used to wash the beads 5 times 
and added 30 μL 2× SDS loading buffer, and then in a water bath 
at 95 °C for 5 min to obtain the target protein. The samples were 
subjected to immunoblot analysis by using either anti-Myc 
(Abmart, China) or anti-Flag antibodies (Abmart, China).

In vivo Ca2+ imaging
Transgenic Arabidopsis plants stably expressing GCaMP6s were 
used for in vivo Ca2+ imaging as previously described (Shao et al. 
2020). In brief, plants were grown on coverslips containing me-
dium for 4 d, and cytoplasmic Ca2+ imaging of root hair was ob-
tained using a spinning disk confocal microscope equipped with 
an iXON ultra EMCCD camera (Andor). Image acquisition was per-
formed using the Andor IQ3 software. GFP was excited with a 
488-nm laser and observed using a 514-nm emission filter. 
Images were quantified with the ImageJ software. This experi-
ment was made for 4 biological replicates with similar results.
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Data acquisition and statistics
All experiments were repeated at least 3 times. The statistical anal-
yses were indicated in each figure legend and were performed using 
the program GraphPad Prism v8. Statistical significance is indicated 
by the P value, P < 0.05, marked with different characters.

Accession numbers
Sequence data from this article can be found in the GenBank/EMBL 
data libraries under accession numbers CIPK13 (NM_128969), 
CIPK18 (NM_102663), CBL2 (NM_124981), and CBL3 (NM_118791). 
Sequence data from this article can be found in the Arabidopsis 
Information Resource database (TAIR, http://www.arabidopsis.org/) 
under the following accession numbers: CIPK13, AT2G34180; 
CIPK18, AT1G29230; CBL2, AT5G55990; and CBL2, AT4G26570.
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